Chapter 5

Discussion

5.1 Discussion on different modes of explosion generatén different ambient

condition

After going through the analysis of results obtdirfeom different ambient
conditions, we can see that different ambient damdimight give rise to different
modes of wire explosion. The effect of the ambigag and ambient pressure on several
characteristics of the wire explosion process hesnlsummarized in previous chapter.
In this section, we will discuss the wire explosiprocess for different modes of
explosion. In the later sections, we will discuee torrelation between the powder

characteristics and the condition of wire explosion

As mentioned in chapter 3, we have tried to trdmewire explosion process
from the current and voltage signals. From chagteve can see that three modes of
wire explosion process have actually been obseresd the experiments carried out in
different ambient conditions. These wire explosians being categorized according to
the characteristics observed from their currenhag) These include wire explosion
with current pause, wire explosion with current dipd wire explosion with immediate

discharge.

It can be seen that the occurrence of different eaoaf explosion is highly
affected by the ambient condition. In case wheeedillectric strength of the ambient is

high, breakdown or ionization will not occur at tharly stage. This will normally lead
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to the wire explosion with current pause as obskindghe case of 500 mbar nitrogen-

argon mixtures, 1 bar nitrogen, 1 bar air, 500 nm@ogen and 500 mbar air.

On the other hand, an ambient gas with low didlestrength will give rise to
wire explosion with current dip or immediate disgd®eas shown in the case of 500
mbar argon, 100 mbar air, 50 mbar air, 100 mbaiogén and 50 mbar nitrogen. Wire
explosion with current dip and that with immedidischarge are almost the same and
the only difference is the time at which the disgeaoccurs. This can be seen by

comparing the signals shown in Figures 4.6(c) and (

5.1.1 Wire explosion with current pause

Wire explosion with current pause has been obseivede case of 500 mbar
nitrogen-argon mixtures, 1 bar nitrogen, 1 bar %00 mbar nitrogen and 500 mbar air.
From the calculation of energy deposited into the wt is found that the wire has been
completely melted around the time where the peaduafent spike occurred. After the
wire has completely melted, the current flowingaasrthe wire starts to drop rapidly. It
has been suggested by Vlastos that instabilitydecasrred along the wire and caused
the disintegration of wire during the melting stai¢astos, 1973). From the rotating
mirror camera’s photograph, Kornedf al. have shown that the wire has started to
expand into the ambient at time where the peakuateat spike occurred (Kornefiét
al., 1959). No discharge has been observed along ihe during this stage but
discharge has been observed in front of the wirdemoin some cases. During the
current pause, the wire has further expanded asthalige has been observed to occur
at random location along the wire. The duratiorth& current pause presented by the

authors is about s, which is very close to that of our case.
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From the calculation of deposited energy, it i@dtsund that the boiling point
has been reached before the current pause occiirad, it is suggested that a liquid-
vapour mixture has been formed at the end of tineectispike and just before the start
of the current pause. Chaeeal. have found that the current flowing across theswir
material might have a value of a few hundred touat2)00 amperes instead of zero
(Chace & Morgan, 1959). They have suggested kieattirrent has been carried mainly

by thermionic electrons produced from explosiogfnants.

In another study, Vlastos has observed that a tngent pause is normally
followed by a restrike (formation of plasma) stdrtg the interior of the wire material
(Vlastos, 1968). Meanwhile, a short current pagsaadrmally followed by a restrike
that starts at the exterior of the wire. It is sesjgd that the restrike starts at the interior
of the wire when intense vaporization has occuwadthe surface of the wire and
prevented the ionization to occur on the wire stefalhis will delay the occurrence of
restrike until the wire material has expanded tdeasity that allows an avalanche
breakdown to occur in the region of the wire malei®n the other hand, restrike will

start at the exterior of the wire when ionizati@am ©ccur near the surface of the wire.

As reported in chapter 4, the duration of the qurpause in our experiment has
been observed to be about 7 tas8for all explosion with current pause except fo t
case of 25% nitrogen + 75% argon. It is about kZor the case of 25% nitrogen +
75% argon. Based on the study carried out by V4astas suggested that the restrike
occurred in the case of 25% nitrogen + 75% argobi@m is due to the ionization
started near the wire surface. This is becaussltbd current pause has been observed
most of the time for wire explosion in that ambidhis also suggested that the restrike

in that case is caused by the ionization of theiantlgas instead of the wire material.
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The pure argon ambient has been observed to breakchore easily compared to pure
nitrogen ambient. Thus, it is suggested that tlcecase of argon content to about 75%
has caused the nitrogen-argon mixture to breakdoware easily. This can be seen by
comparing this case with that of 50% nitrogen + 58fgon as well as 100% argon

ambient.

