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1. Introduction

1. Introduction

1.1 Definition of the Plasma State

Plasma is the fourth fundamental state of matter, composed of a mixture of electrons, ions,
and neutral species in local electrical neutrality. More than 99% of the observable mass in the
universe is dominated by plasma state, which is the fundamental state of material, such as solid,
liquid, gas, and plasma.

Plasmas can be distinguished into two main groups: non-thermal plasmas and thermal
plasmas. The non-thermal plasmas, also called non-equilibrium plasmas or cold plasmas, refer
to the plasmas where the electron temperature was much higher than the plasma ions and the
neutrals components which remain at or near room temperature. On the other hand, the thermal
plasmas are classically defined by the state in or close to local thermodynamic equilibrium
(LTE) where the electron temperature approaches to the temperatures of the plasma ions and the

neutrals components (Okazaki and Watanabe 1999).

1.2 Thermal Plasma
1.2.1 Definition of Thermal Plasma

Among these plasmas, thermal plasmas are those in which the temperature of heavy species is
approximately equal to the temperature of electron typically in the range 10 000-25 000 K.
Thermal plasmas are classically defined by the state in or close to LTE. When high power is
injected into a relatively high-pressure (such as 10°pa) gas, the high collision frequencies in
plasmas make them achieve LTE. Thermal plasmas have been applied in lots of fields due to the

following advantages (Okazaki et al. 1999):

(i) High energy density allows them being used for the melting and modification of hard, high
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temperature materials.

(i) High enthalpy to enhance the reaction kinetics.

(iii) High chemical reactivity due to the high concentration of the chemical reactive species,
such as ions, radicals, and elections.

(iv) Rapid quench rates to obtain non-equilibrium compositions or metastable materials.

(v) Free selectivity of the atmosphere such as inert, oxidation, reduction atmospheres in

accordance with required reaction conditions.

1.2.2 The Generation of Thermal Plasma

The most widely used methods for generating thermal plasmas include direct current (DC)
arc, alternating current (AC) arc, radio frequency (RF) inductively coupled discharge,
microwave discharge and so on (Boulos et al. 1994). These four routes will be introduced in the

following section.

(a) DC Arc

The arcs are generated using an electric discharge, capable of independent existence in gases.
DC arc is generated by means of a direct current discharge. Electric arcs are initiated by three
basically different ways such as electrode contact, pre-ionization of the discharge gap and
high-voltage breakdown. Breakdown of the originally non-conducting gas establishes a
conducting path between the electrodes. The choice of the method for striking an arc mainly
depends on the arc arrangement and the electrode configuration. According to the potential
distribution, electric arc can be divided into three regions: the cathodes region, the arc column,
and the anode region. Due to the simple generation system and relatively low cost of DC arc,

non-transferred arcs and transferred arcs are the most widely used plasma devices for materials
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processing.

If the arc is operated at current levels | > 50 A and pressures p > 10 kPa, it can be defined as
high intensity arc (Boulos et al. 1994). Compared with low-intensity arcs, high-intensity arcs are
characterized by strong macroscopic flows induced by the arc itself (Pfender. 1978). As shown
in Fig. 1.1, any variation of the current-carrying cross section of the arc leads to a pumping
action by the interaction of the arc current with its own magnetic field. Flow velocities at the
order of 100 m s™ are produced in the following case, sufficiently high current over than 100 A,

and axial current density variations. The cathode jet phenomenon is a typical example.

(b) AC Arc

The conventional single-phase and three-phase AC power supplies have a characteristic of
intermittent discharge which limits the application of arc systems (Fulcheri et al. 2000). To
obtain a more effective arc reactor, multi-phase AC has been proposed (Matsuura et al. 2007).
Multi-phase AC arc as a new generator of thermal plasma is introduced in this part, which is
controlled by multiple electrode configurations The attractive characteristic of a multi-phase AC
power supply is larger number of discharging paths among the electrodes. Therefore, discharges
among the electrodes always exist to realize smooth arc re-ignition. Consequently, the
multi-phase AC arc have been attracted to be applied to waste treatment, synthesis of nano-sized
materials, and in-flight glass melting processes (Watanabe et al. 2010). Compared with DC arc,
the multiphase arc seems to be more expedient for applying in large scale plasma process.

Multiphase AC arc was applied as an innovative in-flight technology in recent years due to its
high energy efficiency, large plasma volume, low velocity, easy scale up, and low cost (Yao et
al. 2008). For example, in a 6-phase AC arc, the maximum plasma velocity is up to 20 m s*and

the plasma temperature is over 6000 K when the input power is 22 kW and the sheath gas flow
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rate is 36 L min™ (Yao et al. 2009). The lower plasma velocity leads to comparatively longer

residence time of particles during plasma in-flight treatment.

(¢) RF Thermal Plasma

Radio-frequency (RF) inductively coupled thermal plasma is generated by a high-power
inductive discharge at or close to atmospheric pressure (Shigeta 2012). The excitation frequency
is typically between 200 kHz and 100 MHz. RF thermal plasma offers a large volume of
contamination-free plasma with low velocity because it is produced in a large torch without
internal electrodes. As a result, RF thermal plasmas have been used as promising tools for spray
processes (Boulos 1992), waste treatment (Heberlein and Murphy 2008), and nano-material
fabrication (Shigeta and Murphy 2011). However, in contrast to DC arc plasma, the lower

productivity of RF plasma process increases the running cost.

(d) Microwave Discharge

Microwave discharges are considered to be viable plasma sources, although electric arcs and
inductively coupled RF discharges play a dominant role as thermal plasma sources. The
development of more flexible microwave devices is to make use of electromagnetic surface
waves or traveling wave discharges (TWD) for sustaining plasmas. In general, a microwave
plasma reactor is mainly composed of a microwave power supply, a circulator, an applicator,
and a plasma load. The plasma can be generated for frequency ranging from 1 MHz to 10 GHz,
pressure from 10 Pa to several hundred kPa. The plasmas produced by TWD may approach a

state of LTE at the high pressure level (p>10 kPa).

1.3 Electrode Phenomenon
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1.3.1 Electrode Temperature Measurement

The electrode surface temperature affects the distribution of the current density over the
electrode surface and as a result has an important role in determining the arc mode of operation.
Accurate measurements of electrode temperatures are essential for analysis of interactions
between the plasma and the electrode. In addition, electrode temperature is important to
understand the erosion phenomena of electrode material and the interactions between the arc
and the electrodes. Moreover, the anode surface temperature plays an important role in the
evaporation of raw material for nanoparticle syntheses. Therefore, some experimental works
have been reported to evaluate the electrode surface temperature (Zhou et al. 1996; Reinelt et al.
2011; Liang et al. 2013).

Cathode temperature distributions with high spatial resolution have been measured by using
an optical multichannel analyzer (OMA)/spectrometer system to investigate the erosion
mechanism of cathode. Both of single-color pyrometry and two-color pyrometry have been
employed to measure the cathode temperature distributions. These methods have their own
advantages and disadvantages. The emissivity of cathode surface is required for single-color
pyrometry, but it reduces the noise in the intensity signal due to the exponential relationship
between the temperature and the intensity. In contrast, two-color pyrometry minimizes the effect
of the cathode surface emissivity; however, it amplifies the noise in the intensity signal because
intensity ratio is used to estimate the temperature (Zhou et al. 1996).

The surface temperature of various oxide-tungsten cathodes was measured by using a
two-wavelength pyrometry. Temperature profiles are also presented for thoriated tungsten
cathodes with different cathode cone angles, arc currents and compositions of the gas provided
to the arc (Haidar et al. 1995). Two-color pyrometry was conducted to obtain the surface

temperature of weld pools, in which the weld pool was photographed by a high-speed camera
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during arc welding. Two wavelengths (950 and 980 nm) of light in the infrared range were
selected from the thermal radiation light emitted from the weld pool at the instant when the arc
was extinguished, using an imaging spectroscope (Yamazaki et al. 2010). In addition, the
temperature of electrode was measured by two-color pyrometry combined with a high-speed
camera to investigate the erosion mechanism of electrode in multi-phase AC arc (Tanaka et al.

2012).

1.3.2 Arc-Anode Attachment

It is now well known that there are three typical arc-anode attachment modes, diffuse
attachment, multiple attachments, and constricted attachment at the anode boundary (Dinulescu
and Pfender 1980; Sanders et al. 1982; Heberlein et al. 2010). The conceptual diagram of three
arc-anode attachment modes is shown in Fig. 1.2. As the cathode jet impinges on the anode
surface, a stagnation layer forms in front of the anode resulting in the well-known bell shape of
the arc. With increasing current, the strength of the cathode jet increases. In this situation, the
anode arc root is rather diffuse. Since the cathode jet is responsible for this particular anode arc
root, this mode of anode arc attachment is denoted as cathode jet dominated (CJD) or diffuse
mode. An entirely different mode of anode arc attachment is observed with the same current and
with the same arc geometry, provided that the flow towards the anode is substantially reduced or
entirely eliminated. In this case the anode arc root appears more or less constricted, giving rise
to the same type of magnetohydrodynamic (MHD) pumping as observed at the cathode. The
entrained gas in the anode region is heated by the arc and accelerated towards the cathode. The
flow from the cathode cannot be entirely eliminated,; i.e., the flow from the cathode will impinge
with the flow from the anode forming a stagnation layer. This so called anode jet dominated

(AJD) mode or constricted mode is formed. Multiple attachment mode is considered as the
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transition between diffuse mode and constricted mode.

Controlling the anode attachment is important in lots of applications because the attachment
mode determines anode lifetime and plasma generator performance. Therefore, several studies
have been performed over the past 30 years to determine the conditions for which either of the
attachment modes will be obtained (Yang and Herberlein 2007). Heberlein et al investigated the
formation mechanism and the characteristics of arc-anode attachment modes by using
water-cooled cupper anode (Yang et al. 2006; Yang and Herberlein, 2007; Heberlein et al.
2010).

Three typical arc-anode attachment models also were observed when using hydrogen arc to
prepare nanomaterial. Metal as raw material was put on the water-cooled cupper anode to
prepare metal nanoparticle. The formation mechanism of different arc-anode attachment modes
was investigated (Watanabe et al. 2013). The anode attachment modes are the results of the
competition between the cathode jet and the anode jet. When the cathode jet is strong, the anode
attachment mode is the diffuse mode. The arc transitions to the multiple-attachment mode with
reducing the cathode jet by controlling the shield gas flow rate. Further decreasing the cathode
jet increases the current density, which leads to the strong anode jet flow and to the entrainment
of cold gas along the anode towards the arc attachment. The increase of the radial heat loss due
to the anode jet makes a single constricted attachment take over the most of the current and

stabilizes it.

1.4 The Application of Thermal Plasmas
1.4.1 Waste Treatment
The application of thermal plasma for treatment of wastes has had a fascination for several

years, since anything can be vaporized and any chemical bonds can be destroyed in thermal
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plasma region (Heberlein and Murphy 2008).

Perfluorocompounds (PFCs) were decomposed on a large scale with nitrogen thermal plasma
generated from the hollow electrodes plasma torch (Choi et al. 2012). In addition, the water
plasma generated by DC arc discharge was employed to decompose hydrofluoroethylene (HFC)
(Watanabe et al. 2008), fluorinated compounds (Narengerile et al. 2010), phenol (Narengerile et
al. 2011), acetone (Narengerile et al. 2012), decanol emulsion (Choi et al. 2012). The
decomposition mechanism of organic compounds in water plasmas was proposed and the roles
of intermediate species such as CH, CHs, and OH have been investigated (Watanabe et al.

2011).

1.4.2 Metallurgy

Thermal plasma technology has the following advantages compared with traditional
metallurgical technologies (Taylor and Pirzada 1995).
(i) Almost all of refractory metals can be melted and refined in clean environments by using
plasma reactors, since the high enthalpy of thermal plasma.
(i) The atmosphere in plasma reactors can be changed easily according to the process
requirements and refractory lining.
(iii) Post treatment of the raw material is not required, leading to savings in energy and capital
on the raw material preparation.
(iv) The steep temperature gradients can prepare the products with valuable metastable phases
and special properties.

Moreover, one of the promising directions of accelerating the application of plasma
metallurgy is the development of mini plants compared with conventional techniques. The first

thermal plasma reactor used in steel melting is Linde reactor (Mccullough. 1962). Argon was
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employed as plasma gas, water cooled cupper was used as anode, which was connected to the
molten pool. Magnetic coil was used for stirring the molten pool. Rapid wear of bottom
electrode and high erosion rate of the refractory lining limit its application.

Many efforts have been made to develop the application of thermal plasma in metallurgy. For
example, metallurgical grade silicon was purified using hydrogenated argon RF plasma. The
purification was carried out by two steps, firstly, the evaporation of silicon particle results in the
elimination of the superficial impurities when the silicon was injected into the plasma jet. In
addition, the remaining impurities were concentrated in the last crystallized part based on the

fusion zone principle (Benmansour et al. 2004).

1.4.3 Welding and Cutting

Arc welding is a type of process which uses a welding power supply to create an electric arc
between an electrode and the base material to melt the metals at the welding point. Direct
current, alternating current, consumable or non-consumable electrodes can be used. Arc welding
is an indispensable process in manufacturing industry. For example, it is used in the
construction of ships, bridges, buildings and pipelines, aerospace, automotive, and electronic
industries and also in steel mills, since the stable and intense heat source is provided with a
relatively low cost (Tanaka et al. 2007).

