Chapter 1

Introduction

1.1 Materials

The discovery and development of various importaiid materials are among
the important factors for the advancement of hugiaifizations. With these materials,
humans are able to fabricate tools that lead tamckment in technology and thus
changing their lifestyle. The evolution of earlynhan history from Stone Age to
Bronze Age which then followed by Iron Age has sdbe change in human
civilizations due to the discovery and developmaithe use of stone, bronze, copper
and iron. Due to the growth of scientific reseairtimodern times, more materials that

are previously unknown have been revealed.

From the study of materials science, fundamentid soaterials can generally
be categorized into five groups which are metatsamics, polymers, composites and
semiconductors (Callister, 2007). Each of theseerrad$ has their own distinguished
properties either in terms of electric, thermalgmetic, mechanical, optical or chemical
behavior. Further modification of the fundamentaatemials might produce smart
materials, biomaterials or nanomaterials that gife significant impact to the modern

society due to their novel properties and a lagety of potential applications.



1.2 Nanomaterials

Nanomaterial is generally referred to as materiaictv has one or more of its
dimensions falling in the range of one nanometdr® nanometers (Yokoyama, 2007).
Examples are nanopatrticles, nanotubes and nanowineslength scale in the range of
1 to 100 nanometers (nm) is normally known as theoscale. The “nano” is a prefix
being used in the International System of Unitsu@its) where it is equivalent to 20
As an illustration, one nanometer is approximatxyal to the length of 10 hydrogen
atoms or 5 silicon atoms aligned in a line (Cad)4)0Bulk materials with nanoscale

building blocks are also known as nanomaterials.

The nanomaterials will usually exhibit novel prapes compared to their bulk
counterpart. These properties could be of catalglectrical, magnetic, mechanical as
well as optical. This is due to the relatively largurface-to-volume ratio and the
guantum effects that might take place when the d#&wo® of the materials is in the
nanoscale. For example, the melting point of gdadtiges is found to drop rapidly
when the particle size reduced from 20 nm to 10(¥okoyama, 2007). Besides that,
the curie point of PbTi®has also been observed to decrease rapidly wheraiticle

size is reduced from about 50 nm to 10 nm (Yokoy&2087).

Nanomaterials have received growing interest fremrgists around the world
since last few decades. The main factor has beeméneasing research enthusiasm in
the field of nanoscience and nanotechnology siac®materials are the building blocks
of the field. The field of nanoscience and nanatedbgy is getting more attention
because it is believed that the advancement infigflcs will revolutionize the world of

science and technology (Feynman, 1992). At the stame, the increasing research



interest in nanomaterials is also driven by thesehsination of various probing
instruments used to probe the low dimensional dbjdexamples of such instruments
are SEM, TEM, AFM and STM. Without such instrumeritee study of nano-sized

materials will not be an easy task or in certaimsse it might be impossible.

It has been known that nanomaterials are not songethew in human
civilization. For example, nanoparticles have beworporated in the production of a
type of glass cup known as the Lycurgus cup actilssRoman Empire around the
fourth century AD (Freestone, et al., 2007). Thp bas been found to show dichroic
property due to the addition of the nanoparticlasthe glass. Nevertheless, the
fabrication of the nanomaterials is continued todéy the aid of advanced technology

and knowledge in the related field.

1.3  Synthesis of nanopatrticles

Nowadays, fabrication of nanoparticles is normallyne by two approaches
namely the top-down approach and the bottom-upoagbr. In the top-down approach,
bulk materials will be processed to break them srt@ller pieces until their dimension
achieves that of the nanoscale. Examples of teaksigvhich fall into this category are
ball-milling (Guittoum, et al., 2010) and lithogtap(Muller, et al., 2008). On the other
hand, the bottom-up approach synthesizes nandpartlty assembling atomic or
molecular species into the nano-sized particless &pproach can be further divided
into two groups which are the thermodynamic apgdnaand the kinetic approach (Cao,
2004). The thermodynamic approach produces nanclpartfrom a supersaturated
vapour or solution. Nucleation will occur in thepsusaturated vapour or solution and

nanoparticles will be produced from the subseqgeoivth of the nuclei. Meanwhile,



the kinetic approach is achieved either by limitthg amount of precursors available

for particle growth or by confining the particlerfieation process in a limited space.

Efforts to improve nanoparticle synthesis methoel laging put in by various
researchers in order to find the suitable way tmpce nanoparticles with the desired
characteristics while at the same time being ecacedmenvironmental friendly and
capable for mass production. A synthesis techntbatis economical and capable of
mass production will allow a large quantity of npadicles to be produced at a
reasonable price and in a short time. Meanwhilegrarironmental friendly technique
can prevent various types of pollutions such asraaghemical pollution that might arise
from the synthesis process. Synthesis method with sadvantages will probably

promote the use of nanopatrticles in various teaymcal applications.

1.4  Synthesis of nanoparticles by the wire explosion ¢anique

From a large number of techniques used to fabripat®particles, the wire
explosion technique is one of those that can futle above requirements. This
synthesis method makes use of the bottom-up apptogaroduce the nanoparticles. In
this method, a thin metallic wire is disintegratgdpassing a high power pulsed current
through it to generate a supersaturated vapourptilsed current is normally generated
by discharging a capacitor bank. When the cureptising through the wire, heat will
be deposited to the wire due to the wire resistaccerding to the Joule heating effect.
The solid wire will thus be melted and vaporizeduifficient heat is deposited. After
the supersaturation has been formed, the bottorapgpoach will take place where
nucleation will occur in the supersaturated vapand it is followed by subsequent

growth of the nuclei. Nanopatrticles are producedifthe growth of the nuclei.



1.5 Outline of the dissertation

In this work, the production of nanopatrticles bg thire explosion technique has
been studied. The physical and chemical charatitsrisf the particles produced by the
wire explosion technique at different experimenparameters are investigated. In
Chapter 2, we will first review some of the resbéaworks being done in the field of
wire explosion and its application in the synthesfisranoparticles. The experimental
setup and methodology used in this work will becdegd in Chapter 3. After that,
results obtained from the experiments and analysae on the results will be presented
in Chapter 4. Discussion on the results will bespreed in Chapter 5. Finally, the
conclusion of the study and some future works tiagt be carried out will be given in
Chapter 6. In this dissertation, the words nanagast and nanopowder will be used
interchangeably to refer to particles with sizet flals within the range of 1 nm — 100

nm.



Chapter 2

Literature Review

2.1 A Brief Preview on the Wire Explosion Research

The wire explosion is a physical phenomena whichlmobserved when a high
current passing through a thin solid wire withirsleort interval of time. Nairne had
reported the use of the wire explosion in scientiisearch as early as 1774 (Nairne,
1774). In his work, Nairne had applied the wir@lesion to prove that the current in a
series circuit is the same. According to Chacemagor scientific research on the wire
explosion has been reported until 1920s when Awdelsad carried out various
spectroscopic studies on the high temperature plagmerated from the wire explosion

(Chace, 1959).

The research interest in the wire explosion had bemsted in 1950s mainly
due to the advancement in the pulsed power tecgpatier World War Il and various
potential applications of the wire explosion. Fauajor conferences on the wire
explosion phenomena had been conducted in 1959, 1964 and 1967. Proceedings
for the conferences contained a large number efalitres on the wire explosion
research of the time. Meanwhile, Chace and Watsmhgnepared a bibliography that
included most literatures related to the wire egmlo phenomenon published from
1774 to 1966 (Chace & Watson, 1962, 1965, 196/MeOthan that, Chace had also
written two introductory articles related to thergvexplosion phenomenon which was
published in New Scientist and Physics Today inryE263 and 1964 respectively

(Chace, 1963, 1964).



On the other hand, Bennett had reported a revieth@mise of wire explosion to
produce matter in the high temperature state ir88&nnett, 1968). In his review, he
had discussed the classification and the geneealryhof the wire explosion process,
various phenomena which might be observed durirg wlire explosion and the
conditions necessary to produce different modeswioé explosion. Lebedev and
Savvatimskii had published another review on theweiplosion which focused on the
change of thermophysical properties of the wire whevas heated by intense pulsed

current (Lebedev & Savvatimskii, 1984).

In recent years, the wire explosion phenomenonrbeéived growing research
interest due to its potential applications in vasdields. For example, its ability to
generate matter at different states from solid l@smpa has enabled the study of
thermophysical properties of certain materialshim different states (Hess, et al., 1999).
This might not be possible by using other methaags @ the large amount of energy
needed to melt, vaporize and ionize the materBésides that, the X-pinch plasma
generated by exploding two wires arranged in an $Kape is able to act as an intense
pulsed X-ray source (Shelkovenko, et al., 2001 )eVéxplosion had also been applied
in thermonuclear fusion research (Spielman, et1#198; Stephanakis, et al., 1972).
Meanwhile, research had been carried out to uttheeshockwave generated from the
wire explosion to shatter the cockpit canopy oighater plane in order to allow the safe
ejection of the pilot from the plane (Novac, et &007). Other than that, the wire
explosion phenomenon is also used as fuse in ieactircuit (Schoenbach, et al.,
1984), detonation of explosives (Chae, et al., 2086 well as the synthesis of

nanopowders (Kotov, 2003).



According to Phalen, the wire explosion techniqael been used to produce
fine particles by Abrams as early as 1946 to sth@yaerosols of Al, U and Pu. From
the study, it was found that the particles produtech the wire explosion had mean
diameter of 200 nm and agglomerated particles lesmh lmbserved (Phalen, 1972). In
1962, Karioris and Fish had reported the productibrarious aerosols by exploding
Ag, Al, Au, Cu, Fe, Mg, Mo, Ni, Pb, Pt, Sn, Ta, Thh,and W wire in air (Karioris &
Fish, 1962). Spherical particles forming chains agdlomerates had been observed. In
the following years, more works had been done teestigate the effect of various
circuit parameters on the particles being produBesides that, attempt had also been
made to synthesize fine powders of iodides, susfidarbides, oxides and nitrides for a
wide variety of elements. Kotov had presented teews in year 2003 and 2009
regarding the production of nanopowders by the exgosion technique (Kotov, 2003,
2009). Circuit parameters and the ambient conditidhat affect the particles

characteristics had been discussed.