Mao et al. have studied the wire explosion process by usiraghvZehnder
interferometer (Mao, Zou, Wang, & Jiang, 2009). yhave suggested that the plasma
formed during the wire explosion has contributedhe heating of the wire material.
Thus, it is suggested that the plasma formed #feecurrent pause in our case has also
contributed to the heating of the wire materiatred later stage of the wire explosion.
However, the degree to which the wire material I@sn heated by the plasma in our

case is unclear and this required further investiga

We can summarize the observed wire explosion psoftgsan explosion with current

pause as follows:

(1) The solid wire has been heated into liquid fornthey Joule heating effect due to
the intense current flowing through the wire.

(2) Electromagnetic instability has developed alongwire when the wire has turned
into liquid form. This has caused the wire to bre@tkh smaller pieces and lead to
the rapid drop of current.

(3) While the current is falling, the wire material Hasen heated to its boiling point
and it is suggested that a small amount of the wiaterial has been vaporized
and expanded into the ambient.

(4) The vaporization of the wire material has furthecreased the resistance of the

wire and causing the occurrence of the voltageespikhe voltage waveform.
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(5)

(6)

(7)

(8)

(9)

It is suggested that some sort of minor ionizatitat does not lead to avalanche
breakdown has occurred around the time where tak gievoltage spike occurred.
The minor ionization could be due to thermioniccliens as suggested by Chace.
This ionization will reduce the resistance along Wire material and thus reduced
the voltage across the wire.

The resistance of the wire material continues torease causing the current
flowing across it to become very low. This is reganeted by the end of the current
spike and the beginning of the current pause. Bttfloment, it is suggested that
the wire is formed by liquid core broken into smpiéces. The liquid core is
surrounded by vapour that is expanding into the iamb At the same time,
thermionic electrons have taken over the main teleonduct the current across
the wire holders.

During the current pause stage, the flow of curtenbugh the wire material is
very small and the current is mainly carried by thermionic electrons. Thus,
only a very low level of current has been obsemithis stage.

As the vapour further expanded, a point will bechesl where avalanche
breakdown will occur at either the interior or exte of the wire material to
generate a restrike.

The plasma formed from the restrike will furtherah¢he remaining liquid and

vaporize it until the energy supply from the capacstopped.
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5.1.2 Wire explosion with current dip

Wire explosion with current dip has only been otesdrin the case of 100 mbar
air and 100 mbar nitrogen ambient. The charactesisif the initial process for both of
these cases are almost the same. From the cabculatideposited energy, it is found
that the wire has been completely melted at th& pé#he current spike. Similar to the
case of explosion with current pause, it is suggkthat the wire has been broken into

smaller pieces due to electromagnetic instabilingmwthe wire has melted.

Meanwhile, the boiling point has been reached genn after the peak. Voltage
peak that represents the formation of plasma has bbserved to occur at about 0.08
us after the boiling point has been reached in loaes (100 mbar air and 100 mbar
nitrogen). Thus, it is suggested that the wire matéas been transformed into liquid

and vapour at the point when the plasma is formed.

From the study carried out by Ma&bal., it has been observed that the vapour
will expand rapidly into the ambient even after fhasma is formed (Mao, Zou, Wang,
& Jiang, 2009). After the plasma is formed, ituggested that the wire material will be

heated by the plasma.

5.1.3 Wire explosion with immediate discharge

Wire explosion with immediate discharge has beesented in the case of 500

mbar argon, 50 mbar air and 50 mbar nitrogen anbiem the case of 500 mbar argon,

the solid wire has not even reached its meltingnpaihen the plasma has formed. This

has been shown in Table 4.3. Since the wire i$§ igstibolid form, current still can
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conduct through the wire after the plasma formdeeréfore, the wire will be heated by
both the current and the plasma while it is sbihducting current on its own. However,
it is not possible to know the amount of currerdttfiow through the solid wire from
the current signal directly, as part of the curresit be diverted to flow through the
plasma. After the wire lost its conductivity, itliMbe heated purely by the plasma. As
no obvious characteristics on the current sigrat, thllow us to determine the evolution
of the wire after the plasma has been formed, othagnostic technique will be

required to study the process.