According to the welding handbook “the plasma arc cutting process severs metal by using a
constricted arc to melt a localized area of a work-piece, removing the molten material with a
high-velocity jet of ionized gas issuing from the constricting nozzle” (Nemchinsky and
Severance 2006). It has wide applications in industrial field. Different metals can be cut by this

process, and the shape is controlled by the computer numerically controlled (CNC) machines.


http://en.wikipedia.org/wiki/Welding_power_supply

1. Introduction

1.4.4 Plasma Spraying

Plasma spraying techniques are coating processes in which melted (or heated) materials are
sprayed onto a surface of substrate. Materials are protected against wear, erosion, corrosion, and
thermal loads by plasma spraying (Fauchais 2004). Plasma spray is the most versatile of the
thermal spray processes. Coating materials available for thermal spraying include metals, alloys,
ceramics, plastics and composites. Besides DC torches, RF plasma torches may also be used for
this spray process. Plasma spraying has been applied in a wide range of industries, including
high added value products, high-tech industries (aeronautic and nuclear industries), and
automotive industry.

Although plasma spraying has been known for more than 40 years, our knowledge of
understanding fundamentals of the plasma spraying is still incomplete, particular with regard to
the behavior of the plasma jet, the interaction of the plasma with the injected powder particles,

and the coating formation.

1.4.5 Material Synthesis

Since the thermal plasma provides large evaporation rate, steep temperature gradients, and
high chemical reactivity, it is increasingly being recognized as a powerful tool for the synthesis
and processing of a wide range of high added value materials. Metal nanoparticles, alloy and
intermetallic compounds nanoparticles, oxide nanoparticles, nitride nanoparticles, and carbide
nanoparticles were synthesized by thermal plasma successfully. These material synthesized by

thermal plasmas will be reviewed in next section.

1.5 Synthesis of Nanoparticle by Thermal Plasmas

1.5.1 DC Arc Discharge

10
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(a) Metal Nanoparticles

Metal nanoparticles of Mg, Ni, Co, Cu, and Fe were prepared by using 50%-H, arc for the
application of hydrogen storage materials (Shao et al. 2004; Shao et al. 2008). These
nanoparticles had a granular structure and the particle size ranges from several nanometers to
tens of nanometers. In the case of Ni, Co, Cu, and Fe, the average particle sizes were about
30-50 nm. In contrast, the average particle size was about 300 nm for Mg. The difference of
particle sizes between Mg and the other metals was explained by the difference of the
vaporization rates. The vaporization rate of Mg was much higher than that of other metals
resulting in the higher metal-vapor concentration in the growth region.

Especially, nickel nanoparticles have attracted much attention because of their excellent
chemical, physical, and electronic properties. Fine nickel powders have great potential
technological applications such as chemical catalysts, microwave absorbing materials, medical
diagnosis, magnetic recording media, and internal electrode in multi-layer ceramic capacitors
(MLCCs) (Lan et al. 2011; Zhang et al. 2006; Hernandez et al. 2002; Cordente et al. 2001; Park
et al. 2006). Ni nanoparticles were prepared at the rate of 1.3 g/min by anodic arc plasma (Wei
et al. 2006). The effect of arc current and gas pressure were investigated, the yield rate and

particle size increase with the increase of the arc current or gas pressure.

(b) Alloy and Intermetallic Compounds Nanoparticles

Spherical shape Sn-Ag nanoparticles with several tens nanometers were successfully prepared
by DC arc plasma with hydrogen addition. The vaporization of Sn from Sn-Ag mixture was
enhanced by hydrogen in arc plasma, due to the formation of intermediate products such as
hydride and/or activity modification (Tanaka and Watanabe 2008; Tanaka and Watanabe 2013).

As shown in Fig. 1.3, the formation mechanism of nanoparticle in DC arc discharge method can

11
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be explained as follows, the metal vapor grows into nanoparticle by condensation and collision
after nucleation.

Fe-Ni alloy with mean particle size less than 35 mm were prepared with productive rate of
~0.1 g min™ by the arc discharge method (Li et al. 1997a). The Fe-Ni mixture was selected as
the raw materials. The saturation magnetization of the prepared nanoparticles decrease
significantly compared with the bulk Fe-Ni alloys. In addition, Fe-Cr alloy over wide
composition range with an average diameter less than 35 nm were also synthesized by the
hydrogen plasma- metal reaction (HPMR) method (Li et al. 1997b).

The preparation of the intermetallic nanoparticles has also attracted much attention, since the
intermetallic compounds have excellent properties such as high melting temperature,
lightweight, good corrosion resistance, and excellent mechanical properties. These
intermetallics have great potential for applying in the field of automobile engines, aircraft, and
electricity generation and energy conversion equipment. Si-based intermetallic compounds
nanoparticles were successfully synthesized from Si-M (Mo, Ti, V) mixture by the arc discharge
method (Watanabe et al. 2001). MoSi, nanoparticles were prepared from 85wt%-Mo raw
material by 50%-H, arc. In addition, TiSi, nanoparticles were successfully prepared from the
raw material composed of 60wt%-Ti by 50%-H, arc, and single phase VSi, nanoparticles were
successfully synthesized from the raw material composed of 60wt%-V at the same arc

condition.

(c) Oxide Nanoparticles
Fe;O, nanoparticle as magnetic material was prepared from the raw material of Fe ingot by
the DC arc discharge method at air atmosphere (Chazelas et al. 2006). In order to control the

particle size distributions, the anode heat transfer was regulated by rotating the anode material,

12
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leading to the anode surface with controlled temperature and well-controlled vaporization rates
of the anode material.

Oxidation of Fe ultrafine particles were prepared by DC arc discharge method (Li et al. 1998).
A piece of bulk Fe was melted by the arc at a mixing 50% H, and 50% Ar gas of 0.1 MPa. In
order to prevent Fe ultrafine particles from burning up, particles were passivated with an Ar/air
mixture before they were taken out from the arc melting chamber. It was found that a-Fe,O3 and
v-Fe,05 are formed at different temperatures, which leads to significant changes in the particle

features and magnetic properties.

(d) Nitride Nanoparticles

AIN ultrafine powders were synthesized by non-transferred DC plasma arc at atmospheric
pressure (Oh et al. 1998). Aluminum vapor did not react with nitrogen properly in the cold-wall
reactor, but the extent of conversion was improved by using NH; gas. Amorphous AIN was
formed by rapid quenching from a water-cooled reactor wall. In the hot-wall reactor, the powder
deposited on the graphite wall was well crystallized, but the powder deposited on the collection
vessel did not react properly in nitrogen atmosphere.

Composites Fe-TiN nanoparticles were successfully prepared from the metal ingots of Fe and
Ti by N, arc plasma using two electrodes in a conventional arc chamber (Sakka et al. 2002). The
morphology of Fe was spherical and that of the composite Fe-TiN nanoparticles was
dumbbell-like. The hydrogen absorption-desorption characteristics were investigated. Hydrogen

desorption at above 450 K was observed for the composite Fe-TiN nanoparticles.

1.5.2 RF Thermal Plasma

Spherical nickel nanoparticles are prepared by RF plasma via hydrogen reduction of nickel

13
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hydroxide/carbonate (Bai et al. 2009). The metallic nickel powders could be obtained.
Well-dispread spheres particle with an average diameter of about 60-100 nm, and high tap
density were obtained. The use of nickel hydroxide/carbonate could keep the product with high
purity and environmental safety.

Spherical submicron-sized powder of copper are synthesized through the condensation from a
vapor phase with a significantly high degree of super saturation in RF thermal plasmas
(Kobayashi et al. 2008). Powder feed rate, reactor pressure, and gas flow rate of hydrogen were
selected to control the size of synthesized spherical particles. The particle size was deiced by the
concentration of the metal vapor.

Metals doped TiO, with high photocatalytic performance was synthesized via Ar/O, RF
thermal plasma. At high temperature of RF plasma, Nb>* doping played an important role not
only in restraining nanoparticle growth but also in avoiding binding between crystallites (Zhang
et al. 2011). In addition, titanium boride functional nanoparticles with the average crystalline
diameter ranging from 10 to 30 nm were synthesized by RF induction thermal plasma. The
experimental and numerical results showed good agreement that the crystalline diameter of the
product increases with the powder feed rate and titanium content in the feeding powders. The

growth mechanism was suggested in the term of condensational growth (Cheng et al. 2012).

1.6 Synthesis of Carbon Nanomaterial by Thermal Plasmas

Carbon has many kinds of allotropes such as graphite, diamond, amorphous carbon,
fullerene, carbon onion, nanotube, graphene and so on due to its hybridization state and atomic
arrangement. Because of their excellent chemical, physical, and electronic properties, they have
enormous applications. Thermal plasmas are considered as an attractive route to synthesize

carbon nanomaterial with the following advantages. It can be operated at atmospheric pressure;

14
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high volume of carbon nanomaterial can be fabricated; arc discharge method is a low cost and
eco-friendly technigue; moreover, the carbon nanomaterial with low defects can be obtained.
The syntheses of carbon nanomaterial and the formation mechanism were reviewed in this

section.

1.6.1 Arc Discharge
(a) Fullerene

Fullerene was scraped from the chamber wall in helium arc discharge at 100 Torr
(Kratschmer et al. 1990). Discharge parameters including pressure, arc current, and electrode
gap distance were optimized with respect both to the anode erosion rate and the weight
percentage of fullerenes in the soot. C, was considered as the main precursor for the formation
of Cg. The results indicate that the best conditions for favorable fullerene formation strongly
correlate with both the existence of a steeper temperature gradient and an off-axis maximum of
the C, density (Saidane et al. 2004).

According to the experimental data available, the formation of fullerene is schematically
summarized in Fig.1. 4. Carbon atoms are formed when the graphite is evaporated due to the
heat flux from the arc. These atoms subsequently cluster to a mixture of chains, monocyclic
rings, polycyclic rings and fullerenes. In an annealing process these clusters rearrange,
especially efficiently via monocyclic rings, to fullerenes. During this annealing, stable fullerenes
are formed by loss of small fragments such as C, or Cs, and by ring rearrangements (e.g.
Stone-Wales rearrangement). However, the availability of fullerenes by several methods implies
the existence of several different formation mechanisms; these mechanisms may also operate

simultaneously (Hirsch and Brettreich 2004).

15
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(b) Multi-Wall Carbon Nanotube (MWNT)

Multi-wall carbon nanotube (MWNT) was obtained in the inner of cathode deposit at low
pressure argon arc (lijima 1991). A number of factors have been done to investigate the yield of
high quality nanotube. The purity and the yield depend sensitively on the gas pressure in the
reaction vessel. A significantly increase in the number of tubes is evident as the pressure is
increased. No obvious change can be observed when the pressure is above 500 Torr (Ebbesen
and Ajayan 1992). High-purity MWNT (purity >95%) was synthesized by an arc discharging
controlled by a magnetic field. The concentration of carbon monomer was increased by
applying the magnetic field, since the magnetic force can confine the plasma and suppress the
fluctuation of the arc (Anazawa et al. 2002). In addition, the vapor density of carbon is
considered as the main factor which determines the self-assembly of carbon nanotube by
studying the microstructure of cathode deposits in detail (Ajayan et al. 1997).

Most early theories of nanotube formation in the arc assumed that nucleation and growth
occurred as a result of direct condensation from the vapor, or plasma, phase. It was also thought
that the electric field of the arc played an essential role in inducing the 1-dimensional growth
which leads to the formation of tubes.

In this model the tips of parallel nanotubes in zone 1 (column top) act as field emitters of
electrons into the plasma (Colbert et al. 1994). This electron injection produces a high degree of
carbon ionization leading to concentration of carbon ion current flow above the columns, which
provides the main feedstock for the growth of column. The helium buffer gas is drawn in by the
carbon ion flux to the top of the columns, is swept to the side, and then returns back to the
plasma over zone 2, which is the intermediate area between adjacent columns. Fig. 1.5
illustrated the refinement of this model. In the absence of a large amount of vertically oriented

nanotubes, the emission of electrons from zone 1 is likely to be mainly thermionic in nature and
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occurs from a variety of constituents of the columns. The dominating abundance of horizontally
nanotubes packed over the column top surface, indicating that the effect of electric field at the
open end of a nanotube is not a governing factor for its growth.

Those nanotubes that were originally located near the very hot top of a hemisphere could then
undergo evaporation, yielding neutral carbon particles. An estimate has shown that the majority
of carbon precipitated on columns must evaporate back as neutrals. Evaporation enriches the
central part of a column in multiwall polyhedral particles (MPPs) and graphitic particles to the
extent eventually observed by the scanning electron microscope (Smalley1993). Another reason
for the enrichment of the central part of a column with graphitic particles is that they probably
carry large positive charges while moving toward the cathode (Abrahamson1974) and are
strongly attracted by the negatively charged volume over the column top. Helium transports
re-evaporated neutral carbon molecules to zone 2, where they serve as a principal feedstock for

the growth of new nanotubes

(c) Single-Wall Carbon Nanotube (SWNT)

The scientists at IBM and NEC companies discovered single-wall carbon nanotubes (SWNT)
independently in early 1993 by the arc discharge method when metals as the catalyst were
employed (lijima et al. 1993; Bethune et al. 1993). In contrast to MWNT, the SWNTs are
produced when the transition metal catalysts are used. The process of SWNT growth in arc
discharge utilizes a composite anode, usually in hydrogen or argon atmosphere. The anode is
made as a composition of graphite and a metal, such as Ni, Fe, Co, Pd, Ag, Pt, etc. or the
mixtures of Co, Fe, Ni with other elements like Co-Ni, Fe-Ni, Fe-No, Co-Cu, Ni-Cu, Ni-Ti, etc.
The metal catalyst plays a significant role in the process yield. To ensure high efficiency, the

process also needs to be held on a constant gap distance between the electrodes which ensures
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stable current density and anode consumption rate. In this process, unwanted products such as
MWNTs or fullerenes are usually produced too (Prasek et al. 2011).