In the following sections, review on the literaturelated to the study of
nanopowder synthesis by the wire explosion teclenapud the investigation of the wire

explosion process in recent years will be presented



2.2  Review on the literature related to the study of naopowder synthesis by

the wire explosion technique

Review to be presented in this section will focustlee literatures related to the
synthesis of nanopowders of various elements aepd txides, nitrides as well as
carbides by the wire explosion technique. Literedurelated to the synthesis of
intermetallic or alloy nanopowders by the wire @gpbn technique are not included in
this review. However, some of the works being dmeynthesize these nanopowders

by the wire explosion technique will be summariatéthe end of this section.

As mentioned in previous section, study on the pctidn of fine particles by
the wire explosion technique was started with tleekweported by Abrams in 1946. In
the following years, most of the related researad heen performed researchers in
various countries especially the United State ofefica. Meanwhile, researchers in
Russia had put in considerable effort in 1970s 4880s to study the use of wire
explosion technique to synthesize nanopowders @repgt al., 2004). On the other
hand, according to Umakoséi al., the study of wire explosion technique to produce
fine powder had been reported as early as 1970dsgd al. in Japan (Umakoshi, et al.,

1995).

In year 1992, Saundert al. reported the synthesis of nano-sized gallium
arsenide (GaAs) clusters by exploding GaAs wirdifferent ambient gas (Saunders, et
al., 1992). The wire with a dimension of 0.2 x 2.0 mnT was produced by two
methods. The first one was by etching a photolitaplically patterned <100> oriented
n-doped GaAs wafer. The second one was by cleaviwwgfer, which has been lapped

to a thickness between 0.1 mm and 0.2 mm. The wé® soldered to the wire holders



and exploded in argon, helium or hydrogen ambieénapgproximately 1 bar. It was

observed that size distribution for clusters pratlfrom wire explosion in 1 bar argon
with a charging voltage of 6 kV approximate the-fegmal with mean diameter of 8.3
nm and geometric standard deviation of 1.4. FrdRTHM, it was observed that the
clusters had random relative orientations. Thisgsated that the nucleation of the
clusters might occur at a shorter time scale coetpsw that of agglomeration. Besides
that, oxide layer about 1.5 nm in thickness wasenlesl around the particle surface
from the HRTEM. Lattice fringes that were not olvsel on the oxide layer suggested

that the layer formed was amorphous.

Kotov et al. reported the synthesis of zirconium dioxide orcama (ZrQ)
nanopowder by the wire explosion technique in 19B6tov, et al.,, 1995). The
experimental setup was able to produce the powdarrate of 1 kg/hour with power
consumption of 2 kWh/kg. The powder produced frév@ Wire explosion process was
going through ultrasonic treatment and centrifugiogemove particles with diameter
larger than 100 nm. The powder was heated up ionanggrogen admixture for two
hours to increase its temperature. It was obsetivaidthe BET specific surface of the
powder initially increased to 75%g as the temperature increased from 3000 350
°C. This was suggested to be due to desorption sésgand water from the powder.
When the temperature was further increased to°6Q@he specific surface area was
found to drop due to the sintering of the partickss the temperature of the powder was
increased, it was observed that the content of klono phase would increase while

the tetragonal phase was reduced.

10



Jiang and Yatsui had used wire explosion technigu@roduce nano-sized
powder of various metals (Al, Fe, Cu, Mo and Pbgtahoxides (AlOs, TiO,, FeOs,
NiO, ZrO,, SnQ, and PbO) and metal nitrides (TiN, ZrN,,INa (Jiang & Yatsui, 1998).
Metal wires were exploded in three different ambiemmely argon, oxygen and
nitrogen at 530 mbar. Particles with an average isizhe order of 10 nm were obtained.
In the synthesis of titanium nitride nanopowderwis observed that the average
particle size decreased with decreasing presstues, Tt was suggested that the average
particle size could be controlled by the pressurearmbient gas. The authors had
claimed that the powder could be produced at amageerate of 180 g/hour with an

electric consumption of 800 W.

Sedoi and Ivanov had investigated the effect ofiiteal microstructure on the
specific surface area and median diameter of pestjroduced from the wire explosion
(Sedoi & Ivanov, 2008). In that work, wires beinged were aluminum, indium, copper
and titanium wires. Two types of aluminum wires Ihe&n used where one of them was
the original wire while another wire had been atew&o give a larger crystallite size.
Titanium wire being used had the smallest cryséalize that was 25 nm. This was
followed by original aluminum wire, copper wiredimm wire and annealed aluminum
wire, which had crystallite sizes of 50 nm, 64 nih,nm and 77 nm respectively. In the
effort to establish a comparable condition betweene explosions of different
materials, the following parameters had been censdl (i) the mode of the wire
explosion, (ii) ratio of the energy supplied by ttapacitorw to the sublimation energy
of the metal,ws and (iii) high current density at which instabdg had no time to
develop. Match mode wire explosion had been useerevthe energy from capacitor
was fully released into the wire within the firsulpe to explode the wire and no

discharge had occurred thereafter. It had beenrabddhat the BET average particle
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size generally increased with increasing crystaliize although copper did not follow
the trend accurately. From the results, it was sesiggl that the resistance was higher at
crystallites’ boundaries and defects in the mefais caused the energy deposited at
such sites to be higher due to Joule’s heating.sTmaterial at those spots would
experience phase change earlier than that in tie ghere this would affect the size of

particles being formed after the wire had beemthkgjrated.

In the synthesis of aluminum nanopowder by the veixlosion technique,
several studies had been conducted. These studtésdeéd the passivation of the
powder, measurement of the powder’s excess enactjyation energy of the powder’s
grain growth, effect of ambient gas and pressuréherparticles characteristics and the
modeling studies on the formation of nanopowdemhe®tthan that, the emission
spectrum of the aluminum wire explosion had alsenb&tudied to find possible relation

between the plasma temperature and the partice siz

By using differential scanning calorimetry (DSCghaique, Donget al. found
that the aluminum nanopowder produced by the wi@osion technique had a high
excess stored energy compared to nanopowders madwycother methods (Dong, et
al., 2001). It was about 65 % of the fusion enthatg the bulk polycrystalline
aluminum and it was 13 % higher than the fusioma&lply of the nanopowder itself. It
was suggested that the high excess energy was addleetlarge amount of non-
equilibrium grain boundary and a wide range of rimé stresses and strains in the
powder. Meanwhile, it was found that the activatemergy for grain growth increased
to a value higher than that of bulk crystallinenalobum when the powder’s temperature
was increased. This was suggested to be due fortination of pores in the powder as

small nanoparticles combined together to form largarticles with pores. The
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occurrence of pores would increase the activatimergy of the grain growth, as the

contact between the particles in the powder was les

Leeet al. and Gromowt al. had studied different types of passivation on the
aluminum nanopowder produced by the wire explogiechnique. Leeet al. had
passivated the aluminum nanopowder by a layer whi@um oxide which was about
2.5 nm in thickness as observed from HRTEM (G. ek Let al., 2003). The oxide layer
was suggested to be in the form of amorphous bedauss not detected by the XRD.
The existence of aluminum oxide was confirmed bySXFhe average particles size
was estimated by TEM, SEM, and laser particle® siralyzer to be in the range of 80
nm — 120 nm. On the other hand, BET average padize was calculated to be 109 nm
while the average grain size derived from XRD pattgas 28 nm. This suggested that

the particles were polycrystalline formed by sel/grains.

Meanwhile, Gromovet al. studied the passivation of aluminum powder by
aluminum oxide, stearic acid, oleic acid and flgmymer (Gromov, et al., 2006). The
effect of various passivation methods on the prtoggrmorphology and compositions
of the passivated particles had been investiga@umparison between powders
passivated by oxide coating and those passivateardpnic coating had been carried

out.

Sarathiet al. had studied the effect of various ambient gas@edsure on the
characteristics of aluminum nanopowder being predudn one of their works, they
had studied the effect of pure argon, helium artbgen at different pressures on the
particle characteristics (Sarathi, et al., 200/ phm XRD analysis, only aluminum

peaks had been observed in samples produced irr argan and helium ambient.
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Meanwhile, both aluminum and aluminum nitride pehksl been observed in sample
produced in 1 bar nitrogen ambient. From EDX ang)yaluminum and oxygen had
been observed in all samples obtained from wirdoskpn at 500 mbar and 1 bar. The
weight percentage of aluminum was higher than diabxygen. At the same time,
nitrogen had been observed in samples produceddhmbar and 1 bar nitrogen
ambient. The pressure of the ambient gas was fooirftthve no major effect on the
composition. The TG-DTA analysis showed that thdtinge temperature of powder
produced at ambient pressure of 1 bar was slighther than that for micron-sized
aluminum powder. The micron-sized aluminum powdas lverage size of 1,0m.
Besides that, the nanoparticles were observed dot reith ambient gas at lower
temperature when compared to micron-sized alumiparticles. Spherical particles had
been produced in helium and argon ambient whilsgh@roduced in nitrogen ambient
were having hexagonal and irregular shape. It wasd that the median diameter of the
particles produced in argon ambient increased f8&mm to 42 nm when the argon
pressure was increased from 250 mbar to 1 barh®nther hand, particles produced in
nitrogen ambient had shown the opposite trend wtrezemedian diameter decreased
from 48 nm to 35 nm when the nitrogen pressureinm@gased from 250 mbar to 1 bar.
Meanwhile, median diameter of particles produceldalum ambient had maintained at
about 35 nm when the pressure was changed frorm2&0 to 1 bar. The geometrical

standard deviation was in the range of 1.5 — 2.0.