On the other hand, the solid wire has reached @kimg point just before the
plasma formation in the case of 50 mbar air anchb@r nitrogen as shown in Table 4.7.
It is suggested that either one of the following tveasons might have caused the
formation of plasma. One of the reasons suggestetiibuted to the occurrence of
electromagnetic instability along the wire when twee has melted. Meanwhile,
another reason is purely due to the breakdown efathbient gas. Based on the study
conducted by Maet al., it is suggested that the wire material will belier heated and

thus vaporized by the plasma (Mao, Zou, Wang, &gji2009).

52 Discussion on FESEM observation

The FESEM has been used to observe the powdergrddrom wire explosion
in nitrogen and air. The main purpose is to obseéhes existence of micron-sized
structures that might be produced from the wirel@sipn in different ambient
condition. At the same time, the condition of trepaoduced powders can also be
observed as the samples being viewed by FESEMaidam through any treatment as

those for TEM viewing.
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From the observation through FESEM, it has beetiircoed that the web-like
structure is formed by agglomerated nanoparticM&b-like structure has been
observed in all cases. This shows that agglomeraadparticles has been produced. A
small amount of non-agglomerated nano-sized pestibas also been observed in the
samples obtained from wire explosion in nitroged air. Besides that, micron-sized
spherical particles have also been observed icaaks. It is suggested that the micron-

sized particles are formed from the molten wireanat that has not been vaporized.

5.3  Discussion on the characteristics of powders proded by different modes

of explosion

It is suggested that the main factors which wileeff the powder characteristics
in our work is the ambient pressure, ambient gasiep, mode of explosion as well as
the amount of deposited energy at various stagdseaéxplosion. There are some inter-
relations between these factors. The mode of explowill be influenced by the
ambient pressure and gas species. Meanwhile, @iffenodes of explosion will affect

the amount of deposited energy into the wire.

Other than that, the ambient pressure will afféxet expansion of the wire
material and thus the density of the vapour produdcem the wire. High density of
vapour is preferable during the early stage ofigdarformation in order to generate a
supersaturation. A supersaturation with higher eatration can generate more nuclei
and produce nuclei with smaller size. However, asdevapour is not preferred during
the growth stage of the nuclei, as this will proenthe growth of nuclei and thus

producing particles with larger size.
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On the other hand, the thermal conductivity of #mebient gas species is the
property that might affect the particles size.dstbeen suggested that ambient gas with
high thermal conductivity will be able to reduces ttemperature of the particles and

thus the growth of the particles.

The deposited energy will affect the heating of wWiee material and thus the
temperature and the amount of vapour availablenforoparticles formation through
supersaturation at the later stage. Besides thmfrnount of deposited energy will also

affect the expansion of the wire material agaihstfressure of the ambient gas.

In the following sub-sections, we will examine dteracteristics of powder, i.e.:
median diameter and chemical composition, and cosadpthe characteristics between
powders produced from different ambient conditiohbe possible factors that have
caused the differences in the powder charactesistvdl be discussed. We will

categorize the discussion according to the modxptosion.

5.3.1 Powders produced by wire explosion with current pase

As mentioned previously, wire explosion with cutreause has been observed
in the case of 500 mbar nitrogen-argon mixturebad nitrogen, 1 bar air, 500 mbar
nitrogen and 500 mbar air. It has been observeth fRESEM that the powders
produced generally consist of nano to micron-sizadicles having elliptical, spherical
or irregular shape. Most of the nanoparticles &seosed to agglomerate and form web-
like structures. Pure Cu powders have been prodircguaire nitrogen and nitrogen-
argon ambient while copper oxides have been obdenvihe case of air. It is suggested

that the occurrence of copper oxides is due tthsence of oxygen in air.
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In the following sub-sections, we will examine thessible factors that have
affected the powder characteristics. This is dam®ugh the comparison between

characteristics of powders produced in various antlgonditions.