The SWNT was found in a “collaret” around the cathode deposit, the web-like structure
suspended between cathode and walls, and cloth-like soot suspended in the chamber walls
(Keidar et al. 2009). High purity SWNT was directly synthesized macroscopically by the
modified arc discharge method. The cathode was graphite rod with a sharp end toward the
anode, the arc was operated at a current of 80 A in a helium atmosphere when Y-Ni alloy and
FeS as the catalyst were employed (Li et al. 2004). N-doped SWNT was synthesized when
melamine was introduced into the graphite anode together with catalysts. It opens new routes
for the synthesis of doped SWNTs in high temperature experiment (Glerup et al. 2004). The
effects including momentum, charge and energy transfer between SWNT and plasma are
considered to explain the formation mechanism of SWNT by atmospheric-pressure anodic
carbon arc (Keidar et al. 2009; Keidar 2006a; Keidar et al. 2006b).

The growth mechanism of SWNT from a core particle is illustrated in Fig. 1.6 (Saito 1995).
When metal catalysts and carbon are evaporated by arc discharge simultaneously, carbon and
metal atoms condense and form alloy (or binary mixed) particles. When the particles are cooled,
carbon dissolved in the particles segregates onto the surface, since the solubility of carbon
decreases with decreasing temperature. Some singular surface structures or compaositions in an
atomic scale may contribute to the formation of SWNT. After the formation of the nuclei of
SWNT, carbon may be supplied from the core particle to the roots of SWNT, and then the tubes
grow longer, maintaining capped tips with a hollow. Additional carbon atoms (and C,) from the

gas phase attaching to the tips of the tubes may also contribute to the growth of tubes.

(d) Polyhedral Graphit Particle (PGP)
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Polyhedral graphite particle (PGP) is polyhedral shape nanoparticle consisting of concentric
graphitic shells. It was obtained in the cathode deposit in a 100 mbar helium atmosphere
(Ugarte 1992 a). MWNT and PGP were prepared by the helium arc at various pressures in a
range of 10-500 Torr, suggesting the mechanism that carbon ions and C, cluster are the
precursors for the growth of PGP and MWNT from a similar initial seed (Saito et al 1993). In
addition, PGP and MWNT were prepared selectively by controlling the relative intensity of
carbon ion to carbon radical using a transferred arc under atmospheric pressure (Liang et al.
2012).

As show in Fig. 1.7, the formation mechanism of PGP can be explained as follows (Saito et al
1993). Firstly, carbon vapor and C* ions deposited on a surface of cathode coagulate with each
other into small clusters. The clusters grow up to particles with the size observed experimentally
here through an accretion of carbon atoms and co-alescence between clusters. The structure of
the particles have high structural fluidity (liquid-like) at this growth stage due to high
temperature of the electrode around 3500 K and ion bombardment. Concerning the effect of
bombardment of energetic particles, the high structural fluidity of carbon soot particles has
actually been observed under intense electron beam irradiation (Ugarte. 1992 b). Since the
voltage drop around 10 V near the negative electrode occurs in a thin layer within 10 to 10™
cm from the electrode surface, bombardment of He™ and C* ions with average kinetic energy of
10 eV on the particles enhances the fluidity of the structure.

Carbon vapor deposition and ion bombardment onto the particles will continue until the
particles are shadowed by the growth of tubes and other particles surrounding them, and then
graphitization (formation of graphitic sheets) starts. Since the cooling proceeds from the surface
to the center of the particle, the graphitization initiates at the external surface of the particle and

progresses toward its center. The internal layers grow, keeping their planes parallel to the
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external layer. The flat planes of the particle consist of nets of six-membered rings, while
five-membered rings could be located at the corners of the polyhedra. The closed structure
containing pentagonal rings, which minimizes dangling bonds and lowers the total en-gated
particles would be energy of a particle.

Because the density of highly graphitized carbon (2.2 g cm®) is higher than that of
amorphous carbon (1.3-1.5 g cm™), a pore will be left in the center of a particle. The proposed
graphitization process from the surface into the core is compatible with the presence of
multi-cored particles. If the nucleation occurs firstly and then the outer shells forms
subsequently in the process of graphitization, it will not be employed to explain the formation of

the multi-core particles.

(e) Graphene Flakes

Graphene flakes were produced in the inner wall of the chamber under hydrogen atmosphere
(Subrahmanyam et al. 2009). Large scale production of graphene nanosheets was achieved by
arc evaporation of a graphite rod in air under different pressures (Wang et al. 2010), indicating
high pressure facilitates the formation of graphene nanosheets. Large scale of few-layered
graphene was prepared by using a buffer gas containing carbon dioxide. The optimized
condition for the production of graphene flakes was high buffer gas pressure (Wu et al. 2010).
Moreover, Y-Ni as the catalyst was employed to prepare graphene flakes using a non-uniform
magnetic field (Levchenko et al. 2010). Nucleation and growth of the graphene flakes on the
small newly-nucleated catalyst particles starts when the temperature falls below 1500 K. The arc
discharge method is eminently suited to obtain B and N-doped graphene in the presence of B,Hs
and NHa, exhibiting p and n-type semiconducting electronic properties (Panchakarla et al. 2009;

Li et al. 2010).
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The formation mechanism of graphene flake is still unclear by arc discharge method,
although lots of efforts have been done. It appears that H, plays a key role in the formation of
graphene by preventing the rolling of sheets into nanotubes and graphitic polyhedral particles

(Subrahmanyam et al. 2009).

(f) Other Carbon Nanomaterials

Single-wall carbon nanohorn (SWNH) particles were generated by simple pulsed arc
discharge between pure carbon rods at the atmospheric pressure of air. Purity of SWNHs was
reached higher than 90%, and the heating in dry air at 500 °C was useful for removal of
amorphous carbon. The mean size of SWNH particles was around 50 nm (Yamaguchi et al.
2004). High-yield syntheses of peculiar carbon ‘necklace’-like morphologies have been

obtained based on a 3-phase alternative current (AC) plasma technology (Okuno et al. 2004).

1.6.2 RF Thermal Plasma

Microcrystals and microcrystalline films of diamond were prepared on molybdenum
substrates by the RF thermal plasma under 1 atm pressure (Matsumoto et al. 1987). Carbon
nano-flakes were obtained by decomposition of methane using RF thermal plasma. The product
has a crystalline graphitic structure, with a stacking of between 6 and 16 planes and a nano-flake
morphology with particles dimensions of approximately 100 nm long, 50 nm wide and 5 nm
thick (Pristavita et al. 2011). A carbon soot product which contains approximately 40wt% of
SWCNTSs can be continuously synthesized at the high production rate of 100 g h™ by induction
thermal plasma (Kim et al. 2009).

MWNT were synthesized through raw-material evaporation and condensation in RF thermal

plasmas to investigate condensation process of the vapor mixture of carbon and metals.
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Addition of 10wt%-Ni was the most effective for the CNT synthesis, while Co, Fe, Mo, LaBs
had poor activity. These metal combinations presented synergy effect for the CNT formation.
The combinations of Ni-Co, Ni-Fe, and Ni-LaBg provided more effective activity in the MWNT
synthesis. Furthermore, the MWNT growth mechanism from the vapor mixture of carbon and
metals was discussed. Heterogeneous condensation model and carbon—metal molten model were

selected as the CNT growth model (Watanabe et al. 2006).

1.7 Objective of This Work

As mentioned above, lots of nanoparticles have been prepared by arc discharge method.
However, there are only limited studies about electrode phenomena such as arc-anode
attachment and electrode temperature, although these phenomena play an important role in
controlling the nanoparticle syntheses.

Arc-anode attachment is one of important phenomena in arc discharge method, the influence
of this phenomenon on the nanoparticle syntheses is unclear. In particular, the electrode
temperature cannot be observed by traditional temperature measurement method due to the
strong radiation from the arc. Therefore, the relationship of attachment mode and temperature
behavior is also obscure when using DC arc discharge method to prepare nanomaterial.

In the past several years, researchers provided lots of mechanisms to explain the growth of
carbon nanomaterial by arc discharge method. However, the formation mechanism of carbon
nanomaterial remains rather poorly understood, since they neglected the effect of plasma
characteristics. The lack of detailed understanding of these mechanisms has been a serious
impediment to apply the arc discharge method for the preparation of carbon nanomaterial. In
order to solve these problems, the following work was conducted based on the investigation of

electrode phenomena.
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The objective of the present study is to investigate two important electrode phenomena, the
electrode temperature and the arc-anode attachment by DC arc discharge method for
nanoparticle preparation. Nickel and graphite as raw material were selected, due to the
enormous potential applications of nickel nanoparticle and carbon nanomaterial. In order to
prepare carbon nanomaterial in large scale selectively, the formation mechanism of carbon

material was investigated based on these electrode phenomena.

1.8 Contents of This Dissertation

Fig. 1.8 shows the flowchart of this dissertation. The contents of each chapter in this
dissertation are as follows:

In chapter 2, the relationship between arc-anode attachment mode and temperature of anode
surface was investigated when using DC arc discharge method to prepare nickel nanoparticle.
Diffuse, multiple, and constricted modes were observed in helium and argon arcs by changing
hydrogen concentration and shield gas flow rate. Furthermore, the effect of attachment mode on
the characteristics of nickel nanoparticle was investigated by comparing the difference of
helium arc and argon arc. In addition, anode surface temperature in helium arc was measured by
two-color pyrometry combined with a high-speed camera which employed suitable band-pass
filters. Therefore, the relationship between dynamic behavior of arc-anode attachment and
anode temperature was investigated by two synchronized high-speed cameras.

In chapter 3, the relationship between arc-anode attachment mode and temperature of carbon
electrode was investigated by DC arc discharge method. Diffuse and multiple arc-anode
attachment modes were observed in helium and argon arcs. During the arc discharge, the surface
temperature of the electrode was successfully measured. The difference between argon and

helium was compared based on investigating the arc-anode attachment mode and temperature
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behavior. The results about these two important electrode phenomena provide a new way to
explain the formation mechanism of carbon nanomaterial.

In chapter 4, nano-graphite particles, multi-wall carbon nanotube (MWNT), and pyrolytic
graphite were prepared at different positions of the anode deposit by arc discharge method. In
addition, the necklace-like carbon, and spherical carbon particle were obtained on the anode
surface. The deposition temperature of these carbon nanomaterials were measured by two-color
pyrometry. According to the temperature results, the formation mechanism of these carbon
nanomaterials was investigated by quenching effect.

In chapter 5, cathode deposit mainly composed of PGPs, MWNTSs, graphene flakes, and
turbostratic graphite was selectively synthesized by arc discharge method. The relative ratio of
carbon ions to carbon radicals near the cathode tip was examined as an important parameter to
control the growth of these carbon nanomaterials. Based on the different energies of the
precursors, the mechanisms of carbon nanomaterial formation in the cathode deposit are
suggested.

In chapter 6, all of the results of this dissertation are summarized, and the direction for future

research of the nanoparticle synthesis by DC arc method is suggested.
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Fig. 1.1 Schematic of the pumping action induced by arc constriction (Pfender 1978).
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Fig. 1.2 Conceptual diagram of three arc-anode attachment modes.

33



Collision ’.ﬁ. Y

WCathode Condensation @ o
e ‘o
Nucleation ®
.. '-r/nperature
2 decrease
Metal Vapor
-Molten Metal-
Water Cooled Cu Anode

Fig. 1.3 Conceptual diagram of nanoparticle formation process by DC arc discharge method
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(a) (b) ()

Fig. 1.6 The mechanism of growing SWNT from a metal/carbon alloy particle: (a) segregation

of carbon toward the surface, (b) nucleation of signal wall tubes on the particle surface and, (c)
growth of the signal wall tubes (Saito 1995).
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(b)

Fig. 1.7 Schematic illustration of growth process for (a) polyhedral graphite particle and (b) a
carbon nanotube. o represents the tension due to an electric field at the tip of a tube (Saito et al
1993).

38



Ch.1 Introduction

Nickel Nanoparticle

Carbon Nanomaterial

L

Ch. 2 Relationship between Arc-Anode
Attachment Mode and Temperature

Ch.3 Relationship between Arc-Anode
Attachment Mode and Temperature

of Metal Electrode of Carbon Electrode
Ch.4  Preparation of Carbon

Nanomaterial on the Anode Deposit

L .

Ch.S  Preparation of Carbon

\ Nanomaterial in the Cathode Deposit/

\

| Ch.6 Conclusion |

Fig. 1.8 The flow chart of this study.

39




2. Relationship between arc-anode attachment mode and temperature of metal electrode

2. Relationship between Arc-Anode Attachment Mode and

Temperature of Metal Electrode

2.1 Introduction

Since the thermal plasma provides rapid evaporation rate, steep temperature gradients, and
high chemical reactivity, it is an attractive route for nanomaterial synthesis. DC arc plasma has
been applied in syntheses of carbon nanomaterial (lijima 1991; Liang et al. 2012), high purity
metal nanopowders (Shao et al. 2004; Wei et al. 2006), alloy (Tanaka and Watanabe 2008;
Tanaka and Watanabe 2013), oxide (Li et al. 1998; Chazelas et al. 2006), and intermetallic
compound (Liu et al. 2003). Especially, nickel nanoparticles have attracted much attention
because of their excellent chemical, physical, and electronic properties. Fine nickel powders can
be used as chemical catalysts, microwave absorbing materials, medical diagnosis, magnetic
recording media, and internal electrode in multi-layer ceramic capacitors (MLCCs) (Lan et al.
2011; Zhang et al. 2006; Hernandez et al. 2002; Cordente et al. 2001; Park et al. 2006).