In another work, they had exploded aluminum wirgimary ambient gas which
was formed by argon and helium mixture (Sarathialet2007b). The proportion of
argon and helium in the mixture had been variedenkeeping the ambient pressure
constant. Three conditions being applied were 25% A5% He, 50% Ar + 50% He

and 75% Ar + 25% He. At the same time, pure argahpure helium ambient had also
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been applied. From the XRD patterns, only peakeesponding to pure aluminum had
been observed in all samples. However, oxygen lesh ldetected by EDX in all
samples. Thus, it was suggested that aluminiumeoiidthe form of amorphous had
also been produced. From TEM, particles were olesety have spherical shape. It was
found that the ambient of pure argon produced @agiwith largest median diameter,
which was 41 nm, while the ambient of 75% Ar + 258 produced particles with
smallest median diameter, which was 27.4 nm. It stagyested that the high thermal
conductivity of the ambient gas would result in greduction of powder with smaller
median diameter. The geometrical standard deviat@sin the range of 1.6 — 2.4. Pure
nitrogen had also been used in the experiment wpargcles with hexagonal and
irregular shape had been produced. Mixture of atumi, aluminum oxide and
aluminum nitride had also been produced in thig cike median diameter for particles
produced in nitrogen ambient was 33.7 nm. It wagyesated that the median diameter
was not too large because of the high thermal octndity of AIN formed during the
wire explosion process. The AIN would reduce thealdemperature of the reaction site

and thus limit the growth of the particles.

Sindhu et al. had later carried out modelling studies on themftion of
aluminum nanoparticles and predict the particle sistribution (Sindhu, et al., 2008).
This was done by solving the general dynamic eqoatirough nodal approach. The
saturation ratio (the ratio of vapour pressureh® gaturation vapour pressuag)d the
nucleation rate had been discussed where it wagestayl that these terms would affect
the critical size of the nuclei formed by nucleat@nd thus affecting the patrticle size.
The authors had compared the experimental resutts ttwve modelled particle size
distribution. The quantity of particles with larggze was observed to be higher in the

distribution obtained from experiment results. Timght due to the reason that vapour
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did not nucleate simultaneously in actual situati®esides that, nucleation and
coagulation process that continued to occur upgettaim time after the explosion might
also cause the formation of larger quantity of éargarticles in the experiment. The
authors had suggested that the cooling of partiddble inner plasma zone would be
slower compared to those at the outer zone thataat directly with the ambient gas.
This caused the coagulation of the particles initimer plasma zone to occur for a
longer time compared to those at the outer zonas,Timore particles with larger size

would be formed, as the particles would have lornigee to grow larger.

Suzukiet al. had investigated the productionyeAl,O; by exploding aluminum
wire in oxygen ambient at different pressure (Suzetkal., 2001). From XRD results, it
was observed that the crystallization 6AlI,O3; would increase when the ambient
pressure increased. Meanwhile, the average dianvedsr found to decrease with
decreasing ambient pressure. Spherical particlesben observed from TEM. By
using framing photography, it was observed thatglasma expansion was small but
with a high luminescence when the ambient presaa® high. It was suggested that
higher collision rate in the case of higher ambiemssure had caused larger average

particle size.

On the other hand, Giet al. had carried out a similar work wheyeAl,O3
nanopowder was produced by exploding aluminum wirexygen (Giri, et al., 2004).
From the EDX results, some impurities (Cu, Zn, Mgl &i) had been observed in the
powder. TEM results showed that spherical partiolgs an average size of 30 nm had
been produced. The broad peak corresponding topdnoos A}O3; was not observed on
the FTIR results and thus it was suggested thapohaer was in the crystalline form

instead of amorphous.
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Lerneret al. had studied the effect of ambient gas and pressarthe yield of
Al,O3 in the powder being produced by the wire explogeechnique (Lerner, et al.,
2001). The yield of AlOshad been determined by chemical analysis. It wasddhat
binary gas ambient of 80% Ar + 20% @nd 96% N + 4% Q at 2 bar yield 100%
Al,0Os3. They had also reported the production of pure AlNvder in N at 15 bar.
Powders that contained the mixture of metal anaxide or nitride were observed to
react with air, water, acids and alkalis. It wasstlsuggested that continuous oxide or
nitride films were not formed on the particle sgdato passivate the particle. The
authors assumed that the wire had been fully eedpdduring or immediately after the
explosion. They suggested the condition of the ¢b@meaction to form the powder as
follow: (i) the reaction between the metal and anbgas to form the compound would
occur in a volume of gas cylinder smaller than tifahe chamber, (ii) the temperature
would be the same everywhere in the cylinder anebitld decrease when the cylinder
expand and (iii) the reaction would take place artual diffusion of the metal vapour
into the ambient. Two possible processes by whiehreaction could occur had been
suggested. In the first process, the cylindricaltaineapour formed from the wire
explosion would expand into the ambient. The chahmeaction to form the compound
could occur simultaneously when the vapour mixeth whe ambient gas during the
expansion. On the other hand, a fast cylindricglouas expansion was assumed in the
second process and the vapour and gas moleculesdichve enough time to mix. This
fast moving vapour would act as a piston that casged the ambient gas at its
boundary. The chemical reaction to form the compowould occur in a thin layer of

the compressed vapour-gas mixture in front the moipg vapour cylinder.
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Sangurai et al. had studied the production of aluminum nitride NAI
nanopowder in nitrogen and nitrogen-ammonia mixairdifferent pressures (Sangurai,
et al.,, 2001). They found that wire explosion ifragen ambient had produced a
mixture of Al and AIN powder. The content of AINdhdeen estimated from the XRD
results and it was observed to increase from 3%% when the nitrogen pressure was
increased from 533 mbar to 1 bar. No aluminum detriwvas produced in nitrogen
ambient at 133 mbar. The BET average particle demeased from 67 nm to 30 nm
when the ambient pressure was decreased from tb 483 mbar. On the other hand,
the nitrogen-ammonia ambient generally produceddasowvith higher percentage of
aluminum nitride. At a given pressure, the AIN @nitincreased when the ammonia
content in the ambient gas increased. Similar éoctlise of nitrogen, the AIN content

increased when the pressure of nitrogen-ammonituneixncreased.

On the other hand, Cha al. had studied the effect of deposited energy on the

AIN content in the nanopowder prepared in the antlé nitrogen-ammonia mixture at
1 bar (Cho, et al., 2003). The ammonia contentlesh fixed at 20% of the ambient
gas. The AIN content was found to increase from 68%®©8% when the energy
deposited into the wire increased from 60 J to 36Q@ was suggested that pure AIN
could not be obtained because the energy depasitedhe wire was not sufficiend
vaporize the whole wire. Liquid droplets that wemmposed of pure aluminum would
be formed when the deposited energy was insufficeeraporize completely the wire.
These droplets would then form the micron-sizedigas that contributed to the Al
content in the powder. It was believed that theiciidn of the quantity of such particles
by increasing the deposited energy could increase AIN content. BET average
particle size of the powder obtained from the cagh 360 J of deposited energy had

been determined to be 28 nm.
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Antony et al. had investigated the emission spectrum from wirglasion in
different ambient gases and pressures (Antonyl.,e2@L0). Temperature and electron
density of the plasma formed during the wire exiplogorocess had been estimated.
Plasma temperature had been estimated by assuagalthermal equilibrium (LTE)
model while electron density was calculated by aiffed Saha equation. The emission
spectra for aluminum wire explosion in helium, ogen and argon at 250 mbar, 100
mbar and 1 bar had been obtained. The plasma tataperwas found to have no
significant correlation with the median diameter prticles for cases of different

ambient gases and pressures.

Murai et al. had studied the passivation of copper nanopowegeoleic acid
(Murali, et al., 2007). In order to produce the naowder, copper wire was exploded in
nitrogen ambient at 1 bar. Before the wire was @x@dl, oleic acid has been evaporated
in the chamber and mixed with the ambient gas. Ff&Ml, the thickness of the oleic
acid passivation on the nanoparticles was foundet@ few nanometers. The median
diameter of nanopowder with passivation was 25 rimeathat without coating was 35
nm. The nanopowder with passivation had gone throtlge acetone dispersion
treatment to remove the oleic acid before beingvgteby TEM. Thus, the particle size
being measured did not include the organic paseivainter-particle neck growth due
to particle collision and coalescence had beenrebdan powder without passivation.
From FTIR analysis, it was observed that the mdégcstructure of the oleic acid had
changed after being applied on the particles. & sizggested that the decomposition of
the structure was due to the heat content of thepexticles. By using XRD, CuO was
found to form after 5 days when the powder waspastsivated. With passivation, no

oxidation of the powder had been observed afteo@ths.
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In another work reported in 2008, Mustial. had studied the effect of ambient
gas and pressure on the deposited energy and tindgsacharacteristics (Murai, et al.,
2008). Similar to most other cases, the median éiamwas found to decrease with
decreasing ambient pressure. Powder with smalledtan diameter had been produced
in helium ambient at 13.3 mbar, which is 14 nm.tmother hand, powder with largest
median diameter was produced in argon and nitreganent at 1 bar, which was about
36 nm. It was suggested that the pressure woukttathe initial volume of metal
vapour and thus the density and collision probgbitif the metal vapour. Higher
pressure would promote the particle growth due towBian coagulation. Particles
growth due to Brownian coagulation would stop whisgy were cooled down below a
certain temperature. Meanwhile, it was observetittteaenergy deposited into the wire
before the formation of plasma decreased with desong ambient pressure. Highest
energy deposition had been achieved in nitrogenierhlat 1 bar while lowest energy
deposition occurred in neon ambient at 13.3 mibavak suggested that the low energy

deposition would promote the occurrence of coaasgqges.

The effect of energy supplied by the capacitor,dapacitance of the capacitor
and the ambient pressure on the amount of enefqgysded into the copper wire before
plasma formation had been studied by @hal. (Cho, et al., 2004). The increase in the
energy supplied by the capacitor was found to emedhe deposited energy. It had been
observed that the voltage value just before thenpéaformation was lower than the
estimated value of a Paschen breakdown. Thus, & sumgested that the thermal
electrons emitted from the wire surface and theshtar force exerted on those electrons
might have caused the lowering of the breakdowragel instead of the Paschen
breakdown. When the capacitance of the capacite wesied while maintaining the

same level of supplied energy, it was observedttieturrent rise time would increase
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when the capacitance was decreased. The deposigedyewas found to be highest
when the current rise time was shortest. Meanwthe, deposited energy would
increase when the ambient pressure was incredssds lalso reported that the quantity

of submicron-sized particles would decrease wherd#posited energy was increased.