5.3.1.1 Difference in the median diameter of nanopowders mduced from wire

explosion in 500 mbar nitrogen

Before we carry out the comparison between powgensluced in different
ambient condition, it can be noted that the medi@meter given for the case of 500
mbar nitrogen is different in the previous sectidhis is shown in Table 4.5 and 4.8. It
is suggested that the variation in median diamatéreen the two sets of nanopowder
iIs mainly due to the different procedure being ggapin preparing the TEM samples. In
the case where smaller median diameter has beamedy the collected powder has
been treated by ultrasonic wave for about 2 hdtdiosvever, no such treatment has been
carried for the set of powder with larger mediaanageter. Meanwhile, the resolution of
the TEM being used might also have effect on thasueed particle size as the two

samples have been viewed by TEM of different model.
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5.3.1.2 Comparison between powders produced in 1 bar and BOmbar air and

nitrogen

For the case of 1 bar and 500 mbar air and nitrogembvious difference in the
amount of energy deposited at the time of peakuofeat spike, peak of voltage spike,
as well as the end of current spike. The energypsitgal at peak of current spike, peak

of voltage spike and the end of current spike muab J, 17 J and 25 J respectively.

The energy deposited at the end of the currentepgusbout 41 J for the case of
1 bar air, 1 bar nitrogen and 500 mbar air. Fordase of 500 mbar nitrogen, it is
slightly lower at 37 J. This amount of depositedrgy does not seem to match with the
trend of the median diameter of nanopowders. A<are see, the median diameter is
smallest when the deposited energy is 37 J, wkithwest compared to other cases. On
the other hand, those cases with higher depositethg have larger median diameter.
Thus, it is suggested that the ambient pressuréanger effect on the median diameter

especially in the case of nitrogen ambient.
5.3.1.2.1 Comparison between powders produced in 1 bar and B0mbar air

For the case of air at 1 bar and 500 mbar, the anediameter is found to be
about the same for nanopowder produced at bothsymes (31 nm). It has been
observed that the powder produced in 1 bar airistsnef CyO only while that in 500

mbar air consists of both gD and CuO. According to Korshune¥ al., the CuO is a
product of CyO oxidation from the reactiorCu,O +%O2 « 2CuO(Korshunov &

II'in, 2009) .
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It is suggested that the & particles are initially produced in the 500 mbar
and their sizes are smaller than that producedharlair (Due to the ambient pressure
effect, particles with smaller average size aregested to be produced at lower
pressure). However, as CuO is formed by the oxadadif CyO, the particles sizes will
be slightly increased. The molar volumes ob@@nd CuO are 23.6 ¢mol™* and 12.3
cm® mol™ respectively. If CpO is oxidized in the way shown in the reaction ahadl
mole of CyO will produce 2 moles of CuO. This will cause aorease in the volume
from 23.6 cni to 24.6 cm where 23.6 crhis the volume of original 1 mole of gD
while 24.6 cniis the volume of the 2 moles of newly formed Ciiis is suggested to
be the reason for the increase in the median denoétthe nanopowder produced in
500 mbar air, which has caused the median dian®tex closed to that of the case of 1

bar air.

5.3.1.2.2 Comparison between powders produced in 1 bar air ash1 bar nitrogen

From Table 4.10 and 4.11, it has been shown tha wO powder has been
produced in the ambient of 1 bar air while pure gowder has been produced in the
ambient of 1 bar nitrogen. It is found that mediiameter of nanopowder produced in
1 bar air is smaller than that produced in 1 b&ogen although the molar volume of
CwO is larger than that of Cu. The main differencéween the two cases is the
ambient gas species. The ambient pressure andrtbena of deposited energy at the
peak of current spike, peak of voltage spike, theé ef current spike and the end of
current pause are approximately the same. It igesigd that the GO particles
produced in air have been efficiently cooled tomieate their growth and thus

producing nanopowder with smaller median diameter.
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5.3.1.3 Comparison between powders produced in 500 mbar mitgen-argon

mixtures at various compositions

In the case of binary gas ambient, the amount efggndeposited at the peak of
current spike, peak of voltage spike and the encuafent spike is about 3 J, 16 J and
21 J respectively. Meanwhile, the amount of enedggosited at the end of current
pause is different in each case. It is higheshéndase of 50% nitrogen + 50% argon (66
J) and lowest for the case of 25% nitrogen + 7586m@i(34 J). It is 42 J for the case of
75% nitrogen + 25% argon. The difference in theodépd energy does not seem to
bring any significant effect on the median diame#s they are about the same at 33 nm
for the three cases. It is suggested that the medi@ameters are almost the same
because the property of the three binary gas ambiespecially the thermal