In the arc discharge method, the anode provides the raw material for preparing nanoparticle,
and the anode ablation rate determines the productivity of nanoparticle production. Therefore,
further analysis of the anode region and anode phenomena is required to improve the
productivity and control the size of nanoparticle. For the anode boundary, there are three typical
arc-anode attachment modes of diffuse attachment, multiple attachments, and constricted
attachment (Dinulescu and Pfender 1980, Sanders et al. 1982, Heberlein et al. 2010). These
anode attachment modes are the results of the competition between the cathode jet and the
anode jet. However, the arc-anode attachment modes in helium/argon-hydrogen arcs for

nanoparticle production have not been studied enough. This lack of understandings is due to the
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strong interaction of electrical, magnetic, thermal, and fluid-dynamic effects.

In addition, the anode surface temperature is an important parameter which influences the
evaporation rate of anode material and the growth rate of nanoparticle. Due to the strong
radiation from the arc, however, the electrode temperature cannot be observed by traditional
temperature measurement method. As a result, the relationship between arc-anode attachment
mode and anode temperature is still unclear.

In this chapter, diffuse, multiple, and constricted modes were observed in helium and argon
arcs when using DC arc discharge method to prepare nickel nanoparticle. The effects of
hydrogen concentration and shield gas flow rate on the formation of different arc-anode
attachment modes were investigated in argon and helium arcs. Furthermore, the effect of
attachment mode on the characteristics of nickel nanoparticles was investigated. The difference
between helium and argon for nickel nanoparticle production was compared by investigating the
arc-anode attachment modes.

Anode surface temperature in helium arc was measured by two-color pyrometry combined
with a high-speed camera which employed suitable band-pass filters. The anode temperature
variation on the millisecond time scale was obtained during arc discharge. Therefore, the
relationship between dynamic behavior of arc-anode attachment and anode temperature was

investigated by two synchronized high-speed cameras.

2.2. Experimental
2.2.1 Experimental Setup

Fig. 2.1 indicates the schematic illustration of an experimental apparatus for preparing nickel
nanoparticles and two synchronized high-speed cameras for anode temperature measurement

and arc behavior observation, respectively. The setup consists of a power supply (DAIHEN,
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COMPA P500), an arc discharge chamber, a particle collector, and a gas circulator. The plasma
gas of He and/or H, was introduced to the system after evacuating the arc discharge chamber. A
cylindrical nickel ingot as an anode was placed on the water-cooled copper. Metal fume was
formed from the raw material surface after ignition the arc. The nanoparticles grow after
nucleation, co-condensation, and collision (Tanaka and Watanabe 2008). Synthesized
nanoparticles were collected at the filter by a gas circulation pump. He and H, gases without the
entrained particles were reintroduced into the chamber by the gas circulation pump to form
shield gas. Shield gas that was injected into the arc discharge chamber around the cathode was

controlled by a gas flow meter.

2.2.2 Experimental Conditions

The experimental conditions are shown in Table 2.1. Nickel (99.9%, Nilaco., Ltd) ingot of 50
g as an anode was placed on the water-cooled copper. A cathode rod made of 2wt% thoria added
tungsten with the diameter of 6 mm was placed at an oblique angle from the anode. The arc was
generated for 10 min in He and the mixture of He-H, environment at atmospheric pressure. The
arc current and electrode gap distance were fixed at 100 A and at 6 mm, respectively. Hydrogen
concentration was controlled at 0, 10, 20, 30, and 50vol%. In order to examine the effect of
shield gas flow rate on the process it was controlled at 0, 10, and 20 L/min at the fixed hydrogen
concentration of 20vol%.

In order to investigate the effect of gas species on the arc-anode attachment mode and
characteristics of nanoparticles, argon was selected for comparison. The experimental
conditions are shown in Table 2.2. Hydrogen concentration was controlled at 0, 30, and 50vol%
in the case of argon arc. The shield gas flow rates were 0, 10, and 20 L/min when the hydrogen

concentration was fixed at 30vol%.
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2.2.3 Temperature Measurements

Two-color pyrometry was selected to measure the temperature of electrode based on the ratio
of radiation intensities at two different wavelengths. The following equation explains the ratio
of radiation intensities by substituting the wavelength and radiation emissivity into Plank’s
radiation law:

1_1 _& & s 1 —exp(Cy/2,T) .
L & A 1—exp(Cy/asT) 1)

where, 2, and 4, are selected wavelengths (nm) through band-pass filters; 1;and |, correspond to
radiation intensities (W-m=.sr') at the wavelength of 4, and A, respectively; &, &, are
emissivities; Cyp equals to 0.014388 mK; T is temperature (K). According to the Wien’s
approximation of Planck’s law, the spectrum of thermal radiation from a blackbody is used to
determine the electrode temperature at the selected wavelengths. A real body has surface
emissivity ¢ less than 1, it means the real body emits less thermal radiation than the blackbody.
Since the emissivity is unknown for many applications, the gray body assumption of g(4;) =
&(2,) is used based on the hypothesis that the surface emissivity is independent of wavelength
(Tanaka et al. 2012). As a result, equation (2) is derived from equation (1) with the gray body

assumption:

L _ Az g exp(Cy/2aT) ,
L~ A exp(Cy/AiT) 2)

According to equation (2), T can be expressed as follows:

_ G —49) 1

3)
My (A5 /1,45)

Fig. 2.2 shows the schematic illustration of two-color pyrometry for the temperature

measurement of anode surface during arc discharge. The radiation emitted from the anode
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surface was divided by a splitting mirror, and then it passed through two band-pass filters.
Spectroscopic measurements (iHR550, Horiba Jobin Ywvon) were conducted to determine
appropriate wavelengths. Band-pass filters were selected with no line emission in the bandwidth
of them. As shown in Fig. 2.3, two band-pass filters of 785+1.5 and 880+2.5 nm were employed
for temperature measurements in order to eliminate the influence of line emission from the arc.

As demonstrated in Figs. 2.4 (a) and (b), images of the electrode at wavelengths of 880+2.5
and 785+1.5 nm were simultaneously recorded by the high-speed camera (FASTCAM-SA WTI,
Photron). Measurement conditions of the high-speed camera were 2,000 fps (frame per second)
and 25 ps for the frame rate and the shutter speed, respectively. Considering the bandwidth of
band-pass filters and the sensitivity of high-speed camera, the two-color pyrometry system was
calibrated by employing a tungsten lamp as a standard light source, which is provided by Japan
Calibration Service System. The procedure of calibration is as follows:
(i) The irradiance of standard tungsten lamp was measured by this two-color system with two
band-pass filters. The irradiance measured by band-pass filter of 785 nm can be defined as
Izgsmw, and the irradiance measured by band-pass filter of 880 nm can be defined as lggomw.
(ii) The irradiance values of standard tungsten lamp at 785 and 880 nm are provided by Japan
Calibration Service System, they are defined as l;gssw and lggosw, respectively.
(iii) Relative intensity of measured standard tungsten lamp to real standard tungsten lamp at
different wavelengths can be expressed as follows:

K785RW= |785MW/|7858W; KSSORW: I880MW/|8808W
(iv) Coefficient of two band pass filters at 785 nm and 880 nm (#) can be obtained as follows:
1=Kgsrw/ Kegorw

(v) The real relative ratio of thermal radiation can be calculated by using measured relative ratio

thermal radiation of electrode from two band-pass filters (l-gsme/lssome) t0 divide the above

44



2. Relationship between arc-anode attachment mode and temperature of metal electrode

coefficient () as follows:
K= (lzgsmel lssome)/ 1
Therefore, the influences from the lens, mirror, and other parts of this two-color pyrometry
system can be eliminated by above calibration. As demonstrated in Fig. 2.4 (c), a temperature
distribution map was obtained by the equation (3) with the measured intensity ratio of selected
radiations. Since the sensitivity of high-speed camera was poor at the low temperature region,
only high temperature region where the temperature is over than 1,600 K was shown in the

temperature distribution map.

2.2.4 High-Speed Camera Measurements

The dynamic arc behavior was observed by using the same optical system with the
temperature measurements. As shown in Fig. 2.5, the emissions from atomic hydrogen and
nickel were observed by the band-pass filters with the central wavelength of 500 and 656 nm,
respectively. Typical frame rate and the exposure time of the measurements were 10,000 fps and

100 ps, respectively.

2.2.5 Oscilloscope Measurements

The arc voltage and current were recorded by an oscilloscope (Scope Corder DL 850,
Yokogawa) at 1 MHz, which was synchronized with two high-speed cameras. These two
high-speed cameras were employed to measure anode surface temperature and observe arc

behavior, respectively.

2.2.6 Sample Characterization

The phase identification of the prepared nickel nanoparticles were carried out by X-ray
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diffractometry (XRD, MXP3TA, Mac Science) operated with Cu Ka source (k=0.1541 nm). The
diffraction data was collected using a continuous scan mode with the speed of 2° (20)/min in the
range of 30-80° with a step size of 0.04°. The accelerating voltage and applied current were 40
kV and 20 mA, respectively. The morphologies of as prepared nickel nanoparticles were
examined by field emission scanning electron microscopy (FE-SEM: S-5200, Hitachi) and
transmission electron microscopy (TEM: JEM-2010F, JEOL). For the size distribution, we
considered about 200 nanoparticles of the product from the FE-SEM or TEM images, and the

diameter of each particle was measured.

2.3 Results and Discussion

Two synchronized high-speed cameras were employed to observe arc behavior and measure
anode temperature simultaneously. The effects of H, concentration and shield gas flow rate on
the characteristics of nickel nanoparticles in helium and argon arcs were discussed in the
following sections. However, as a result of the continuous emission of argon arc, anode
temperature could not be measured successfully in argon arc by above two-color pyrometry

system.

2.3.1 Effect of Hydrogen Concentration
(a) Arc-Anode Attachment Mode under Helium

Fig. 2.6 shows the snapshots of high-speed camera of helium arc with different H,
concentrations. Figs. 2.6 (a), (b), and (c) correspond to H, concentration of 10, 20, and 30vol%,
respectively. Two typical arc-anode attachment modes are observed at different H,
concentrations. Several small anode spots can be seen at the anode boundary simultaneously,

which is the characteristic of multiple attachment mode (Heberlein et al. 2010). Consequently,
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multiple arc-anode attachment mode is formed when the hydrogen concentrations are 10 and
20vol%. The area of anode jet in 20vol% of hydrogen is larger than that of 10vol% hydrogen
arc. Multiple attachments are considered to result from electron overheating instabilities (Baksht
etal. 1997).

As demonstrated in Fig. 2.6 (c), an entirely different arc-anode attachment mode appears with
the same current and with the same electrode gap distance, provided that the H, concentration is
substantially increased. In this case the anode arc root appears more or less constricted, giving
rise to the same type of magnetohydrodynamics (MHD) pumping as observed at the cathode
(Boulos et al.1994). It can be explained by two effects as follows:

(i) Metal evaporation leads to higher electrical conductivity, resulting in the constriction of
arc at anode region (Watanabe et al. 2013);

(ii) The entrained gas in the anode region is heated by the arc and accelerated towards the
cathode, enhancing the anode jet (Sanders et al. 1982).

As a result, the constricted mode is formed at the hydrogen concentration of 30vol%.

Fig. 2.7 shows the snapshots of high-speed camera in helium arc when H, concentration is
10vol% and shield gas flow rate is 0 L/min. The cathode jet and anode jet are the upper one and
the lower one in this figure, respectively. The emissions of HI and Nil are observed by using the
band-pass filters of 656 and 500 nm, respectively. As demonstrated in these snapshots, the
anode jet and cathode jet are observed successfully by using these suitable band-pass filters. The
multiple attachments can be seen at anode jet region. The variations of anode jet area and
cathode jet area with time will be discussed below from these snapshots quantitatively.

Fig. 2.8 demonstrates the snapshots of high-speed camera observed by the band-pass filters of
656 and 500 nm when H, concentration is 20vol% and shield gas flow rate is 0 L/min. In

contrast to the anode jet at hydrogen concentration of 10vol%, the area of anode jet is larger
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when the hydrogen concentration is increased to 20vol%. Higher hydrogen concentration leads
to larger evaporation rate of anode owing to the thermal pinch effect when hydrogen is added in
helium arc (Murphy et al. 2009).

The reprehensive snapshots of high-speed camera for helium arc with 30vol%-hydrogen are
shown in Fig. 2.9. Compared with low hydrogen concentration case, the largest area of anode jet
appears in 30vol%-hydrogen arc. The shape of cathode jet shows significant variation with time
because of the instability of the arc. The area of anode jet is equal to that of cathode jet
sometimes. The constriction of anode jet can be clearly noticed, because higher hydrogen
concentration leads to the transition of attachment mode from multiple mode into constricted
mode by enhancing the evaporation rate of anode.