In 2007, Suematset al. had designed an apparatus for the mass produation
nanopowders by the wire explosion technique (Susamat al., 2007). The system had
been tested successfully in exploding copper wo@#inuously at a rate of 1.4 Hz.
Copper nanopowder of 2.0 g had been obtained thigesystem was operated for 90 s.
Energy consumption was calculated to be 362 g/kWie. powder was found to have a
median diameter of 41 nm. It was reported that lerab such as wire tangling and

electrode melting would arise if the system opetr&be more than 90 s.

Lee et al. had prepared iron nanopowder using a needle-plate explosion
system (H. M. Lee, et al., 2008). Iron wire waslegpd in 4 bar argon ambient in order
to produce the powder. The nanopowder was pasdivath a thin layer of iron oxide
that was 2 — 3 nm thick as determined from TEM oleteon. From TEM images, the
mean particle size was determined to be 50 nm laengvarticles were observed to have
spherical shape. No iron oxide peaks had been wdxben the XRD results. Thus, it
was suggested that the oxide was in form of amarphmstead of crystalline.
Meanwhile, the authors had tried to synthesize mgite nanopowder by exploding
iron wire in argon-oxygen admixture ambient. Theggen content in the ambient had
been varied to study the effect of the oxygen aunten the powder composition.
Mossbauer measurement was used to differentiatectystalline phase of @,
(magnetite) ang-Fe,0O3 (maghemite) because the peak positions and lggdcemeters

for these composites were expected to be very dogbe XRD pattern. From XRD, it
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was found that pure @, nanopowder had been produced in ambient contaiifg
of oxygen. When the oxygen content was lower tha#,1the powder being produced
was found to contain both Fe ands®g Meanwhile, iron oxide powder consistedosf
Fe,0O; andy-Fe,0O; phase had been obtained when the oxygen conten8®%a. Powder
produced in ambient containing more than 30% ofgexywas also found to be in the

same crystalline phases but with a slightly diffenelative ratio of the two phases.

Wanget al. had produced pureFeOs in dry air at 3.5 bar. From TEM, it was
found that the powder had an average particledienm (Wang, et al., 2001a). It was
suggested that F®; was produced instead of iron nitride (FeN) becatusebinding
energy of FeN is higher than that of,©g This had caused the reaction to form®e
to be relatively easier to occur. The saturatiothefmagnetization and coercivity of the
powder had been determined. They were found tdbbate80% of that corresponding
to the bulky-FeOs. The authors suggested that this was due to theveefy-Fe,03

particles produced by the wire explosion technique.

On the other hand, Suweh al. had studied the production of FeN in ammonia
and nitrogen-ammonia mixture ambient (Suwa, et28(Q5). In the case where pure
ammonia was used, the ammonia pressure had beesd var study the effect of
ambient pressure on the particle composition aedetiergy deposited to the wire. It
was found that the deposited energy decreased twéhdecrease in the ammonia
pressure. From XRD result;Fe,y-Fe andy’-Fe;N phase were observed in all samples.
The a-Fe phase was dominant in sample produced at leaspre. At higher pressure,
volume fraction ofy-Fe andy’-Fes;N would increase while that ferFe would decrease.
For the case where nitrogen-ammonia mixture atriwas used, it was observed that

the deposited energy was approximately the santtgeasporization energy of the wire.
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When pure nitrogen was used, par&e powder had been obtained. Meanwhile, both
thea-Fe andy-Fe phases would occur when the ambient contaifledf3ammonia. As
the ammonia content was further increased to 30%eg, y-Fe andy’-Fe;N phases had
been observed. The volume fraction e dropped when the other two phases
appeared. It was suggested that iftHee phase produced from the wire explosion was
slowly reduced to room temperature, thEe phase would turn inte-Fe andy’-FesN
phases. On the other hand, if the phase had bededcmapidly, it would not change
into other phases. Meanwhile, it was suggesteddinae they'-Fe;N phase was only
stable at a temperature below 680 a portion of the powder might be maintained at a
temperature below 68 to allow the formation of’-Fe;N phase. The higher volume
fraction of a-Fe at lower ambient pressure of ammonia was badide be due to the
lower amount of deposited energy at low pressurtgan$cron-sized particles were
observed in samples obtained from low-pressure ex@osion. It was believed that
these particles were formed by liquid droplet af thire. Their occurrence was due to
incomplete vaporization of the wire at low pressbeeause of low energy deposition.

Thus, it was suggested that they were inotle phase.

Uhm et al. had studied the characteristics of nickel nanomwvpdoduced by the
wire explosion technique (Uhm, et al., 2004). Thatiple size as observed from
HRTEM was in the range of 20 — 80 nm. From XRD, @verage grain size had been
determined to be 40 nm. Thus, it was suggestedttigapowder being produced had
multi-magnetic domains since a single magnetic doro&nickel had a size of 20 nm
or less. Only peaks corresponding to nickel wergeoled in the XRD pattern while
NiO was only observed through neutron powder dificm (NPD) analysis. Hysteresis
loop for the powder had been obtained by usingoars@nducting quantum interference

device (SQUID) magnetometer at a temperature of FH€ saturation magnetization,
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Ms, had been found to be similar to that of a bulkkei at 5 K. It had been observed
that the initial magnetization curve overlappedhwihe hysteresis loop when the
applied field was larger than 750 Oe. It was suggkshat this was due to the non-
collinear magnetic structure in metastable stadé éRisted on the surface or in the core
of the nano-sized patrticles. It was suggestedthigamagnetic effect of NiO phase could

be ignored because their quantity was very small.

Kotov et al. had investigated the effect of overheating (ratiche supplied
energy to the sublimation energy of the wire) arggen content in ambient gas on the
specific surface area of NiO powder being produ@edtov, et al., 2005). Particle
collecting mechanism consisted of two cycloneselawtric filter and a fabric filter had
been used to collect the powder. It was found wieg with a diameter of 300m had
produced powder with larger specific surface ar@amared to that produced by 500
um diameter wire. When overheating was smaller thia®, the specific surface area
increased with the decrease in overheating. Ifothggen content was increased while
keeping the overheating to be constant, the spesififace area was found to increase.
In the case where the overheating was equal target than one, the specific surface
area was slightly reduced when the oxygen contastincreased. It was suggested that
this was because of the high supersaturation geeby the higher input energy that
created a higher vapour concentration. The highpersaturation would increase the
particle growth rate and thus producing particleghwarger size and smaller specific
surface area. Hence, as the oxygen content wasased in cases with overheat factor
equal to or larger than one, the combustion rateldvalso increase and contribute to
the increase of supersaturation and specific seidaea. From TEM images, the particle
shape was observed to vary from cubic to sphendale the average geometric

diameter was found to be 24.4 nm with the stand@ametrical deviation being 2.3.
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Particles with diameter larger than 100 nm had bé&sn observed. By using SAED, the
crystal structure of the particles had been detezthito be rhombohedral NiO. It was
suggested that the NiO powder could be having botgle-crystal and polycrystalline

phases.

Tokoi et al. had investigated the effect of the energy suppbg the capacitor
bank on the amount of energy deposited into the,wire particle characteristics and
the density of plasma-vapour mixture generatednguthe wire explosion. Titanium
wire was exploded in oxygen ambient to produceTil® nanopowder. In their work in
year 2008, they found that the energy depositemithnd titanium wire increased almost
linearly when the energy supplied by the capadaoincreased (Tokoi, et al., 2008).
They used the term "relative energy" to represaatratio of the energy supplied by the
capacitor to the vaporization energy of the solidlewFrom the XRD results, an
increase in the relative energy was found to redbeeanatase content of the powder
while increasing the rutile content. It was suggédsthat the wire material would be
raised to a higher temperature and the quenchiegofathe particles was higher when
the relative energy being applied was higher. Thaygested that since rutile was the
more stable phase when the temperature was higher&00°C, more rutile would be
formed when higher temperature was achieved duhegwire explosion. Due to the
high quenching rate, the rutile phase would renadian the particles were cooled down.
Thus, the rutile content increased when the redagivergy was higher. From SEM study,
the increase in the relative energy would also cedbhe median diameter of the powder
being produced. Submicron to micron-sized partitiad been observed in samples
produced from wire explosion with low relative egerlit had been suggested that the
decrease in the median diameter for the case bkehigelative energy was due to the

increase in expansion volume of vapour-plasma mextlihe density of the mixture was
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lower when the expansion volume was larger. Thestodensity of the mixture would

then limit the particle growth and resulted in protion of smaller particles.

In another work in year 2009, Toket al. studied the energy deposited into the
wire before the plasma was formed when the amlpssgsure had changed (Tokoi, et
al., 2009). They found that the deposited energy al@ut the same for the ambient of
1 bar and 500 mbar. However, it was a few joulegelofor the case of 100 mbar. After
that, they used high-speed photography to obséeexpansion of the plasma-vapour
mixture when different relative energy and ambieneissure were applied. It was found
that the expansion was generally larger at higbkative energy or lower pressure. The
density of the mixture had been estimated fromhigh-speed photograph by assuming
it to have spherical volume and mass equal torh®li mass of the wire. It had been
observed that the density decreased with increasshafive energy or decreasing
pressure. However, there was an exception whetiveelenergy was equal to 4.3 where
the density at 100 mbar was slightly higher thaat #f 500 mbar but lower than the
case of 1 bar. From SEM study, median diametehefpgowder generally decreased
with increasing relative energy and decreasingspres One exceptional case was the
sample produced at 100 mbar ambient by applyirejadive energy of 4.3. That sample
had larger median diameter compared to those peaddat same relative energy but
higher pressures (500 mbar and 1 bar). It was stedehat this was related to the
plasma-vapour density. The geometrical standarcatien was in the range of 1.5 — 2.2.
The authors had studied the relation of the mediameter and rutile content with the
mixture density. It was observed that the mediaameiter generally decreased with
decreasing mixture density at a same ambient pesbleanwhile, the rutile content
increased with decreasing mixture density at a saméient pressure. This was

suggested to be due to the quenching rate of thielpa at different mixture’s density
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and ambient pressure. The rutile content was eggdotbe higher when the quenching

rate was higher.