conductivity of the gas, does not vary significgntl

5.3.1.4 Comparison between powders produced in 500 mbar miagen and 500

mbar nitrogen-argon mixtures

It has been observed that the amount of depositeryg at the peak of current
spike, peak of voltage spike and the end of curspike is slightly higher in the case of
500 mbar nitrogen. The energy deposited at theoérdrrent pause in the case of 500
mbar nitrogen is about the same as that of 75%ogetr + 25% argon which is
approximately 42 J. It is suggested that the meason for the lower median diameter
obtained in the case of 500 mbar nitrogen is tlgddr thermal conductivity of nitrogen
compared to the nitrogen-argon mixtures. At the esamme, the slightly higher
deposited energy at the initial stage of the wikpl@sion is suggested to be an added

advantage. In both cases, pure Cu powders havedtt®ined.
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5.3.2 Powders produced by wire explosion with current dip

Wire explosion with current dip has been obtainadtlie case of 100 mbar air
and 100 mbar nitrogen. It is observed that enegpposdited at peak of current spike and
peak of voltage spike are about the same for batles; which are approximately 5 J
and 20 J respectively. The amount of energy degubsit current dip is slightly higher
in the case of 100 mbar nitrogen. Although the dépd energy is higher, the median
diameter is found to be larger for the case of mb@r nitrogen compared to that of 100
mbar air. The deposited energy at current dip dméseem to correlate well with the
median diameter where higher amount of depositedggns expected to give smaller
median diameter but this is not the case here. Mk the effect of pressure and the
mode of explosion can be excluded here as botls ¢desee same pressure and mode of

explosion.

Thus, it is suggested that the main factor that dféscted the size of the
particles is the ambient gas species in each G&seis very similar to the comparison
between the case of 1 bar air and 1 bar nitrogemeser, the composition of powder is
slightly different here. Mixture of Cu and &b has been produced in the case of 100
mbar air while pure Cu has been produced in the cdsl00 mbar nitrogen. It is
suggested that the occurrence of Cu in the cad®d®@fmbar air is due to the lack of
oxygen in the low pressure ambient. As most peaksthe XRD pattern are
corresponding to GO, it is suggested that the overallOucontent in the powder is
higher than the Cu content. Individual particlegimibe formed by pure GO, pure Cu
or a mixture of CpO and Cu. The quantity of particles composed oepduO is

suggested to be higher as the overall content gd@uhigher.
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5.3.3 Powders produced by explosion with immediate dischige

Explosion with immediate discharge has been observéhe case of 500 mbar
argon, 50 mbar nitrogen and 50 mbar air. No curspike has been observed on the
current signals and the first voltage peak is takenthe estimated point where the

plasma has formed.

In the case of 500 mbar argon, it is observed anét 1 J of energy has been
deposited into the wire before the plasma is formEds amount of energy is not
enough to bring the wire to its melting point befohe plasma formed. Therefore, it is
suggested that the wire is still in solid stateeathe plasma has formed. This might
explain why the median diameter of nanopowder predun 500 mbar argon is large

(37 nm).

Since the wire is still in solid state that is caotive, current from the capacitor
will flow across the wire holders through the waed the plasma at the same time. In
addition, since a part of the current has beenrtideinto the plasma, current flowing
through the wire will be reduced. Neverthelesanalker amount of direct heating of the
wire by the current is still in progress until thee lost its conductivity. It is suggested
that heating of the wire will be contributed by t@rent flowing through it as well as

the plasma around the wire.

On the other hand, the amount of energy depositédeavoltage peak for the
case of 50 mbar nitrogen and 50 mbar air is fownldet about the same. The deposited
energy has brought the wire to its melting poisst joefore the plasma is formed. This is

higher than the case of 500 mbar argon. Althoughdéposited energy is about the
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same, the difference in the median diameter oht#m®powder varied as much as 7 nm.
It is about 24 nm for the case of 50 mbar air dmoua 31 nm for the case of 50 mbar

nitrogen.