Fig. 2.10 shows the waveforms of anode/cathode jet area variation (upper) and synchronized
arc current and voltage waveforms (lower) for helium arc with different hydrogen
concentrations. Figs. 2.10 (a)-(al), (b)-(bl), and (c)-(cl) correspond to the hydrogen
concentration of 10, 20, and 30vol%, respectively. As shown in these figures, the largest cathode
jet area and the smallest anode jet area can be observed simultaneously, since cathode jet and
anode jet compete against each other. The average areas of anode jet are 4840, 6404, and 8313
pixels, corresponding to the hydrogen concentration of 10, 20, and 30vol%, respectively. In the
cases of 10 and 20vol% hydrogen arc, the main frequency of cathode jet area and anode jet area
variation is 100 Hz, which comes from the DC power supply. Moreover, the shape of cathode jet
area variation is similar to the waveform of arc current. However, as shown in Fig. 2.10 (b), the
anode jet area variation with small fluctuation can be observed, which is caused by the variation
of anode spot on the anode surface in multiple attachments. In contrast to relatively strong
cathode jet, the effect of anode jet area variation is too weak to influence the waveform of

cathode jet variation, though the cathode jet and the anode jet balance each other. As a result,
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cathode jet area variation still follows the waveform of arc current. The area of anode jet is
larger than that of cathode jet at some cases in the constricted attachment mode. Since the anode
jet fluctuates with the time significantly and the cathode jet should be balanced by the anode jet,

the cathode jet area variation could not follow the waveform of arc current very well.

(b) Anode Temperature under Helium

In order to analyze an evident correlation among the arc behavior, the anode surface
temperature, and the arc current waveform, the operating current waveform synchronized with
snapshots of arc behavior and calculated temperature distribution map are shown in Fig. 2.11.
The nickel anode jet area variation is strongly affected by the ripple of the arc current. The area
of hydrogen cathode jet becomes larger at the peak of the arc current, while the hydrogen
cathode jet becomes smaller at the valley of the arc current. On the contrary, the area of nickel
anode jet becomes smaller at the peak of the arc current, while the area of nickel anode jet
becomes larger at the valley of the arc current. This is because higher arc current leads to the
enhancement of cathode jet, while the anode jet becomes weaker due to the strong cathode jet.
However, according to the synchronized temperature distribution map, no significant difference
can be noticed between the peak and the valley of arc current.

Fig. 2.12 shows the current and voltage waveforms synchronized with temperature
distribution maps and snapshots of arc behavior when the hydrogen concentration is 20vol%.
Similar to 10vol%-hydrogen arc, the hydrogen cathode jet has large area at the peak of arc
current, while the area reduces at the valley of arc current. Contrastingly, the variation tendency
of nickel anode jet area is opposite to that of hydrogen cathode jet area. As shown in the
synchronized temperature distribution map, the highest temperature of anode surface increases

with increasing hydrogen concentration by comparing with Fig. 2.11. It can be explained by the
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thermal pinch effect, the constriction of arc at higher hydrogen concentration leads to higher
anode temperature.

In addition, the current and voltage waveforms of helium arc with 30vol% hydrogen
synchronized with temperature distribution maps and the snapshots of arc behavior are shown in
Fig. 2.13. The relatively large nickel anode jet can be observed at the peak of arc current. In
particular, the significant movement of anode spot can be seen in the constricted mode.
However, the arc current does not affect the area of anode jet owing to the instability of the arc.
In addition, this figure does not indicate the clear relationship between arc current and
temperature of anode surface.

The time averaged temperature distribution maps at different hydrogen concentrations are
indicated in Fig. 2.14. The total time is 20 ms for the time averaged temperature calculation.
The size of high temperature region (over than 2400 K) increases with increasing hydrogen
concentration. In contrast to multiple attachment mode, anode surface has the highest
temperature in constricted attachment mode, which leads to the largest evaporation rate of
nickel anode. Therefore, anode jet with the largest area presents in constricted mode. As
discussed in previous section, the variation of anode temperature is caused by the constriction of
anode spot due to the thermal pinch effect.

The time variation of the highest temperature region is shown in Fig. 2.15, the calculated
region corresponds to the area of 4x4 pixels in the temperature distribution map. The highest
temperatures are 2145, 2350, and 3000 K corresponding to the hydrogen concentration of 10, 20,
and 30vol%, respectively. The highest temperature region fluctuates with a high frequency can
be noticed in Figs. 2.15 (a) and (b), which depends on the high frequency of anode spot
variation in multiple attachment mode. The synchronized waveforms of the anode and cathode

jet area variations are shown in Fig. 2.15 for comparison. As shown in Figs. 2.15 (b) and (b1),
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the shape of the highest temperature region variation is similar to that of anode jet area variation
in multiple attachment mode. High temperature contributes to large evaporation rate of nickel
anode, thus large area of anode jet. However, a little difference between the waveform of anode
jet area variation and the highest temperature variation are shown in Figs. 2.15 (a) and (al). It
can be explained by the fact that the large cathode jet at the hydrogen concentration of 10 L/min
is too strong to identify the variation of anode jet. It is supposed that the good consistency exists
between the variation of the highest temperature region and anode jet area variation in
constricted mode. However, as shown in Fig. 2.15 (c), the shape of the highest temperature
region variation is different from the shape of anode jet area variation. The reason can be
explained by the technical limitation of temperature measurement. Because the observation
window for temperature measurement is easy to be covered by evaporated nanoparticles, the
frame rate of 1000 fps was chosen to maintain the relatively strong emission intensity of the
anode surface for temperature measurement. Since the time interval for each snapshot is large in
temperature measurement, the measured temperature variation could not present the actual
temperature variation well.

The effects of hydrogen concentration on the variation of the highest temperature and
standard deviation of temperature are shown in Fig. 2.16. As shown in Fig. 2.16 (a), the highest
temperature increases with increasing hydrogen concentration because of the thermal pinch
effect. Fig. 2.16 (b) shows the standard deviation of temperature variation in helium arc,
indicating that temperature reveals larger standard deviation in constricted mode than multiple

mode.

(c) Characteristics of Nickel Nanoparticle under HeliumThe XRD patterns of the prepared

nickel nanoparticles in helium arc at different hydrogen concentrations are demonstrated in Fig
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2.17. The XRD patterns clearly show the single phase of nickel without any observable
impurities. Three typical diffraction peaks of the patterns can be indexed into (110), (200), and
(220) planes of nickel, respectively. According to the Scherer's formula, the average grain size
can be calculated based on the (111) diffraction peaks for different samples. Since the full width
of half maximum (FWHM) of the diffraction peak (111) reduces with increasing hydrogen
concentration, the average grain size increases with increasing hydrogen concentration can be
concluded.

Fig. 2.18 indicates the FE-SEM images of nickel nanoparticles at different hydrogen
concentrations from 10 to 30vol%. Nickel nanoparticles with the spherical shape are obtained in
both multiple and constricted attachment modes. It is clearly revealed in Fig. 2.18 (b) that the
nickel nanoparticles have the size distribution in the range of 10 to 90 nm when hydrogen
concentration is 20vol%. As shown in Fig. 2.18 (c), the nanoparticles with larger diameter can
be obtained at hydrogen concentration of 30vol%.

The particle size distribution is shown in Fig. 2.19. The mean diameters of nanoparticles are
28, 35, and 50 nm, corresponding to the hydrogen concentration of 10, 20, and 30vol%,
respectively. The average particle size increases with increasing hydrogen concentration.
According to the formation mechanism of nanoparticle by DC arc discharge method (Tanaka
and Watanabe 2008), higher vapor concentration enhances the nanoparticles growth by
condensation. Therefore, higher hydrogen concentration contributes to large particle size,
because the large evaporation rate of anode caused by the constriction of arc. The standard
deviations of nanoparticle sizes are 7, 10, and 12 nm, corresponding to hydrogen concentration
of 10, 20, and 30vol%, respectively. The uniformity of nanoparticles becomes poor when the arc
anode attachment transits to constricted mode.

The particle size distribution is large by DC arc method due to the intrinsic characteristics of
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this method. Both of temporal and spatial factors affect the size of nanoparticle. There are two
kinds of time fluctuation in DC arc, one fluctuation has the frequency of 100 Hz, which is
attributed to the DC power supply. According to numerical simulation result (Shigeta and
Watanabe. 2010), the time constant for nanoparticle growth in thermal plasma is about 10 ms.
Therefore, DC arc with the fluctuation of 100 Hz has strong effect on the particle size owing to
different thermal histories of nanoparticles. In addition, the other fluctuation is induced by the
arc-anode attachment mode. According to FFT spectrum of voltage waveform and the
high-speed camera image in multiple attachment mode, the frequency of arc spot is around 10
kHz, temperature fluctuation has the same frequency with it. Time constant of temperature
fluctuation is 0.1 ms, which is smaller than the time constant of nanoparticle growth. As a result,
the fluctuation with the frequency of 10 kHz does not have strong effect on the particle size.

The spatial vapor pressure distribution and spatial velocity distribution have strong effect on
the size of nanoparticle. According to the formation mechanism of nanoparticles by DC arc
discharge method (Tanaka and Watanabe 2008), the vapor starts to nucleate at suitable vapor
pressure, and then it will grow into nanoparticles by condensation and collision. Therefore, the
nanoparticle size is mainly determined by the vapor pressure distribution and the residence time.
The non-uniform vapor distributions in DC arc leads to the particles have different thermal
histories, thus different particle sizes (Murphy. 2013; Watanabe and Shigeta. 2010). For
example, if the vapor nucleates at the position with high vapor pressure, the nucleation
temperature is high. According to the equations of nucleation rate and critical diameter (Shigeta
and Watanabe. 2007), higher nucleation temperature leads to lower nucleation rate, larger
critical diameter (Shigeta and Watanabe. 2007), and smaller number of nuclei. Since the
consummation of vapor for nucleation is low at high vapor pressure position, the significant

condensation leads to nuclei growth into nanoparticles with large size because of large amount
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of remained vapors. In contrast, the nucleation starts at the position with low vapor pressure,
resulting in a large number of nuclei grow into nanoparticles with relatively small size.
Consequently, the spatial distribution of vapor pressure affects the size of nanoparticle
significantly. In addition, the residence time can be evaluated by the velocity of plasma flow
based on the assumption that the velocities of particle and plasma flow are same. The lower
velocity leads to longer residence time, thus large nanoparticle size. Therefore, the non-uniform

velocity distribution in DC arc also leads to nanoparticles with different sizes.

(d) Arc-Anode Attachment Mode under Argon

Fig. 2.20 shows the snapshots of high-speed camera of argon arc with different H,
concentrations. Figs. 2.20 (a), (b), and (c) correspond to H, concentration of 0, 30, and 50vol%,
respectively. Three typical arc-anode attachment modes were observed in argon arc at different
H, concentrations. As shown in Fig. 2.20 (a), the cathode jet impinges on the anode surface, a
stagnation layer forms in front of the anode, resulting in the well-known bell shape of the arc. In
this situation, the anode arc root is rather diffuse. This arc-anode attachment mode is denoted as
diffuse attachment mode (Sanders et al. 1982). According to the explanation about arc-anode
attachment of helium arc in previous section, Figs. 2.20 (b)-(c) correspond to multiple
attachment mode and constricted attachment mode, respectively. Multiple attachment mode has
been considered as a transition mode between the diffuse mode and the constricted mode. The
transition of attachment mode is mainly related to the variation of anode evaporation rate caused
by different hydrogen concentrations. The formation mechanism of attachment mode will be
explained in next section.

Fig. 2.21 indicates the snapshots of high-speed camera of argon arc when hydrogen

concentration is 30vol% and shield gas flow rate is O L/min. The cathode jet and anode jet are
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the upper one and the lower one in this figure, respectively. As demonstrated in these snapshots,
the anode jet and the cathode jet are observed successfully by using these band-pass filters of
656 and 500 nm, respectively. As shown in these snapshots, the multiple attachments are formed
at anode jet region when hydrogen concentration is 30vol%. These images are used to evaluate
the variation of anode jet area and cathode jet area quantitatively. Current and voltage
waveforms synchronized with snapshots are shown in Fig. 2.22. Similar results to the helium
arc are also reached. In multiple attachment mode, the area of hydrogen cathode jet becomes
larger at the peak of arc current than that of the valley of arc current. On the contrary, the
hydrogen cathode jet is larger at the valley of arc current than that of the peak of arc current.

Fig. 2.23 shows the snapshots of high-speed camera for argon arc with 50vol% hydrogen.
Constricted mode can be clearly seen at the anode boundary. The area of nickel anode jet
increases with increasing hydrogen concentration, while the hydrogen cathode jet area reduces
with increasing the hydrogen concentration because of the strong intensity of cathode jet. The
current and voltage waveforms of argon arc with 50vol% hydrogen synchronized with the
snapshots of arc behavior are shown in Fig. 2.24. The relatively large nickel anode jet can be
noticed at the peak of arc current. In addition, significant movement of anode spot can be seen
in the constricted mode, which is also confirmed by the large fluctuation of voltage waveform.
However, there is no clear relationship between arc current and the area of anode jet due to the
instability of arc.

Fig. 2.25 shows time variation of anode/cathode jet area (upper) and synchronized arc current
and voltage waveforms (lower) for argon arc with different hydrogen concentrations. Figs 2.25
(a)-(al) and (b)-(b1) correspond to the hydrogen concentration of 30 and 50vol%, respectively.
Similar results to helium arc are also observed; as shown in the waveform, the peak of cathode

jet area variation and the valley of anode jet area variation appear simultaneously. The average
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areas of cathode jet are 2850 and 4000 pixels, corresponding to the hydrogen concentration of
30 and 50vol%, respectively. As shown in this figure, the waveform of cathode jet variation
follows the shape of arc current in diffuse attachment mode at 30vol% of hydrogen.
Contrastingly, there is no clear relationship between arc current and the area of anode jet in
constricted mode. Both of cathode jet area and anode jet area variation show large fluctuation in
constricted mode, it is attributed to the instability of arc. The effect of hydrogen concentration
on the formation of different attachment modes is similar to that of helium arc, high hydrogen
concentration contributes to the formation of constricted mode. However, in order to form the
same attachment mode, higher hydrogen concentration is required for argon arc when other
experimental conditions are same. The effect of evaporation rate on the formation of different

arc-anode attachment modes will be discussed in the formation mechanism section.