Hokamotoet al. attempted to produce TiN powder containing mictomano-
sized patrticles by exploding titanium wire in liguiaitrogen ambient (Hokamoto, et al.,
2009). Particles with sizes of a few nanometers few microns had been observed
from SEM. It was suggested that the micron-sizetighes that had a cotton-like shape
was formed by aggregation of smaller particlesvds found that powder produced by
exploding a single 50@m diameter wire had similar characteristics as phatluced by
exploding twenty-five 100um diameter wire at the same time. Only peaks

corresponding to TiN were observed on the XRD patte

In 2009, Saratheét al. had synthesized tungsten nanopowder and studsffiaet

of ambient gas on the powder characteristics (Baret al., 2009). Powders had been
produced in helium, nitrogen and argon ambienta$ found that powder produced in
helium ambient had smallest median diameter whi¢ produced in argon ambient had
largest median diameter. This was suggested taubetal the high cooling rate of the
helium ambient that generated a higher supersainorabmpared to the case of nitrogen
and argon. XRD results showed thatv andp-W were present in all samples. From
EDX study, small quantity of oxygen (0.5% - 2.6%dhbeen observed in all samples
while over 97% of the samples were tungsten. Meday.4% of nitrogen was found

in sample produced in nitrogen ambient.

Debaline et al. had studied the effect of ambient gas and pressuar the

tungsten carbide powder being synthesized (Dehadihal., 2010). Besides that, the

effect of deposited energy had also been studiadbdd dioxide (CQ and methane

27



(CH,) at 1 bar and 500 mbar had been used as the anglaienit was found from XRD
analysis thato-W, WC,x (cubic tungsten carbide), WC (hexagonal tungsten
monocarbide) occurred in powder produced in 1 bat 800 mbar CH It was
suggested that-W was formed due to insufficient amount of cardon complete
carburization of the tungsten. The intensityoe¥V was reduced while WG became
dominant when the ambient pressure was increasddb@ar. For the case where the
ambient gas was Gt 1 bar and 500 mbar, WONC,.x and WC had been observed
on the XRD patterns. From the analysis by TEM, riredian diameter of the powder
was found to be smaller for the case of,Clwas suggested that this was due to the
higher thermal conductivity of CHcompared to C® Besides that, it was suggested
that the oxidation of particles produced in £&nbient would generate particles with
larger size. Meanwhile, for the same ambient gasder produced at lower pressure
was found to have smaller median diameter. The géral standard deviation was in
the range of 2.1 — 2.7. When the deposited enem@y increased, it was found from
XRD study that the content of W§@vould increase when the ambient gas being applied
was 1 bar C@ It was suggested that the increase in depositedyg resulted in an
increase of the local temperature and promotedxidation process. Meanwhile, in the
case of 1 bar Ckl the contents of WC and W would increase when the deposited
energy was increased. No W®@ad been observed in this case. From TEM stuay, th
median diameter had decreased with increasing dedosnergy. The geometrical

standard deviation was in the range of 2.1 — 2.5.

FTIR analysis had been carried out on samples pextin 250 mbar and 1 bar
CQO.. The stretching vibration mode of tungsten oxi¥#&<£0O-) and carbide (-W-C-) had
been observed in sample produced in 250 mbas. G@nilar mode had also been

observed for the case of 1 bar but with highernsity. On the other hand, only the
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stretching vibration mode of tungsten carbide hadnbobserved in the case of £CH
ambient. The intensity of the stretching vibratimode was higher when the pressure
was higher. The higher intensity suggested thatdke of carburization and oxidation
was higher in the case of higher pressure. Broa#t pas observed in FTIR results for
samples obtained at lower pressure. It was sugljebte this was due to the finer
particles present in the samples. Narrower peaks Were observed for samples

produced in higher pressure were believed to bdauaearsening of particles.

From high-speed photography, it was observed that duration of light
emission was longer for the case of LCDwas suggested that this was due to the lower
thermal conductivity of C@that caused a higher local plasma temperature higheer
temperature would provide more chance for the gdadito coagulate through collision
and thus grow larger. Some localized bright spats leen observed at later time of the
wire explosion process in G@mbient. It was suggested that the white spotsvetio
the burning due to the oxidation of the particl€se local white spots had not been

observed in the case of GH

Kinemuchiet al. had studied the effect of ambient pressure aedggrsupplied
by the capacitor on the tin oxide (Sf)@owder characteristics (Kinemuchi, et al., 2004).
It was observed that the energy deposited intoaine had increased with increasing
pressure or energy supplied by the capacitor. X&D study, pure Sn©nanopowder
was produced in oxygen at higher pressures, whielnew267 mbar and 1 bar.
Meanwhile, mixture of Sn and Sa@anopowder had been produced at 67 mbar oxygen.
The average grain size as determined from XRD t®suds in the range of 12 — 36 nm
where smaller size had been obtained in the cakavef pressure or higher deposited

energy. Similar to the results from XRD, analysisTEM showed that powder with
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smaller median diameter was obtained when lower@mlpressure was applied or the
deposited energy was higher. The standard georaledieviation was in the range of 1.4
— 1.8. At lower ambient pressure and higher depds#nergy, the plasma was able to
have a larger expansion volume that decreasedoiheentration of the vapour during

particle growth. The lower vapour concentration ledumit the growth of particles and

thus produce particles with smaller size. Thesénaat had tried to compare the
experimental results with a reported numerical $atmon results. It was found that the
results were well correlated when both coagulatete and chemical reaction rate of

particles were taken into account in the simulation

Other than those materials discussed above, the exiplosion technique had
also been applied to the synthesis of a wide ward@t intermetallic and alloy
nanopowders. Some of these nanopowders wes@3ArO, (P. Lee, et al., 2006), Cu-
Al (Kim, et al., 2007), Cu-Ni (Kwon, et al., 200 u-Ni-P (Kim, et al., 2008), Cu-Sn
(Kwon, et al., 2008), Cu-Zn (Wang, et al., 2001g;Al (G. Lee, et al., 2004), Ti-Cr
(Kim, et al., 2009), Ti-Ni (Fu & Shearwood, 2004n0O-CuO (Fan, et al., 2008),
ZnFeO, (P. Y. Lee, et al., 2007), NiE®, (Kinemuchi, Ishizaka, et al., 2002), NiFeO

(Suematsu, et al., 2004) and PZT (Kinemuchi, Ikeethal., 2002).

2.3  Review on the literature related to the study of tle wire explosion process

Wire explosion of millisecond and microsecond tisoale had been studied by
using various scientific instruments and methodgeimany decades ago. In recent
years, the explosion time scale had moved intomdr®second regime due to the effort
to avoid the plasma instability. Thus, work hadoal®een carried out to study the

nanosecond time scale’'s wire explosion in detairoligh these studies, better
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understanding on how a wide variety of parametéiecttng the way a wire being
melted, vaporized, ionized and exploded by an s#eurrent pulse had been obtained.
Nevertheless, the understanding on the subjedilli$as from complete as the process
can be influenced by many factors. Current andageltwaveforms are the fundamental
results in the study of wire explosion process. iMdale, the use of time-resolved
imaging system such as Kerr cell photography, lastadowgraphy, laser
interferometry and X-radiography will be the netdgsin the effort to get a closer view
on how a wire is exploded. In the following parawrs, a review on the study of the

wire explosion process either experimentally optké&cally will be presented.

In 1957, Kvartskhavat al. reported the study on the effect of circuit induncte
on copper wire explosion (Kvartskhava, et al., )9%eanwhile, calculation of the
deposited energy based on current waveform had lsem studied. Two different
circuit inductances (0.4 pH and 4.2 pH) had bequlieg to study the effect of the
circuit inductance on the explosion process. It wlaserved that the current rising rate
was faster when the circuit inductance was smaii@anwhile, increasing the charging
voltage from 10 kV to 40 kV also increased the entrising rate. It was also observed
in the case of lower circuit inductance that a entrrpause would occur after the first

pulse when the charging voltage was low. A methfochttulating the deposited energy

voltage, circuit inductance and the decrease ira@#gp charging voltage after tinte
were used in the calculation. The change of toggodited energy and the wire
resistance at the maximum of the first current @@sdifferent charging voltages had

been studied.
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Tucker reported the dependence of wire resistanc® deposited energy and
another variable known as action in 1961 (Tuck861). A simple mathematical model
showing that dependence at different stages of exposion had been discussed. The
author had carried out experiment to explode gale Wy using square-wave current
pulse with 3 us duration and 6 ns rise time. Thelande of the current pulse was
adjusted to a maximum of 2 kA while varying the reat density in a series of
experiments. Current density in the range of 0.2%fto 3.26 x 18 A cm? had been
applied to explode the wires. The resistance of wlre was calculated from the
measured voltage and the calculated current athessire. The current was calculated
from the current density being applied by assunuagstant current and wire cross-
sectional area. The change of resistance with ¢pesited energy and action in various
wire explosions with different current density lgiapplied had been plotted. From
theoretical calculation, the resistance was expecteise to infinity when the wire had
been fully vaporized. This was because the arckidm@n had not been taking into
consideration in the mathematical model. In actazse, an arc breakdown during the
wire explosion process would terminate the riséhefresistance and cause a drop in the
resistance. From the plot of resistance versus ditgob energy and action, it was
observed that the maximum value of resistance oeduat higher value of deposited
energy or action when the current density beindiegypvas increased from 0.25 x®10
A cm?to 3.06 x 1§ A cm® This showed that more energy was deposited hreanire
before the occurrence of arc breakdown when theegtidensity was increased. The
deposited energy was found to increase up to timesss the vaporization energy of the
wire when the current density was increased frob & 10 A cm? to 3.06 x 16
A cm On the other hand, it was also observed thatr¢kistance level before the
resistance peak was generally lower for wire exptogith higher current density. Kerr

cell photographic studies had been carried ouherekplosion of wire with a diameter
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of 50.8 um and a length of 6.35 mm. For wire explogising current density of 0.13 x
10® A cm?, it was observed that plasma occurred at randasts sdong the wire just
before the resistance peak was reached. Afteres$istance peak, while the resistance
value was falling, it was observed that the plasroald cover the whole length of wire.
It was suggested that the plasma formed was dtreetbreakdown through the metallic
vapour. Kerr cell photographs had also been olbdafne wire explosion by current
density of 0.24 x 1A cm?and 1 x 18 A cm®. For these two cases with higher current
density, it had been suggested that the plasmafavased due to the breakdown of

ambient instead of the metallic vapour.