Again, median diameter for nanopowder producedimbar air is smaller than
that produced in 50 mbar nitrogen. This is simitathe cases in previous section where
nanopowder produced in 100 mbar air has smalleianatiameter (26 nm) compared
to that produced in 100 mbar nitrogen (34 nm). Sitlee pressure, the amount of
deposited energy at voltage peak and the modembgrn in the case of 50 mbar air
and 50 mbar nitrogen are the same, it is suggdisteedhe main factor which has caused

the difference in the median diameter is the antlgas species.

The powder produced in 50 mbar air is composedoth ICu and CGiD. As
most peaks in the XRD pattern are correspondinguoit is suggested that the overall
Cu content in the powder is higher than the@uaontent. The reduction in the quantity
of ClO as compared to the case of 100 mbar air is duelyrta the decrease of the
oxygen content in the air at low pressure. On tierchand, pure Cu powder has been

obtained in the case of 50 mbar nitrogen.
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5.4  Summary of the characteristics of powders producedt different ambient

conditions

In the previous sections, we have discussed abfwmutpowders produced at
different ambient conditions according to the moflexplosion by which the powders
have been produced. In this section, we will sunmeathe effect of different ambient
conditions on the powders characteristics. Firgt,will compare the median diameter
and composition of powders produced in air ancdbgén when the ambient pressure is
changed. After that, we will look at the changetloé median diameter when the
ambient gas is changed from pure nitrogen to neinegrgon mixture and then the pure

argon while the ambient pressure is kept constasd@mbar.

5.4.1 Powders produced in air and nitrogen

It has been observed that the median diameter rdptavders produced in air
and nitrogen decreased with decreasing ambiensymesvith a special case of 500
mbar nitrogen. Meanwhile, at the same pressureppwmders produced in air has

smaller median diameter compared to that produtedtriogen.

Median diameter of the nanopowders produced imgdn has been observed to
decrease sharply from 34 nm to 27 nm when the press decreased from 1 bar to 500
mbar. When the pressure is further decreased tombar, the median diameter
increases again to 34 nm. It is suggested thahtwonsistency in the change of median
diameter is due to the change of the mode of expiass the pressure is decreased from
500 mbar to 100 mbar. When the mode of explosiothés same, the decrease in

nitrogen pressure has caused the median diameteddce. When the nitrogen pressure
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is decreased from 500 mbar to 100 mbar, the mo@gmibsion changes from that with

current pause to that with current dip. It is siggge that the main factor, which has
caused the increase of median diameter when tlssyneis decreased from 500 mbar
to 100 mbar, is the formation of plasma that hasioed at an earlier time in the case

of 100 mbar.

As the nitrogen pressure is decreased from 100 nab&0 mbar, the median
diameter has decreased from 34 nm to 31 nm. Asiommat in section 5.1, the
explosion with current dip and explosion with imnad discharge are almost the same.
Therefore, it is suggested that the slight varratiothe mode of explosion does not give
significant effect on the median diameter. Insteiads suggested that the median

diameter has been reduced due to the decreasebirrdrpressure.

On the other hand, no sharp drop has been obsarikd case of air when the
pressure is decreased from 1 bar to 500 mbar. &esitht, the median diameter also
does not increase when the ambient pressure efultecreased from 500 mbar to 100
mbar. As discussed in previous sections, for threesambient pressure, the mode of
explosion and the amount of deposited energy abwsirstages are approximately the
same. Other than the ambient gas species being tigethain difference between the

case of air and nitrogen is suggested to be theaosition of the powders.

Pure CyO powder is produced in 1 bar air while a mixtuf€a,O and CuO is
obtained in the case of 500 mbar air. Meanwhilestuimes of Cu and GO have been
produced in 100 mbar and 50 mbar air. On the dthed, pure copper powders have

been produced by wire explosion in nitrogen ambiahtdifferent pressures. It is
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suggested that the formation of the oxide partibkes caused the difference in the way

the median diameter changed when compared to sgeatanitrogen.