(e) Characteristics of Nickel Nanoparticle under Argon

The XRD patterns of the prepared nickel nanoparticles in argon arc with different hydrogen
concentrations are shown in Fig 2.26. As discussed in previous section, the XRD patterns
clearly show the single phase of nickel without any observable impurities. Three typical
diffraction peaks of the patterns can be fully indexed into (110), (200), and (220) planes of
nickel, respectively.

Fig. 2.27 indicates the TEM images of nickel nanoparticles obtained at different hydrogen
concentrations from 0 to 50vol%. As shown in Fig. 2.27 (a), the shape of nanoparticles is
dominated by spherical besides some irregular shapes when the hydrogen concentration is
Ovol%. It is clearly seen in Figs. 2.27 (b) and (c), all of nanoparticles have spherical shape.
Compared with nanoparticles obtained in diffuse and multiple modes, the particle size becomes

larger in constricted mode. The particle size distribution is shown in Fig. 2.28. The mean
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diameters of nanoparticle are 20, 33, and 63 nm, corresponding to the hydrogen concentration of
0, 30, and 50vol%, respectively. As a result of the enhanced evaporation rate of nickel anode,
the average particle diameter increases with increasing hydrogen concentration. Higher vapor
concentration would enhance the nanoparticles growth by condensation, as a result particle size
becomes larger. The standard deviations of nanoparticle sizes are 13, 18, and 36 nm,
corresponding to hydrogen concentration of 0, 30, and 50vol%, respectively. It is deducted that
the uniformity of nanoparticles becomes poor when the arc anode attachment transits to

constricted mode by varying the hydrogen concentration.

(f) Comparison of Helium with Argon

Fig. 2.29 shows the comparison of the evaporation rate of nickel anode in helium and argon
arcs at different hydrogen concentrations. The evaporation rate of anode material increases with
increasing hydrogen concentration in both of argon and helium arcs. The evaporation rate of
nickel is higher in helium arc than that of argon arc when the hydrogen concentration is same;
this is a consequence of the high thermal conductivity of helium and the constriction of helium
arc. The evaporation of anode material plays an important role in forming different attachment
modes. In order to form the same constricted attachment, higher hydrogen concentration is
necessary for argon arc. In addition, the attachment mode transitions to constricted mode from
diffuse mode by increasing the evaporation rate for helium and argon arcs.

Fig. 2.30 shows the effect of hydrogen concentration on the average particle diameter in
helium and argon arcs. Different evaporation rates lead to nickel nanoparticles with different
sizes. For example, the average diameter of nickel nanoparticles is 50 nm in helium arc, which
is larger than that of 33 nm in argon arc when hydrogen concentration is fixed at 30vol%.

Different anode evaporation rates in helium and argon arcs contribute to this variation. Larger
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vapor concentration leads to large particle size by condensation. However, the mean size is 50
nm in helium arc with 30vol% hydrogen, which is smaller than the mean particle size of 63 nm
in argon arc with 50vol%, although the evaporation rate in helium arc is larger than that of
argon arc. The relatively large particle size in argon arc may be related to the short residence

time for nanoparticle grown in helium arc due to the constriction of arc.

2.3.2 Effect of Shield Gas Flow Rate
(a) Arc-Anode Attachment Mode under Helium

The effects of shield gas flow rate on anode attachment mode and temperature variation are
investigated in helium arc when the hydrogen concentration is 20vol%. Fig. 2.31 shows the
representative snapshots of high-speed camera in helium arc when hydrogen concentration is
20vol% and shield gas flow rate is 10 L/min. As shown in Fig. 2.31, the width of arc column at
shield gas flow rate of 10 L/min becomes smaller than that without shield gas as shown in Fig.
2.8. In addition, anode attachment mode is changed into the constricted mode when shield gas
flow rate is 10 L/min, though there is a small component of multiple attachments sometimes.
This is considered to result from injecting cool gas into arc region, leading to the constriction of
the arc column induced by thermal pinch effect. The constriction of arc results in larger heat
flux and larger evaporation rate of anode material. In addition, the entrained gas in the anode
region is heated by the arc and accelerated towards the cathode. These two reasons contribute to
form constricted mode when shield gas flow rate is 10 L/min at hydrogen concentration of
20vol% helium arc.

Fig. 2.32 shows the representative snapshots of high-speed camera in helium arc when H,
concentration is 20vol% and shield gas flow rate is 20 L/min. The nickel anode jet is dominated

by the multiple attachment mode. The area of anode jet at shield gas flow rate of 20 L/min
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becomes smaller in contrast to shield gas flow rate of 10 L/min. According to the snapshot, the
shape of nickel anode jet has greatly variation with time, and the position of anode spot moves
with time remarkably. This is a consequence of unstable arc at shield gas flow rate of 20 L/min.
The effect of shield gas flow rate on the arc behavior will be discussed in next paragraph.

Fig. 2.33 indicates the time variation of anode/cathode jet area of helium arc with
20vol%-hydrogen by changing shield gas flow rate. The synchronized arc current and voltage
waveforms locate under the waveforms of anode/cathode jet area variation for comparison. The
opposite variation tendency between cathode jet and anode jet still exists. The average anode jet
areas are 6404, 8163, and 6565 pixels, corresponding to the shield gas flow rate of 0, 10, and 20
L/min, respectively. In the multiple attachments, hydrogen cathode jet variation exhibits similar
shape to arc current waveform. In addition, the waveform of cathode jet variation is also similar
to the waveform of arc current in constricted mode. This result is different from that of
hydrogen concentration of 30vol% in helium arc, although the constricted mode is formed. It
can be explained by the fact that the anode spot is fixed by shield gas in constricted mode. In
addition, the intensity of anode jet is not strong enough to affect the variation of cathode jet at
shield gas flow rate of 10 L/min. Consequently, the cathode jet variation follows the waveform
of arc current. As shown in Fig. 2.33 (c), the shape of hydrogen cathode jet could not follow the
arc current waveform owing to the instability of arc at larger shield gas flow rate of 20 L/min.
Larger shield gas flow rate results in cathode jet with strong intensity, therefore, relatively small
area of anode jet can be observed at shield gas flow rate of 20 L/min.

Fig. 2.34 demonstrates the effect of shield gas flow rate on the area of anode jet. Shield gas
has two main effects; increasing the intensity of cathode jet and enhancing the evaporation rate
of anode material by thermal pinch effect. As shown in Fig. 2.34, anode jet area increases with

increasing shield gas flow rate before it reaches to 10 L/min, which is mainly caused by the
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thermal pinch effect when large amounts of cool plasma gas is injected into the arc. However,
the anode jet area reduces when shield gas flow rate is over than 10 L/min, since larger shield
gas flow rate leads to increase the intensity cathode jet. Moreover, arc becomes unstable at large
shield gas flow rate induced by a large amount of cool gas. As a result of the strong cathode jet
and the fast movement of anode spot on the anode surface, the average area of anode jet

decreases at shield gas flow rate of 20 L/min.

(b) Anode Temperature under Helium

Fig. 2.35 shows the current and voltage waveforms of helium arc synchronized with
temperature distribution maps and the shapshots of arc behavior when the shield gas flow rate is
10 L/min. The largest area of hydrogen cathode jet appears at the peak of arc current, while the
smallest hydrogen cathode jet can be seen at the valley of arc current. As demonstrated in the
temperature distribution map, the highest temperature appears at the valley of arc current. It is
predicted that arc spot with relatively small size at the valley of arc current leads to large heat
flux. The temperature behavior is different from the constricted mode obtained in helium arc at
the hydrogen of 30vol%. As shown in Fig. 2.33, because the waveform of cathode jet variation
follows that of the arc current, and the tendency of cathode jet variation is opposite to that of
anode jet, the largest anode jet area can be observed at the valley of the arc current.

Fig. 2.36 indicates the current and voltage waveforms of helium arc synchronized with
temperature distribution maps and the snapshots of arc behavior when the shield gas flow rate is
20 L/min. The instability of arc leads to high frequency of arc voltage fluctuation. The hydrogen
cathode jet has irregular shape at different valleys of arc current, and the anode spot moves to
far away region with long arc column sometimes. All of these irregular arc behaviors come from

the instability of the arc.

60



2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.37 indicates time averaged temperature of the anode surface in helium arc at different
shield gas flow rates. The highest temperature appears at the appropriate shield gas flow rate of
10 L/min. The appropriate shield gas flow rate leads to high temperature of the anode surface
owing to the thermal pinch effect, while larger shield gas flow rate results in the movement of
anode spot on anode, as a result of the low temperature of anode surface.

The time variation of the highest temperature at different shield gas flow rates is given in Fig.
2.38. The highest temperatures are 2350, 3185, and 3180 K, corresponding to shield gas flow
rate of 0, 10, and 20 L/min, respectively. It can be deduced that constricted mode leads to the
highest temperature. The shape of the highest temperature variation with time is similar to that
of anode jet area variation in the case of multiple and constricted attachment modes, which
confirms the prediction in Fig. 2.15 well. High temperature leads to large evaporation rate of
nickel and large area of anode jet.

Figs. 2.39 (a) and (b) demonstrate the highest temperature variation and standard deviation of
temperature in helium arc when changing the shield gas flow rate, respectively. The highest
temperature is obtained at shield gas flow rate of 10 L/min, since constricted mode leads to the
largest heat flux. And then the highest temperature reduces with increasing the shield gas flow
rate. The variation tendency of temperature is caused by two effects of shield gas flow rate on
the arc behavior. Suitable shield gas flow rate leads to the constriction of the arc due to the
thermal pinch effect. As a result, temperature increases with increasing the shield gas flow rate.
However, arc becomes unstable when shield gas flow rate reaches to some value, anode
temperature decreases when a large amount of shield gas is injected. As shown in Fig. 2.39 (b),
the standard deviation of temperature has the same variation tendency with the highest
temperature. Constricted mode contributes to the largest standard deviation of anode

temperature.
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(c) Characteristics of Nickel Nanoparticle under Helium

The FE-SEM images of nickel nanoparticles at different shield gas flow rates are shown in
Fig. 2.40. Figs. 2.40 (a)-(c) correspond to the shield gas flow rate of 0, 10, and 20 L/min,
respectively, when hydrogen concentration is fixed at 20vol%. All of the nanoparticles have
spherical shape regardless of the shield gas flow rate. The largest particle size can be obtained at
shield gas flow rate of 10 L/min. However, the uniformity of nanoparticles is poor at the shield
gas flow rate of 20 L/min. It is mainly caused by low evaporation of nickel nanoparticle and a
significant movement of arc spot on anode surface at large shield gas flow rate, leading to
different residence time for nanoparticles growth.

Fig. 2.41 shows the particle size distribution at different shield gas flow rates. A narrow size
distribution can be obtained when shield gas flow rate is 10 L/min, which can be explained by
the fact that suitable shied gas flow rate can fix the arc spot on the anode surface, resulting in
the particles with a narrow size distribution. The average particle sizes are 35, 40, and 29 nm,
corresponding to shield gas flow rate of 0, 10 and 20 L/min, respectively. As discussed in
previous section, the variation of average particle size is caused by the evaporation rate of anode
at different shield gas flow rates. Higher vapor concentration leads to the growth of
nanoparticles by condensation. The standard deviations of nanoparticle sizes are 10, 8, and 11
nm, corresponding to shield gas flow rate of 0, 10, and 20 L/min, respectively. The uniformity
of nanoparticle becomes better at the suitable shield gas flow rate in helium arc. In summary,
constricted mode contributes to high productivity of nickel nanoparticle with relatively large
average particle size. In order to obtain the nickel nanoparticles with large productivity and a
narrow size distribution, 20vol%-hydrogen arc with suitable shield gas flow rate is the best

condition.
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(d) Arc-Anode Attachment Mode under Argon

Fig. 2.42 shows the snapshots of high-speed camera for argon arc when hydrogen
concentration is 30vol% and shield gas flow rate is 10 L/min. The formation of multiple
attachments is confirmed at anode boundary. Current and voltage waveforms synchronized with
snapshots are shown in Fig. 2.43. Similar results to shield gas flow rate of 0 L/min are also
observed. In multiple attachment mode, the area of hydrogen cathode jet becomes larger at the
peak of the arc current, while the nickel anode jet becomes smaller at the peak of the arc current.
Similar reasons to helium arc can be employed to explain this result.

Fig. 2.44 shows the snapshots of high-speed camera for argon arc when hydrogen
concentration is 30vol% and shield gas flow rate is 20 L/min. Multiple attachments still can be
seen clearly at anode boundary. Compared with the anode jet area at shield gas flow rates of 0
and 10 L/min, the nickel anode jet area increases when the shield gas flow rate is 20 L/min
owing to the thermal pinch effect. Fig. 2.45 indicates voltage and current waveforms of argon
arc synchronized with snapshots of arc behavior when H, concentration is 30vol% and shield
gas flow rate is 20 L/min. The anode jet area is smaller at the peak of arc current than that of the
valley of arc current. In some cases, the anode jet could not be seen at the peak of arc current
due to the strong intensity of cathode jet.