Vlastos had investigated the relationship betwéendivell (current pause) time
and the charging voltage of capacitor (Vlastos,7)9Explosions of copper, constantan
and lithium wires with different lengths had beemried out by discharging a capacitor
bank of 9.6 pF at different charging voltages tiglosthe wires. The wire explosions
had been carried out in air at 1 bar. For all ve@rplosions, it was observed that the
dwell time generally decreased with increasing gimay voltage. It was found that
above a certain critical voltage, the wire explasmight have two possible dwell times.
Below that critical voltage, only one dwell time svaossible for a given applied voltage.
The critical voltage would have a higher value wiies wire length (equivalent to the
distance between the wire holders) was longer.H@rother hand, the relation between
the dwell time and the average field strength d¢raif the charging voltage to the
distance between wire holders) had been studiedeldis For wire explosions of same
material, it was observed that two dwell times wpossible when the average field
gradient was above a critical value. Only one dwalie was possible for wire
explosion below the critical value. Two equatiohattgave the approximate relation

between the dwell time and the average field strefgd been given. One of the
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equations was for the case of short dwell time evhhother was for the case of long
dwell time. Streak camera had been used to stuelyptbcess of wire explosion with

different average field gradient. Differences betwé¢he wire explosion processes with
different applied average field gradient as obsgfvem the streak camera photographs

had been discussed.

Meanwhile, in 1969, Vlastos had reported the ingasiobn on the resistance of
the restrike channel which occurred after the eurpause in the copper and constantan
wire explosion in air at 1 bar (Vlastos, 1969). Téguation used to calculate the
resistance had been derived with a few assumphbeimg applied. The wire explosion
system had a coaxial configuration. From the caledl restrike resistance based on the
experimental data, it was observed that the rewistagenerally decreased with
increasing charging voltage. At the same timeésestance was also found to decrease
almost exponentially with time. Meanwhile, the ri&t developed at the exterior of the
wire was found to have lower resistance comparatiabfor the restrike developed at
the interior of the wire. Besides that, the resis&afor the exterior restrike decreased
faster compared to the drop of resistance for titerior restrike. When the charging
voltage was changed, it was observed that thodehigher charging voltage generally
had lower restrike resistance. The conductivitythe& restrike channel was derived by
using the resistance value and channel diametemnadxs from Kerr cell photographs.
The current was assumed to distribute uniformlyrabe wire cross-section. It was
observed that the conductivity was maximum at thieage ledge occurred at the initial

stage of the restrike. The conductivity fell gratjuafter the maximum.
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Payne had studied the nonlinear model of the exmdodvire circuit for the
initial stage of the wire explosion before the wisemelted (Payne, 1988). Several
assumptions had been made to simplify the nonlimeadel. Parameters variation
method had been used to transform the state eqaatibthe nonlinear model into
variational equations. The approximate solutionstfi@se equations were then being
derived where the solutions gave the time dependemtent and voltage. The
approximate solutions had been compared with thactesolutions obtained by
numerical integration. It was found that the apprate solutions gave results that were

almost same as those obtained by exact solution.

Pikuz et al. had carried out the X-radiography time-resolvedaging of
nanosecond time scale wire explosion by using thexyXproduced from X-pinch
device (Pikuz, et al., 1999). Wires with low contity such as tungsten (W),
molybdenum (Mo) and nickel-chromium (NiCr) as wetl those with high conductivity
such as aluminum (Al), copper (Cu), silver (Ag) agmid (Au) had been used. Their
diameters were in the range of 7.5 — 25 um. Oreuowires connected in parallel had
been exploded at a time by current with averagagigate in the range of 5.7 — 14.3
A/ns per wire. The effect of wire pre-heating or thire explosion process had been
investigated as well by pre-heating the wire towb®000 K before it was being
exploded. The pre-heating step was expected tareimthe gas adsorbed in the wire.
From the radiographs for tungsten wire explosiotihhweated and unheated wire, it was
observed that the wire had been boiled explositietgughout its volume. This had
produced an inhomogeneous liquid-vapour mixturer onest of the wire length with
cylindrical symmetry. Besides that, vapour bubhese observed to break the surface
of the mixture at various spots. The expanded mexhad an irregular boundary that

was suggested to be due to surface tension. Whewvapour bubbles were further
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expanded, foam-like structure was observed whebdblba with different sizes were
contained in the liquid wire. It was observed tthe expansion of preheated wire was
larger than that which was unheated. Meanwhilejai$ observed that the parts of wire
near the electrodes always lag in expansion. It suggyested that plasma had been
generated promptly near the electrodes and it madepted the current from flowing
through the parts of wire near the electrodes. Tthesparts of wire near the electrodes
were not fully boiled and expanded as other pdrthe@wire did. At later stage, it was
observed that the foam-like structure had collapstde thread-like structure with
separated micron-sized droplets was formed. Basedhe radiographs taken for
tungsten wire explosions, the authors had suggéiséegrocess by which the wires had
been exploded. Molybdenum and nickel-chromium wekplosions were found to have
very similar characteristics as that of tungstemewexplosion. On the other hand,
explosion of wires with high conductivity showedféient properties. In such case, it
was observed that foam-like structure either oeduanly at the portion of wire near to
the electrodes or only briefly during the beginnwigthe discharge. The wires were
completely vaporized after that. From the voltagmals obtained during tungsten wire
explosion, it was observed that voltage spike aecliat earlier time for the explosion
of unheated wire compared to that of pre-heated.fithe rapid drop of voltage after
the voltage peak indicated the formation of plastha,argument that pre-heating the
wire can eliminate the adsorbed gas, and thus eel#ye breakdown of the gas and
wire vapour might be correct. From the calculatioih deposited energy into the
tungsten wire, it was suggested that the wire heehlmelted just before the voltage

peak. However, the deposited energy was not entmughiporize the whole wire.
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In 1999, Sedoet al. had studied the characteristic time of capillamcé action,
MHD sausage type instabilities and current skinnaigch would disturb the uniform
heating of wire by the pulsed current (Sedoi, £t1899). The study was limited to wire
explosion by current density in the range of 20cm? and 18 A cm’. It was found
that the times were mainly affected by the wirduadcurrent density, specific action to
the point of explosion and some physical properteéshe wire material. From the
experimental data, it was observed that the rdtaeposited energy before explosion to
the sublimation energy of the wire increased fraB1t0 about 4 when the heating rate
of the wire (just before explosion) was increagedf1¢ J g* s* to about 167J g* s™.
The heating rate is the power measurement of tladinigeand it is affected by the
current density, wire resistivity and wire density. was also suggested that the
deposited energy would exceed the sublimation gnergen the wire was heated

uniformly.

Chandleret al. had investigated the relation between the wirestiggy and the
expansion rate during explosion for Zn, Ag, Au, Qd, Pt, Ni, W and Ti wires
(Chandler, et al., 2002). The wires were explodeddnosecond time scale in vacuum
of 10* — 10° mbar. X-ray produced by X-pinch had been used htaip the X-
radiograph of the wire explosions. The expanside veas then derived from the X-
radiograph. It was suggested that it was the reiysbf wire near to the boiling point
that had affected the initiation of voltage breakdoand not the resistivity at room
temperature. For a given material, a lower restgtiat point near to the boiling
temperature will act to delay the voltage breakdownis will increase the time of
energy deposition into wire core and thus increaeeamount of deposited energy into

the wire. The expansion rate was found to be langesn more energy was deposited
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into the wire due to the delay in voltage breakdadlat was related to the resistivity of

the material near boiling point.

On the other hand, Taylor had investigated thenfiagation of wire and the
formation of plasma along the wire during the coppée explosion in air (Taylor,
2002). Inductance between 26 pH and 800 puH had beeduced to the circuit to
avoid the occurrence of current pause during thie @xplosion. Wire explosion process
of a few milliseconds with early breakdown had bebtained where the breakdown
was critically damped instead of underdamped. Eisestance and the deposited energy
at various time of the wire explosion had beenw#erifrom the current and voltage
signals. Intensified fast framing camera and xagdiphy had been used to explore the
wire explosion process. From the high-speed phafidyy, it was found that plasma
started to occur at random spots after the wireldesmsh melted. These plasma spots had
a fast initial expansion which followed by a paasel then a slow expansion. From the
spectrum of these plasma spots, it was confirmatl tthey were copper plasma. For
explosion with high discharge power, it was obsértleat the initial expansion was
about 100 times faster than that with low dischapgpaver. The wire had been
completely covered by the plasma when the volt@ijeseached its peak. The author
had tried to relate the resistance of the wireqplasystem with the total length of
plasma spots along the wire. It was found thatréséstance increased linearly with the
increase in the length. From the x-radiography aitlesolution of about 100 um, it was
observed that two major fragmentation processesokcadrred. The first one was the
coarse fragmentation before the voltage peak withite second one was the finer
fragmentation after the peak. The finer fragmeatatnight have happened before the
peak but not captured by the x-radiography duéeditnitation of the image resolution.

The coarse fragmentation was suggested to be dilne tkinks caused by the buckling
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of the wire where the buckling was in turn duette thermal expansion of the wire. It
was suggested that premature vaporization occatréae kink locations and led to the
formation of plasma spots as observed from higledpghotography. It was also
suggested that the current would flow through tlasmpa instead of the condensed wire
fragments at those spots where plasma had forntedway by which the current might
have been diverted from the condensed wire fragsnemnb the plasma had been
proposed. Besides that, evolution of plasma andwafrom the kink locations to the

entire wire had been discussed.