5.4.2 Powders produced in 500 mbar nitrogen, argon and kiogen-argon

mixtures

Comparison between powders produced in 500 mbeogeih and 500 mbar
nitrogen-argon mixtures has been discussed in @ed&i3.1.4. In this section, the
discussion will be focused on the comparison betvtbe nitrogen containing ambient
with that of pure argon ambient. It has been oleskiaat nanopowder produced in 500
mbar nitrogen has smallest median diameter comparéabse produced in 500 mbar
argon and 500 mbar nitrogen-argon mixtures. Orother hand, nanopowder produced
in 500 mbar argon ambient has largest median denm&s suggested in Section 5.3.3,
the larger median diameter in the case of 500 ratmon is mainly because the amount
of deposited energy before the plasma formatiotios low. The low amount of
deposited energy is caused by the early breakddwiineo ambient gas. The early
breakdown of the ambient gas has given rise to wiplosion with immediate
discharge. The difference in the mode of explogdhe main factor that has caused the
difference in median diameter between the nanopmwvgeoduced in argon and
nitrogen containing ambient. Meanwhile, as suggesiesection 5.3.1.4, nanopowder
produced in pure nitrogen has smaller median dianteéin those produced in nitrogen-

argon mixtures because the pure nitrogen has libdanal conductivity.
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Chapter 6

Conclusion and Suggestions for Future Work

6.1 Conclusion

A wire explosion system with coaxial configuratibad been built to study the
synthesis of metallic nanopowders by the wire esiplo technique. Copper wires 125
um in diameter and 6.1 cm long had been explodegirimnd nitrogen at 1 bar, 500
mbar, 100 mbar and 50 mbar. Besides that, samediypéres had been exploded in
three different 500 mbar nitrogen-argon mixture§%?2nitrogen + 75% argon, 50%

nitrogen + 50% argon and 75% nitrogen + 25% argowl) 500 mbar argon.

The TEM, FESEM and XRD had been used to charaetetie nanopowders
produced from the wire explosion. Meanwhile, enatgposited into the wire at various

stages of the wire explosion had been calculatsddan the current and voltage data.

Three modes of explosion had been observed fremwite explosion at different
ambient conditions, namely, explosion with currpatise, explosion with current dip
and explosion with immediate discharge. The madifeidince between the three modes
of explosion was the time of plasma formation. Pplossible reasons for each of these
explosions to occur had been discussed. Otherthi@neffect of the ambient condition
on the characteristics of the nanopowders prodbgetie wire explosion technique had

been discussed.
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6.2 Future works

Suggested future works are grouped into threeggoatess, namely, investigation
related to the wire explosion process, investigatielated to the particles formation
process and investigation related to the synth@smnopowders by the wire explosion
technique. With a better understanding of the wkglosion process, it is suggested that
the properties of the supersaturation following Wiee explosion can be estimated.
Knowledge on the properties of the supersaturatidrallow us to estimate the process
of the nucleation and growth. By studying the @mé8 formation process, we can
understand the way by which the particles will berfed and estimate the effect of the
initial nucleation and growth on the particles @weristics. Thus, it is suggested that
the understanding in the wire explosion processthadgarticles formation process will
allow us to bridge the parameters of the wire esiplo with that of the particles
formation. Following the investigation related b tsynthesis of nanopowders, we may
suggest several improvements that can be carriedocoumprove the quantity and
quality of the nanopowders being produced and tmaking the wire explosion

technigue an effective method for nanopowders tolo.
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6.2.1 Investigation related to the wire explosion process

It is suggested that the following aspects of timve wxplosion should be studied

in order to have a better understanding of the ex@osion process:

(1) The thermodynamic properties of the wire at varistages of the wire explosion.
For example, the temperature, pressure, volumehase of the wire material.

(2) The electrical behavior of the wire at various sgagf wire explosion. For
example, the current, voltage and resistance ofvtreeexplosion.

(3) The instabilities that might occur during the waneplosion.

(4) The properties of plasma formed during the wirel@sipn. For example, the
temperature, density, resistance and inductanteegilasma.

(5) The formation of shock wave and the expansion of wiaterial.

The above suggestions can be carried out experathertheoretically or by numerical
modelling. In terms of experiment, other than thedg of current, voltage and light
emission as shown in our work, time-resolved imggispectroscopy or high speed

infra-red thermometer may be used to achieve ticiest suggested above.
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6.2.2 Investigation related to the particle formation process

Studies related to the particle formation procesy ime carried out mainly by

numerical modeling or simulation. The following dites are suggested:

(1) Effect of various parameters of the supersaturationthe nucleation and growth
of particles. For example, the temperature and etnation of the supersaturation.