Fig. 2.46 indicates the time variation of anode jet area and cathode jet area in
30vol%-hydrogen arc when changing shield gas flow rate. The opposite variation tendency
between cathode jet area and anode jet area still exists. The average anode jet areas are 2840,
3360, and 3450 pixels, corresponding to the shield gas flow rate of 0, 10, and 20 L/min,
respectively. The synchronized current and voltage waveforms locate under the waveforms of

anode/cathode jet area variation. Hydrogen cathode jet variation exhibits similar shape to the arc

63



2. Relationship between arc-anode attachment mode and temperature of metal electrode

current waveform at low shield gas flow rates of 0 and 10 L/min. However, as a result of the
instability of arc at larger shield gas flow rate of 20 L/min, the large fluctuation of anode jet
leads to large fluctuation of cathode jet. The waveform of cathode jet variation is different from
the waveform of arc current because of the instability of the arc.

Fig. 2.47 indicates the effect of shield gas flow rate on the average area of anode jet in argon
arc. The average area of anode jet increases with increasing the shield gas flow rate, indicating
the thermal pinch effect is dominated at low shield gas flow rate. However, a small increase of
the anode jet area when the shield gas flow rate changes from 10 to 20 L/min. It can be
explained by the effects of increasing the intensity of cathode jet and inducing the instability of

arc by large flow rate of shield gas.

(e) Characteristics of Nickel Nanoparticle under Argon

The TEM images of nickel nanoparticles in argon arc at different shield gas flow rates are
shown in Fig. 2.48. Figs. 2.48 (a) and (b) correspond to shield gas flow rate of 0 and 20 L/min,
respectively, when the hydrogen concentration is fixed at 30vol%. All of the nanoparticles have
spherical shape. According to the TEM image, the particle size distribution is calculated. Fig.
2.49 shows particle size distribution by changing shield gas flow rate. The average particle sizes
are 33 and 32 nm, corresponding to the shield gas flow rate of 0 and 20 L/min, respectively. The
standard deviations of nanoparticle sizes are 18 and 20 nm, corresponding to shield gas flow
rate of 0 and 20 L/min, respectively. The uniformity of nanoparticle is poor at shield gas flow
rate of 20 L/min in argon arc. However, the particles have large size distribution when shield
gas is increased to 20 L/min, even some particles reach to the size of 160 nm. The movement of
arc spot on anode surface at large shield gas flow rate leads to the significant variation of

residence time for nanoparticle growth. As a result, nanoparticles have large size distribution.
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(f) Comparison of Helium with Argon

Fig. 2.50 indicates the effect of shield gas flow rate on the evaporation rate of nickel anode in
helium and argon arcs. Helium arc with 20vol% hydrogen and argon arc with 30vol% hydrogen
are selected for comparison, these two conditions correspond to the multiple attachment mode.
As shown in Tables. 2.3-2.6, input power does not show significant difference in these two
conditions. The evaporation rate of nickel anode in helium arc is 10 times larger than that of
argon arc, although the hydrogen concentration is higher in argon arc. The reason is attributed to
higher thermal conductivity of helium and the constriction of helium arc. However, the effect of
shield gas flow rate on the evaporation rate of anode demonstrates different tendencies. Strong
thermal pinch effect leads to the enhancement of anode evaporation at large shield gas flow rate
of 20 L/min in argon arc, although the arc becomes unstable. However, the arc becomes
dramatically unstable and the evaporation rate reduces at large shield gas flow rate of 20 L/min
in helium arc, because the effects of arc stability and the strong cathode jet are dominated in
helium arc with 20vol% hydrogen.

Therefore, suitable shield gas flow rate leads to the attachment transition to constricted mode
in helium arc. Because shield gas stabilizes the arc spot on the anode surface, nanoparticles with
narrow size distribution can be obtained. However, the attachment mode does not change in
argon arc when increasing shield gas flow rate. Fig. 2.51 indicates the effect of shield gas flow
rate on average particle diameter in helium and argon arcs. Because shield gas flow rate could
not affect the evaporation rate of anode material significantly in argon arc, there is no significant
variation of average nanoparticle size. In the case of helium arc, large shield gas flow rate of 20
L/min leads to the movement of arc spot on the anode surface, the nanoparticles with small

average size and large size distribution are obtained.
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Figs. 2.52 (a)-(b) show the effects of input power on the evaporation rate and the average
particle diameter, respectively. The values of input power are shown in Tables. 2.3-2.6. As
shown in Fig. 2.52, for the effect of hydrogen concentration, the evaporation rate increases with
increasing input power for helium and argon arcs. In particular, the evaporation rate in helium
arc is higher than that of argon arc, although the input power in argon arc is higher than that of
helium arc. It is related to large heat flux in helium arc caused by the constriction of helium arc
and high thermal conductivity of helium. In the case of shield gas flow rate effect, the
evaporation rate increases with increasing shield gas flow rate for argon arc. That is because the
thermal pinch effect is dominated in these conditions. However, the evaporation rate becomes
small at shield gas flow rate of 20 L/min in helium arc. It can be explained by the fact that the
instability of arc reduces the heat flux. As shown in Fig. 2.52 (b), the variation of average
particle diameter indicates the same tendency with evaporation rate. According to the formation
mechanism of nanoparticle, larger vaporization rate leads to higher vapor concentrations and
higher growth rate of nanoparticles. As a consequent, the particle with large size can be obtained
at large evaporation rate. However, the average particle size in argon arc is larger than that of
helium arc, although the evaporation rate is large in helium arc. It may be related to the short

residence time for nanoparticle grown in the constricted helium arc.

2.3.3 Mechanism of Different Arc-Anode Attachment Modes

Fig. 2.53 shows the conceptual diagram of the formation mechanism of different arc-anode
attachment modes when using DC arc discharge to prepare nanoparticle. The formation of
different arc-anode attachment modes is the results of the competition of the cathode jet and the
anode jet. The evaporation of anode material plays an important role in the transition of arc-

anode attachment from diffuse mode to constricted mode. It is well known that the cathode jet is
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formed by a pumping action due to the interaction of arc current with its own magnetic field in
the high density arc. Cathode jet is rather diffuse since the evaporation of anode is low or shield
gas flow rate is large, forming diffuse attachment mode. The evaporation of anode material
leads to the transition of arc-anode attachment easily. Larger metal evaporation rate results in
higher electrical conductivity, reducing the size of anode spot. In addition, as a result of the
effect of entrainment gas, the attachment mode is separated into several small spots, forming the
multiple attachments. However, the multiple attachment mode is unstable, larger evaporation
rate leads to the constriction of arc spot because of higher electrical conductivity. In addition,
entrained gas in the anode region is heated by the arc and accelerated towards the cathode
(Sanders et al. 1982), generating relatively strong anode jet. Similar to the formation of cathode
jet, the anode jet is enhanced by MHD pumping, leading to the formation of constricted
attachment. In turn, constricted mode will enhance the anode evaporation simultaneously due to
large heat flux. Therefore, anode evaporation plays an important role in forming different
arc-anode attachment modes. In addition, the formation of different arc-anode attachment
modes is influenced by other experimental conditions, such as shield gas flow rate and electrode
gap distance and so on.

Fig. 2.54 demonstrates the effects of shield gas flow rate and hydrogen concentration on the
formation of different arc-anode attachment modes. Figs. 2.54 (a) and (b) corresponds to helium
arc and argon arc, respectively. Higher hydrogen concentration leads to the transition of
attachment mode to constricted mode by enhancing evaporation rate of anode. According to
above formation mechanism, large evaporation rate leads to constricted mode. However, the
shield gas has two main functions on the formation of different attachment modes. As
demonstrated in Fig. 2.54 (a), large shield gas flow rate leads to the transition of attachment

from constricted to multiple in argon arc at the hydrogen concentration of 50vol%. In these
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cases, shield gas plays an important role in enhancing the cathode jet. In contrast, the arc-anode
attachment mode is constricted mode at shield gas flow rate of 10 L/min in helium arc when
hydrogen concentration is 20vol%. It can be explained by the reason that thermal pinch effect is
dominated at suitable shield gas flow rate, while large shields gas flow rate of 20 L/min leads to
the transition of arc-anode attachment mode to multiple mode in helium arc. It is attributed to
the strong intensity of cathode jet and the instability of the arc. Therefore, the thermal pinch
effect and the effect of enhancing cathode jet intensity should be considered when investigating

the effect of shield gas flow rate on the formation of different attachment modes.

2.4 Conclusion

Diffuse, multiple, and constricted modes were observed in helium and argon arcs when using
DC arc discharge method to prepare nickel nanoparticles. The attachment mode transitions from
diffuse mode to constricted mode when increasing hydrogen concentration. Suitable shield gas
flow rate leads to the enhancement of anode jet. The average particle size increases when the
attachment mode transitions from diffuse mode to constricted mode. Nickel nanoparticles with
large productivity and narrow size distribution were obtained in helium arc. The relatively small
average nanoparticles size of 40 nm with a narrow size distribution can be obtained by
controlling shield gas flow rate in helium arc.

In addition, anode surface temperature in helium arc was measured by two-color pyrometry
combined with a high-speed camera which employed the band-pass filters of 880+2.5 and
785x1.5 nm. Anode surface with high temperature was measured in constricted mode due to the
constriction of arc spot. The anode jet variation follows the highest temperature variation, while
the cathode jet variation is opposite to anode jet variation. In multiple attachment mode, the

variation of cathode jet follows the arc current variation. Contrastingly, the cathode jet variation

68



2. Relationship between arc-anode attachment mode and temperature of metal electrode

could not follow the arc current variation in constricted mode.

The formation mechanism of attachment mode was considered to result from the evaporation
of anode material. Anode evaporation leads to higher electrical conductivity, resulting in the
constriction of the arc in anode region. As a result, the attachment mode transitions to

constricted mode in the case of large evaporation rate.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Table 2.1 Experimental conditions for helium arc

Arc current [A] 100
Electrode gap distance [mm] 6
Arc voltage [V] 25-40
Pressure [kPa ] 101.3 (Atmospheric pressure)
Plasma gas Helium and hydrogen
Hydrogen concentration [vol%] 0, 10, 20, 30, 50
Shield gas flow rate  [slpm] 0, 10, 20
Discharge time [min ] 5-10
Cathode Tungsten (2wt % thoria)
Anode Nickel
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Table 2.2 Experimental conditions for argon arc

Arc current [A] 100
Electrode gap distance [mm] 6
Arc voltage [V] 25-35
Pressure [kPa ] 101.3 (Atmospheric pressure)
Plasma gas Argon and hydrogen
Hydrogen concentration [vol%] 0, 30, 50
Shield gas flow rate  [slpm] 0, 10, 20
Discharge time [min ] 5-10
Cathode Tungsten (2wt % thoria)
Anode Nickel
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Table 2.3 Input powers in helium arc when changing hydrogen concentration

Hydrogen concentration [vol%] 10 20 30
Arc current [A] 100 100 100
Arc voltage [V] 28.3 30.5 32.7
Input power [W] 2830 3050 3270

Table 2.4 Input powers in helium arc when changing shield gas flow rate

Shield gas flow rate [L/min] 0 10 20
Arc current [A] 100 100 100
Arc voltage [V] 30.5 315 36.7
Input power [W] 3050 3150 3670
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Table 2.5 Input powers in argon arc when changing hydrogen concentration

Hydrogen concentration [vol%] 0 30 50
Arc current [A]] 100 100 100
Arc voltage [V] 23.4 28.2 331
Input power [W] 2340 2820 3310

Table 2.6 Input powers in argon arc when changing shield gas flow rate

Shield gas flow rate [L/min] 0 10 20
Arc current [A] 100 100 100
Arc voltage [V] 28.2 28.3 29.4
Input power [W] 2820 2830 2940
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

High-speed camera

(For anode temperature) [ r
Cathode Filter
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(For arc behavin)
[
_ ] [ ]
Oscilloscope .Gas circulation
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Fig. 2.1 Schematic of the experimental setup for nickel nanoparticles production by DC arc
discharge method.

75
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Fig. 2.2 Schematic illustration of temperature measurement system by two-color pyrometry.
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Fig. 2.3 Optical emission spectra of helium arc with 20vol% hydrogen at different wavelengths.
The shadow region indicates the wavelength of band-pass filter: (a) 785£1.5 nm, (b) 880£2.5

nm.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

/ Cathode

" Anode
surface

.

Fig. 2.4 Images of the electrode at wavelength of (a) 880+2.5 nm and (b) 785+1.5 nm recorded
by high-speed camera, and (c) a corresponding temperature distribution map calculated by
Plank’s law based on radiation intensity from images (a) and (b).
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2. Relationship between arc-anode attachment mode and temperature of metal electrode
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Fig. 2.5 Optical emission spectra of Nil (a) and HI (b) for choosing the suitable band pass filter
for cathode jet and anode jet observation.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.6 Snapshots of high-speed camera for helium arc with different hydrogen concentrations
(a) 10vol%, (b) 20vol%, and (c) 30vol%, respectively.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Cathode 2ms 3ms
656nm (H) Anode Boal

Fig. 2.7 Representative snapshots of high-speed camera in helium arc when hydrogen

concentration is 10vol% and shield gas flow rate is 0 L/min. H emission is the upper one, and
Ni emission is the lower one.



2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig 2.8 Representative shapshots of high-speed camera in helium arc when hydrogen
concentration is 20vol% and shield gas flow rate is 0 L/min. H emission is the upper one, and
Ni emission is the lower one.