Sarkisovet al. had investigated the effect of current rate onethergy deposited
into the metal wire in nanosecond wire explosioarkizov, et al., 2004). Different kind
of metal wires had been exploded by fast explosiod slow explosion. The fast
explosion had a current rising rate of about 150sAWhile the slow explosion had
current rising rate of a bout 20 A/ns. Non-refragt@Ag, Al, Cu and Au) and refractory
(W, Mo, Pt, Ti and Ni) metals wire 2 cm long witlatheters in the range of 4 — 38 um
had been used. The wires had been exploded in raatia pressure in the range of'10
— 10° mbar. Current, voltage and light emission powed baen obtained during the
experiment. Deposited energy and resistance athesselectrodes were derived from
the current and voltage signals. The energy degmbsito the wire was taken as the total
deposited energy up to the point where the resisthetween the electrodes dropped to
one third of its maximum value. Besides that, raditeak shadowgram, laser
shadowgram and open-shuttle visible light chargmgpted device (CCD) images for
the wire explosion had also been obtained. It wasewed from streak shadowgram
that the wire remained at its initial size durihg stage of heating and started to expand
rapidly when the voltage breakdown occurred. Theage breakdown is the time where

the voltage decreased rapidly after the peak dfagel spike occurred. The expansion
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velocity and deposited energy was generally higbethe case of high current rising
rate compared to that of low current rising ratiee Voltage spike occurred earlier in the
case of high current rising rate compared to thdbw current rising rate. From laser
shadowgram, it was observed that the radial expansf wire near the anode was
larger than that near the cathode. It was suggebktadhis was related to the polarity
effect where the energy deposited to the portionwot near anode was higher.
Meanwhile, shock wave had been observed near gotr@ties due to the collision of
the expanding plasma shell from the wire with ttesma generated near the electrodes.
For both fast and slow explosion, it was found thia deposited energy into all
refractory metal wires was underheated (the rdtdeposited energy to the atomization
enthalpy is less than one). On the other handggngeposited into all non-refractory
metal wires in the fast explosion mode was ovedteéhe ratio of deposited energy to
the atomization enthalpy is more than one). Thaaanergy required to vaporize the
whole wire was expected to be 20 % - 50 % highan thhe atomization enthalpy due to
high magnetic field and hydro-pressure in wire. Faractory metal wire exploded in
slow explosion mode, the deposited energy was c¢imsiee atomization energy except
for the case of silver, which was overheated. 1§ whserved that all refractory metal
wires had slower expansion velocity compared toaotbry metal wires. At the same
time, the fast explosion gave a higher expansiolocity compared to the slow
explosion. The expansion velocity was suggesteddepend on the overheating
parameter. For cases of underheated explosion wimtage breakdown occurred
before or during melting, it was suggested thattierocarbon impurity on the wire
had caused an early breakdown before the wire whsviaporized. This had prevented

further deposition of energy into the wire.
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Duseliset al. had studied the effect of the connection of wirnghvihe wire
holder, the polarity effect of the wire holders ahd effect of the current rising rate on
the energy deposited into the wire before the foionaof plasma (Duselis, et al., 2004).
Copper and tungsten wires had been exploded in expdosion of nanosecond time
scale. For the investigation of the polarity effe€tthe wire holder, the capacitor was
either charged with positive or negative polarityvas found that the energy deposition
was generally higher for the case of positive ptlait was suggested that the main
reason was related to the emission of stray eledtom the cathode (a copper rod) due
to the electric field around the cathode when riegatolarity was applied. It was found
that the polarity effect was absent when a plate used as the cathode instead of rod.
To investigate the effect of wire connection witie twire holders, the wires were
soldered to the wire holder or without solder. im& other cases, the wires were only
soldered at either anode or cathode. From the tsesil was observed that wires
soldered at both ends and exploded with positiviaripy allowed higher amount of
energy deposition. It was suggested that straytrelex would be emitted near to the
connection sites if the wire had not been conneptegerly to the wire holders. These
electrons would then cause the plasma formationctwteduced the deposited energy
into the wire. Other than the case of copper wokleyed at both ends and exploded
with positive polarity, the energy deposition irhet wire explosion was generally
found to increase with increasing current risintgradhe energy deposition in copper
wire soldered at both ends and exploded with pasipolarity was found to be
independent of the current rising rate. The penbdesistive heating was found to
decrease with increasing current rising rate. Flaser shadowgram for copper wire
explosion, it was observed that the copper wiredgpaioldered at both ends expanded
uniformly. However, for the case of copper wirehoitit solder, the expansion of the

wire was observed to be higher for the portion afewnear to anode and gradually
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reduced towards wire near to cathode. At the same, the expansion of the wire in
front of the anode was very small compared to opfaet of the wire. It was suggested
that plasma, which was more localized, had beemddrin front of the anode while
plasma formed near the cathode had propagated #iengire towards anode. It was
suggested that the section of wire with less expansas shrouded by plasma at earlier

time and thus had a lower energy deposition.

Tkachenkoet al. had tried to investigate the transformation of tiee state
from a liquid core surrounded by vapour to a weadgpducting system of droplets in
vapour which expanding rapidly in the radial direst(Tkachenko, et al., 2004). They
had suggested that two situations might lead tardvesformation of the wire state. First
of them is the transformation which occurred instaeously when the parameters of
the supersaturated vapour reach their spinodalkesallhis is known as the spinodal
mechanism of explosion (SME). The second situatsodue to the growth of liquid
nucleus into droplets that appear at the earl@gesof vapour supersaturation, which
causes a phase imbalance on the wire surfacewilhihen lead to the early transition
of the wire into the dispersed state of liquid detg in vapour. This second situation is
called nucleus mechanism of explosion (NME). Timeetiat which the liquid nucleus
would appear in the NME had been calculated. It shesvn that the appearance time of
nucleus decreased rapidly at some threshold temoperal hus, liquid nucleus can be
expected to form very soon after the temperatusebegn reached. The temperature at
which the time reduced rapidly had been estimdteain simulation, the time at which
the estimated temperature would be reached agecutrent started to flow through the
wire had been suggested. From the voltage signairsal experimentally, it was
observed that the time at which the temperature nwashed correlated well with the

time of the beginning of abrupt increase in voltaggal. This had led the authors to
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conclude that the explosion of wire in the case@eonsidered had been caused by the
nucleation of the supersaturated vapour. Besidss tiie supersaturation of vapour was
small at any temperature of wire explosion when teviation from the phase
equilibrium was small. On the other hand, for theecof SME, the supersaturation of
vapour and pressure at the wire axis had been asiihhigher compared to that of
NME. Thus, the authors had suggested that NME wouldir in most cases of wire
explosion while occurrence of SME would require iaddal effort. In term of
maximizing the energy deposited into the wire aitl lbeen suggested that the heating of
a wire with initial radius, B should be sufficiently slow to reach a high terapgre at
the point of explosion but fast enough to prevastdevelopment of MHD instabilities.
Based on the theory discussed by the authors, hladyproposed that the deposited
energy through resistive heating should not exd¢bedsublimation energy of the wire.
In case where the deposited energy was larger thansublimation energy, they
believed that the additional energy had been dad/é the surrounding gas, vapour or
plasma. The distribution of particle size produdexin the explosion had also been
analysed. The particle size was said to dependhenrexplosion temperature that is
related to the amount of deposited energy. Theoasithad suggested that the particle
size distribution should show two peaks. The fpsak was due to particles formed
through the condensation of vapour while the seqmak was caused by the presence

of particles generated from the dispersed liquig co

Sarkisovet al. had studied the structure of the nanosecond exgaddngsten
wire at different deposited energy by using ladeadewgram and time-integrated
images (Sarkisov, Struve, et al., 2005). The wirese exploded in vacuum of about
10* to 10° mbar. The deposited energy before the plasma fbmrees calculated from

the current and voltage data. When the energy depomto the wire was below the
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solid-state enthalpy, the wire was not exploded.eiWkhe energy was between the
solid-state and liquid-state enthalpy, the wireyatisintegrated into macro-pieces and
no significant wire expansion was observed. If theposited energy was further
increased above the liquid-state enthalpy, the wae exploded after the wire had been
fully melted. The expansion of wire core was obsdrbut the expansion was not
uniform along the wire axis. The portion of wireang¢o the anode was having larger
expansion compared to the part near to the catidgde was suggested to be due to the
polarity effect. The expansion had better unifoymhen the energy was higher. At this
range of deposited energy, it was suggested tleaexpanding wire core consisted of
submicron-sized liquid drops. When the depositeerggn was about 8 % higher than
the atomization enthalpy, the wire was first obsdrto vaporize at the part of wire near
to the anode while other section was still in tberf of liquid micro-droplets. It was
suggested that due to the high pressure in the d@gosited energy much higher than
the atomization enthalpy would be needed to vapahe whole wire. From the time-
integrated images, it was observed that the vaplasma core had lower light emission
compared to that of wire core in liquid form. It svauggested that the vapour-plasma
core had a fast adiabatic cooling due to rapid esioan and emitting line spectra while
the liquid core cooled at slower rate and emittivigckbody-like radiation. This
difference enabled the differentiation of vapouargpha core and liquid core by a simple
observation on the time-integrated images. Frontithe-resolved light emission power
obtained by PIN diode, it was observed that thitlgmission was very low if voltage
breakdown occurred before or during melting. If bineakdown occurred when the core
was in liquid form, a long time-scale radiation vedsserved. Meanwhile, in case where
the wire was fully vaporized before any plasma ¥eamed, the emission fell quickly
after the maximum emission power was reached. I§ Wund that the average

expansion velocity of the wire explosion had lindependence on the deposited energy.
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From the linear relationship, the authors had tteeestimate the energy deposited at
different part of the wire during explosion by exaed the expansion of the wire from
laser shadowgram. The possible reason that causedlifferent types of expansion

(homogeneous and inhomogeneous) of wire had begyested.