(2) Effect of cooling rate of particles on the partislee distribution.

(3) Effect of wire explosion parameters on the wirelegin process and thus the

parameters of supersaturation and the cooling rate.

6.2.3 Investigation related to the formation of nanopowdes by the wire explosion

technique

The following steps or studies are suggested toowgthe quantity and quality

of the nanopowders being produced:

(1) More advanced powder characterization techniquelldhbe used in order to
obtain more information on the characteristicsh&f hanopowders produced. For
examples, we can determine the specific surfaca afdhe powders by using
BET method, study the surface structure of paridg using AFM, study the
crystal structure by using HRTEM, Raman spectrogcop small angle X-ray
scattering (SAXS) and determine the chemical comipasby using energy
dispersive X-ray spectroscopy (EDS) and electroergynrloss spectroscopy

(EELS).

115



(2)

3)

(4)

(5)

Increase the efficiency of the production systerohsthat more powder can be
produced. It is suggested that this can be dongsing load of multiple wires that
can be exploded before the chamber is opened. &Asdme time, the particles
collecting mechanism should be improved to enhéineefficiency of the powder

collector.

Improve the dispersivity of the nanoparticles beipgoduced such that
agglomeration will not occur. It is suggested tllais can be achieved by
introducing surfactant that will passivate the et after the particles are formed.
Another advantage of such passivation is the reslucif the particles size, as the
growth will also be reduced when the particles hHaeen passivated (Murat al.,
2007). Well-dispersed particles will also allow trerticle size measurement to be
performed by computer software automatically. Tisisbecause the computer
software cannot recognize individual particle iéyhare agglomerated. Thus, the

particle size can only be measured manually.

In order to produce nanopowders with smaller stae,suggested that the ambient
gas being applied should have good cooling effect energy supply by the
capacitor should be hundreds of times higher thanvaporization energy of the

wire (Tokoi, et al., 2010).

Production of nanopowder by match mode explosioichvigives an explosion

without formation of plasma as suggested by Kotket¢v, 2003) should be

studied to verify whether such explosion can sigaiitly reduce the particles size.
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APPENDIX A

Calculation of vaporization energy of a copper wire

Some physical properties of copper are shown below:

Melting point {C) 1083
Boiling point (C) 2567
Specific heat (J K kg™) 385 (At 25°C)
Latent heat of fusion (J7%) 205
Latent heat of evaporation (3)gy 4796
Density (g crit) 8.96 (At 20°C)

The copper wire being used in the experiment is id5n diameter and 6.1 cm
long. The volume of this wire is about 7.5 X*1€m’. The density of copper is 8.96 g

cm® at 20°C. So, the mass of the copper wire being useddsts#h?7 mg.

First, we need to determine the energy requiretirtog the wire from room
temperature (28C) to its melting point. The amount of energy hasrbdetermined by

equation (A-1) to be 2.73 J.

Energy required to heat the wire from room temperature to melting point =
Temperature difference between melting point and room temperature x (A-1)
Soecific heat of copper x Mass of wire

After the wire has reached its melting point, addal energy will be required
to turn it into liquid state. The amount of enengguired to turn the solid wire at

melting point into its liquid state is given by eqion (A-2) to be 1.38 J.

Energy required to turn the solid wire at melting point into liquid state = (A-2)

Latent heat of Fusion x Mass of wire
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Thus, the total energy required to turn a solicevat room temperature into liquid state

Is approximately 4.1 J.

During the stage where the wire is melted, itsgerature will be approximately
same as its melting temperature. When the wiremsptetely melted, its temperature
will start to rise again if the energy supply te thire material is continued. The energy
required to heat the liquid wire to its boiling pbis given by equation (A-3) to be 3.83

J. This equation is same as (A-1).

Energy required to heat the liquid wire from melting point to boiling point =
Temperature difference between boiling point and melting point x (A-3)
Soecific heat of copper x Mass of wire

Additional energy requires to turn the liquid waeboiling point into gaseous

state is given by equation (A-4) to be 32.17 J.dfgu (A-4) is similar to (A-2).

Energy required to turn the liquid wire at boiling point into gaseous state = (A-4)

Latent heat of Fusion x Mass of wire

Thus, the total energy required to turn a solidpsspvire 125um in diameter and 6.1

cm long into its gaseous state is approximatelg 40.
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