Sarkisovet al. had exploded aluminum alloy (94.6 % Al, 5.2 % Nd)dl % Mn
and 0.1 % Cr) wires in vacuum in the range of £010° mbar (Sarkisov, Rosenthal, et
al., 2005). The wire explosions were in nanosedimé scale. Laser shadowgram for
the wire explosion had been obtained to study thetsire of the wire when different
amount of energy was deposited into the wire byyapg slow and fast current rising
rate. It was observed that stratification occuwdten energy deposited into the wire
was enough for complete vaporization. When the siéga energy did not achieve the
vaporization energy, foam-like or sol structure whserved. Expansion rate was found
to be higher for wire section near to the anodeials suggested that this was due to the
deposited energy into the wire which increased feathode to anode caused by the
polarity effect (Sarkisov, et al., 2002). Meanwhtlee overall expansion rate was higher
when fast current rising rate was applied. Fromicaptspectroscopy, hydrocarbons
impurities had been observed in the plasma formethgl the explosion process. It was
suggested that this impurities would cause earltage breakdown before or when the
wire was melted. It had been suggested that theinitigs could not be removed by
simply cleaning of wire surface or preheating theevioefore being exploded. From the
steak camera images, it was observed that the afs@jht emission and the fast
expansion of wire were correlated with the onsetaifage collapse. The light emission
was due to the ionization of surrounding vapouhdtl a maximum during the voltage
collapse and it decreased after the maximum dtieetoapid expansion of plasma shell.

Power and amount of energy deposited into a wirdifedrent time had been derived
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from the current and voltage waveforms. The retabetween various wire explosion
parameters (such as resistivity, specific depogtestgy, power, total deposited energy,
heating time and wire diameter) had been discudsadthe case of fast current rising
rate, it was suggested that transition from liquigle to gas-plasma phase occurred
when the wire material had turned into superciitiiced. The liquid wire had become a
supercritical fluid because of the high magnetiesgure and wire temperature. This had
caused a homogeneous transition without going girduoiling. Meanwhile, for the
case of slow current rising rate, the magnetic anes was not sufficient to raise the
pressure on the wire to turn it into supercritittaid. Therefore, the transition from the
liquid wire to the gas-plasma phase occurred byngjothrough boiling. One-
dimensional (1-D) MHD simulation had been carried loy using ALEGRA (Arbitrary
Lagrangian Eulerian General Research Applicatieaeadeveloped by Sandia National

Laboratories. The simulation results were obseteexhree with the experimental data.

Tkachenkoet al. had carried out nanosecond wire explosion of Cual Ni
wires in air (Tkachenko, et al., 2007). From theaswged voltage across the wire during
wire explosion, a voltage pulse with amplitude feigkhan the initial charging voltage
of the capacitor bank was observed. The authorsbled the differential equation of
the wire explosion LCR circuit with several appmoations being applied. Condition
required for overvoltage with significant magnitutte occur had been derived. The
condition was related to the wire resistance atittsant where overvoltage pulse
begins, the circuit inductance, and the time atcthhe wire lost its conductivity.
Numerical calculation had been carried out to dethe current, voltage and resistance
waveforms with respect to time. The effect of timaet at which the wire lost its
conductivity on the waveforms had been studied. Trhenerically calculated

waveforms had been compared with the experimeesallts. The results matched each
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other in some cases but not in others. The posgllsons for the differences between

the experimental and numerically calculated reshdt$ been discussed.

Rousskikhet al. had investigated the formation of strata during mlanosecond
time-scale explosion of aluminum wire by a currelensity of about TOA cm?
(Rousskikh, et al., 2008). The strata are altemgdayers of material with increased and
decreased density perpendicular with the wire a&laminum wires with different
diameters of 20 um, 35 pum and 50 um had been exglod two different modes,
namely, explosion with current cutoff and explosiaithout current cutoff. In explosion
with current cutoff, the wire explosion circuit haden modified such that the discharge
from capacitor would be terminated when the enedgposited into the wire had
reached the required amount. The capacitor bar@® ofF was charged up to a voltage
that would provide a current density of about 10k A cm’? to the wires with different
diameters at the time of voltage breakdown. X-rgdiphy had been conducted to
obtain the images on the strata formed during tine explosion. The X-ray flash with
energy was produced by an X-pinch device. The gnéegosited into the wire for the
case of explosion without current cutoff beforetagé breakdown had been determined
from current and voltage waveform. They were fotmbe 4.2 — 5.3 kJ/g for explosion
of 20 um diameter wires, 6.3 — 7.7 kJ/g for exmlonf 35 um diameter wires and 6.1 —
8.1 kJ/g for explosion of 50 um diameter wiresw#ts suggested that these amount of
energy would rise the temperature of the wire nigtés about 0.3 — 0.45 eV that was
higher than the boiling temperature of 0.08 eVlbuter than the critical temperature of
0.69 eV. From the X-radiographs, strata had beserokd in these wire explosions. On
the other hand, explosion with different amountieposited energy had been realized
in the explosion with current cutoff. It was obseahvfrom the X-radiograph that strata

were not formed when the deposited energy was baloartain range. For explosion of
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20 um diameter wires, strata were not formed fquodeged energy below 2 - 3 kJ/g.
Meanwhile, it was below 4 - 4.5 kJ/g for explosmin35 um diameter wires and below
4 — 4.7 kJ/g for 50 um diameter wires. It was obserfrom X-radiography that the
expanding velocity of the wire increased with iragig deposited energy. Besides that,
the strata wavelength immediately after the voltagsakdown had been estimated. It
was 8 um for wires with diameter of 20 um, 7.5 ponwires with diameter of 35 um
and 5 um for wires with diameter of 50 um. The tatraavelength was the length
between the starting point of an increased (oredszd) density layer and the starting
point of the next increased (or decreased) densiyer. It was found that the
wavelength of strata had increased as the wirerslgzh It was observed that, when
wires with same diameter were exploded by differexplosion mode (with current
cutoff and without current cutoff), but with approrately the same deposited energy,
the wire cores had about the same expansion weldtivas believed that this was due
to the expansion of the core that was adiabaticevtiee expansion velocity would be
approximated to the thermal velocity of the mat&yiatoms. The thermal velocity was
influenced by the deposited energy. Therefore, wherdeposited energy was about the
same, the expansion velocity would also be closeatth other. It had been suggested
that sausage-type MHD instabilities were not theseafor the strata formation because
the instabilities would only occur at later timehieh was longer than the characteristic
time of the nanosecond wire explosion. Thus, it b@geved that the thermal instability
was responsible for the strata formation where ittstability formed because of
increasing resistivity due to temperature rise. @leeelopment of thermal instability in
wire explosion had been analysed by the perturbdabieory method. It was found that
the characteristic wavelengths of the thermal lnbtg at different temperature of wire
material were close to the range of strata wavétsngs observed from experiment. At

the same time, the occurrence time of the thernsthbility was found to be very short
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compared to the characteristic time of the wirel@sipn. This showed that the
instability could develop during the wire explosidrhese coincidences were believed

to support the hypothesis that the strata had foeered due to the thermal instability.

Mao et al. had simulated the current and voltage waveformscépper and
titanium wire explosion (Mao, Zou, Wang, Liet al., 2009). This was done by solving
the nonlinear differential equation describing thige explosion’s LCR circuit. The
resistance of the wire that was changing during wthee explosion process was
calculated from its resistivity at different stageflswire explosion. For copper wire
explosion, equations used to calculate the redistal various stages of wire explosion
had been derived from a quasi-static theoreticalehby Tucker and Toth (Tucker &
Toth, 1975). However, these equations could noapyagied for the case of titanium
wire explosion because the resistivity of titaniwdoes not increase continuously.
Instead, its resistivity decreases during the tqgbeating phase before it rises again
during the vaporization phase. In order to obtam tesistivity of titanium at different
stage of the wire explosion, the specific actioffg & [ j* dt, where j = current density)
at various times was first determined. Tucker Hattgd the dependence of the titanium
resistivity with the specific action where thesd¢adhad been obtained experimentally.
By knowing the specific action at certain timesidgrthe wire explosion, the resistivity
corresponding to the specific action at that tinoaild be determined. Current and
voltage waveform obtained from experiment and satoh had been compared.
Differences between the waveforms had been obsamddthe possible reasons that
caused the differences had been discussed. Thaitlgbenergy into copper wire had
also been calculated by using the simulated curaewt voltage waveform. In the
calculation, it was assumed that energy was degmbsitto the wire up to the point

where the vaporization energy of the wire had beached. From the results, it was
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found that the vaporization energy could be acldeae earlier time when higher
charging voltage, lower circuit inductance and c#pa with small capacitance were

being applied.

Mao et al. had used the Mach-Zehnder interferometer to inya&st the
evolution of an exploded titanium wire (Mao, Zouakg, & Jiang, 2009). As observed
from the current signal, an explosion with earlgdkdown had occurred in the wire
explosion. By using the current and voltage sigrtie deposited energy into the wire
before the formation of plasma had been determiodae 57 J. Fourteen images had
been obtained at various time of the wire explosutrere the first image was captured
at about 0.7 us before the plasma formed. Sincéeebesited energy was less than the
energy required to vaporize completely the soliceywivhich was 69 J, it was suggested
that both the liquid and vapour phase of the wiisted just before the plasma formed.
The plasma was suggested to form around the witerrabdue to the breakdown of the
wire vapour or ambient gas. From the image captatedbout 0.8 us after the formation
of plasma, plasma had been observed on the wirerialadnd the air near the plasma
had been compressed due to the expanding plasneaeXpanding speed had been
estimated to be 2.3 km/s. This was done by meastinm radius of the expanding shell
in two consecutive images and divided by the timterval at which the images were
captured. Burst of wire material and plasma hacdh lmdserved at about 2.9 us after the
plasma had formed. This showed that the wire waexyploded at the time the plasma
formed. As the wire material and plasma furtheraexjed into the surrounding, it was
observed that a residual core remained at thealimiosition of the wire. This was
believed to be the portion of the wire that had beén vaporized during the initial
heating. From the observation on the images captiréater time, it was suggested that

the vaporization of the residual core had contindee to the heating by the plasma. It
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was observed that the residual core had been ctehplaporized later. Thus, the wire
was initially heated by the current due to Joulatimg and being heated again by the

plasma after the explosion occurred until it wal/fuaporized.

This section ended the discussion related to tieeature review of the wire
explosion for the synthesis of nanopowder as wetha wire explosion process. In the
next chapter, the experimental setup and methogdimdpe used in our work will be

discussed in detail.
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