2. Relationship between arc-anode attachment mode and temperature of metal electrode
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Fig. 2.9 Representative snapshots of high-speed camera in helium arc when hydrogen
concentration is 30vol% and shield gas flow rate is 0 L/min. H emission is the upper one, and

Ni emission is the lower one.
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Fig. 2.10 The waveform of anode/cathode jet area variation (upper) and synchronized arc

current and voltage waveforms (lower) for helium arc with different hydrogen concentrations.
(a)-(al), (b)-(bl), and (c)-(c1) correspond to the hydrogen concentration of 10vol%, 20vol%,
and 30vol%, respectively.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

656nm (H)

500 nm (Ni)

4000
3800

Temp.[K]

; 29

Arc current (A)

656 nm (H)

500 nm (Ni)

Fig. 2.11 Voltage and current waveform of helium arc synchronized with anode temperature
distribution map, the snapshots of H emission and Ni emission when hydrogen concentration is
10vol% and shield gas flow rate is O L/min.
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Fig. 2.12 \Voltage and current waveform of helium arc synchronized with anode temperature

distribution map, the snapshots of H emission and Ni emission when hydrogen concentration is
20vol% and shield gas flow rate is 0 L/min.
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Fig. 2.13 \Voltage and current waveform of helium arc synchronized with anode temperature
distribution map, the snapshots of H emission and Ni emission when hydrogen concentration is
30vol% and shield gas flow rate is 0 L/min.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.14 Time average temperature of the anode surface in helium arc for different hydrogen
concentrations, (a) 10%, (b) 20%, and (c) 30%, respectively.
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Fig. 2.15 Time variation of the highest temperature (upper) and synchronized time variation of

the anode jet area and the cathode jet area (lower) for helium arc with different hydrogen

concentrations when shield gas flow rate is 0 L/min. (a)-(al), (b)-(b1), and (c)-(c1) correspond

to the hydrogen concentration of 10vol%, 20vol%, and 30vol%, respectively.
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Fig. 2.16 Effects of hydrogen concentration on (a) highest temperature, (b) standard deviation in

helium arc.
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Fig. 2.17 XRD patterns of nickel nanoparticles in helium arc at different hydrogen

concentrations.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode
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Fig. 2.18 FE-SEM images of nickel nanoparticles in helium arc at different hydrogen
concentrations. (a), (b), and (c) correspond to the hydrogen concentration of 10, 20, and 30vol%,
respectively.
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Fig. 2.19 Particle size distributions of nickel nanoparticles in helium arc at different hydrogen
concentrations. (a), (b), and (c) correspond to the hydrogen concentration of 10, 20, and 30vol%,
respectively.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.20 Snapshots of high-speed camera for argon arc with different hydrogen concentrations
(a) Ovol%, (b) 30vol%, and (c) 50vol%, respectively.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

H,: 30% 1ms | Cathode 2ms

Fig. 2.21 Representative snapshots of high-speed camera in argon arc when hydrogen
concentration is 30vol% and shield gas flow rate is 0 L/min. H emission is the upper one, and
Ni emission is the lower one.
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Fig. 2.22 \Voltage and current waveform of argon arc synchronized with the snapshots of H

emission and Ni emission when H, concentration is 30vol% and shield gas flow rate is O L/min.
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Fig. 2.23 Representative snapshots of high-speed camera in argon arc when hydrogen
concentration is 50vol% and shield gas flow rate is 0 L/min. H emission is the upper one, and
Ni emission is the lower one.
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Fig. 2.24 \oltage and current waveform of argon arc synchronized with anode temperature

distribution map, the snapshots of H emission and Ni emission when hydrogen concentration is
50vol% and shield gas flow rate is 0 L/min.
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Fig. 2.25 The waveform of anode/cathode jet area variation (upper) and synchronized arc

current and voltage waveforms (lower) for argon arc with different hydrogen concentrations.
(a)-(al) and (b)-(bl) correspond to the hydrogen concentration of 30% and 50vol%,

respectively.
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Fig. 2.26 XRD patterns of nickel nanoparticle in argon arc at different hydrogen concentrations.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.27 TEM images of nickel nanoparticle in argon arc at different hydrogen concentrations.
(a), (b), and (c) correspond to hydrogen concentration of 0, 30, and 50vol%, respectively.
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Fig. 2.28 Particle size distributions of nanoparticles in argon arc at different hydrogen

concentrations. (a), (b), and (c) correspond to hydrogen concentration of 0, 30, and 50vol%,
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2. Relationship between arc-anode attachment mode and temperature of metal electrode
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Fig. 2.29 Comparison of the evaporation rate of nickel anode between helium arc and argon arc
at different hydrogen concentrations.
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Fig. 2.30 Effect of hydrogen concentration on average particle diameter in helium and argon
arc.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode
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Fig. 2.31 Representative snapshots of high-speed camera in helium arc when hydrogen
concentration is 20vol% and shield gas flow rate is 10 L/min. H emission is the upper one, and

Ni emission is the lower one.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.32 Representative snapshots of high-speed camera in helium arc when hydrogen
concentration is 20vol% and shield gas flow rate is 20 L/min. H emission is the upper one, and
Ni emission is the lower one.
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Fig. 2.33 The waveform of anode/cathode jet area variation (upper) and synchronized arc
current and voltage waveforms (lower) for helium arc with different shield gas flow rates.
(a)-(al), (b)-(b1), and (c)-(cl) correspond to shield gas flow rates of 0, 10, and 20 L/min,
respectively.
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Fig. 2.34 Effect of shield gas flow rate on the averaged area of anode jet in helium arc.

108



2. Relationship between arc-anode attachment mode and temperature of metal electrode

100 J

<

98]
o

=

Arc current (A)

[F8)
[a—y

—
(e

656 nm (H)

500 nm (Ni)

Fig. 2.35 Voltage and current waveform of helium arc synchronized with anode temperature

distribution map, the snapshots of H emission and Ni emission when hydrogen concentration is
20vol% and the shield gas flow rate is 10 L/min.
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Fig. 2.36 Voltage and current waveform of helium arc synchronized with anode temperature
distribution map, the snapshots of H emission and Ni emission when hydrogen concentration is
20vol% and shield gas flow rate is 20 L/min.
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2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.37 Time average temperature of the anode surface in helium arc for different shield gas
flow rates when hydrogen concentration is fixed at 20vol%, (a) 0 L/min, (b) 10 L/min, and (c)
20 L/min, respectively.

111



2. Relationship between arc-anode attachment mode and temperature of metal electrode

3300
2340 |
o 3200 |-
:._,’ 2320 | X 3100
> (&3
2 ®
€ 0l % 3000
g ué_ 2900
= 2280 @ 2800
2260 2100
5 10 15 20 ] 0 2600 % 10 15 20 % 3
18000 Time ‘(ms) 7000 16000 . Time‘ (ms) 12000
) 17000,( | |5 15000t (bl) N
— > x =
S 16000 €<— 6500 o] 1S 14000 3
g | € 13000} 3
£ 15000 e | o
] 6000 o | = 12000k
< 14000 gl = g
2 13000 = |l =
g 5500 2] | £ 10000( E
12000 ~11© 9000t 7]
11000 5 10 15 20 75 35000 8000 3 10 15 20 25 36000
Time (ms) Time (ms)
3200
3000
3
(o]
£ 2800
o
8 2600 |
£
Q
'_

2400 |

2200

0 5 10 15 20 25 30
Time (ms)
28000 . 15000
3 ooy ch)
o 24000}
- 110000
§ 22000}
@«
4+ 20000
2,
% 18000 5000
£ 16000F
I35
O 14000
12000 . . . . . o)
5 10 15 20 25 30
Time (ms)

OUYS

Fig. 2.38 The waveform of highest temperature variation (upper) and synchronized time

variation of the anode jet area and the cathode jet area (lower) for helium arc with different

shield gas flow rates. (a)-(al), (b)-(b1), and (c)-(c1) correspond to shield gas flow rates of 0, 10,

and 20 L/min, respectively.
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Fig. 2.39 Effects of shield gas flow rate on (a) highest temperature, (b) standard deviation in
helium arc.

113
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Fig. 2.40 FE-SEM images of nickel nanoparticles in helium arc at different shield gas flow rates
when hydrogen concentration is 20vol%. (a), (b), and (c) correspond to shield gas flow rate of 0,
10, and 20 L/min, respectively.
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Fig. 2.41 Particle size distributions of the nanoparticles in helium arc at different shield gas flow
rates when hydrogen concentration is 20vol%. (a), (b), and (c) correspond to shield gas flow rate
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115

(-) aAneINWIND



2. Relationship between arc-anode attachment mode and temperature of metal electrode

Fig. 2.42 Representative snapshots of high-speed camera in argon arc when hydrogen
concentration is 30vol% and shield gas flow rate is 10 L/min. H emission is the upper one, and
Ni emission is the lower one.
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Fig. 2.43 Woltage and current waveform of argon arc synchronized with snapshots of H emission
and Ni emission when hydrogen concentration is 30vol% and shield gas flow rate is 10 L/min.

117



2. Relationship between arc-anode attachment mode and temperature of metal electrode

Cathode 2ms

Fig. 2.44 Representative snapshots of high-speed camera in argon arc when hydrogen
concentration is 30% and shield gas flow rate is 20 L/min. H emission is the upper one, and Ni
emission is the lower one.
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Fig. 2.45 \Woltage and current waveform of argon arc synchronized with snapshots of H emission

and Ni emission when hydrogen concentration is 30vol% and shield gas flow rate is 20 L/min.
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Fig. 2.46 The waveforms of anode and cathode jet area variation (upper) and synchronized arc

current and voltage waveforms (lower) for argon arc with different shield gas flow rates.
(a)-(al), (b)-(b1), and (c)-(cl) correspond to shield gas flow rates of 0, 10, and 20 L/min,
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Fig. 2.47 Effect of shield gas flow rate on the averaged anode jet area in argon arc.
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Fig. 2.48 FE-SEM images of nickel nanoparticles in argon arc at different shield gas flow rates
when hydrogen concentration is 30vol%. (a) and (b) correspond to shield gas flow rate of 0 and
20 L/min, respectively.
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Fig. 2.49 Particle size distributions of the nanoparticles in argon arc at different shield gas flow
rates when hydrogen concentration is 30%. (a) and (b) correspond to shield gas flow rate of 0
and 20 L/min, respectively.

123

(-) aAneInWND
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Fig. 2.50 Comparison of the effect of shield gas flow rate on evaporation rate of nickel anode
between helium arc and argon arc.
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Fig. 2.51 Effect of shield gas flow rate on average particle diameter in helium and argon arcs.
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Fig. 2.53 Conceptual diagram of the formation mechanism of different arc-anode attachment
modes.
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3. Relationship between Arc-Anode Attachment Mode and

Temperature of Carbon Electrode

3.1 Introduction

The arc discharge is an attractive method to prepare carbon nanomaterials with several
advantages (Keidar et al. 2011). Firstly, it is an environmentally benign technique without
generating any toxic by-products and hazardous gases. In addition, the high temperature of arc
plasma provides the products with fewer defects. Finally, high productivity in the arc discharge
method reduces the manufacturing cost.

The arc discharge method has also been employed to prepare lots of carbon nanomaterials
successfully. Fullerene was scraped from the chamber wall in helium arc discharge at low
pressure (Kratschmer et al. 1990); multi-wall carbon nanotube (MWNT) was collected from the
cathode deposit at low pressure argon arc (lijima 1991); single-wall carbon nanotube was found
in a “collaret” around the cathode deposit, the web-like structure suspended between cathode
and chamber wall, and cloth-like soot suspended in the chamber wall by using the catalyst in
helium arc (Keidar et al. 2008); and graphene flakes was produced in the inner wall of the
chamber under hydrogen atmosphere (Subrahmanyam et al. 2009).

In spite of considerable efforts on the arc discharge method, however, the formation
mechanism of carbon nanomaterial has not been understood yet. Understanding the
characteristics of thermal plasma is necessary to explain the formation mechanism of carbon
nanomaterial. The anode provides the sublimated carbon species for the production of carbon
nanomaterial, and the anode ablation rate determines the productivity. Therefore, in-depth

research into the anode region and anode phenomena is helpful to improve the production of
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carbon nanomaterial by the arc discharge method. There are three typical arc-anode attachment
modes at the anode boundary, diffuse attachment, multiple attachments, and constricted
attachment (Dinulescu and Pfender 1980; Sanders et al. 1982; Heberlein et al. 2010). The anode
attachment modes are the results of the competition between the cathode jet and the anode jet.
When the cathode jet is strong, the anode attachment mode is the diffuse mode. The arc
transitions to the multiple-attachment mode with reducing the cathode jet. Further decreasing
the cathode jet increases the current density, which leads to the strong anode jet flow and the
entrainment of cold gas along the anode towards the cathode. The increase of radial heat loss
due to the anode jet makes a single constricted attachment take over the most of the current and
stabilizes it. Heberlein et al investigated the formation mechanism and the characteristics of
arc-anode attachment modes with a water cooling metal anode (Yang et al. 2006; Yang et al.
2007; Heberlein et al. 2010). However, the arc-anode attachment modes in the carbon electrode
and the effect of attachment mode on electrode temperature fluctuation have not been reported.

The temperature of carbon electrode is an important parameter which affects the formation of
carbon nanomaterial and its characteristics. Consequently, an accurate temperature measurement
is required to understand the growth mechanism of carbon nanomaterial in dynamic interaction
between electrode and arc plasma. The measurement of electrode temperature, however, is
difficult by conventional methods owing to the strong radiation and dynamic behavior of the
arc.

In this chapter, the two-color pyrometry combined with a high-speed camera which employed
appropriate two band-pass filters was applied to measure the surface temperature of carbon
electrode during the arc discharge. The objective of this work is to investigate the effect of
arc-anode attachment mode on the electrode temperature behavior. In order to achieve the

purpose, the effects of arc current and electrode gap distance on arc behavior and anode
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temperature were investigated in helium and argon arcs. In addition, arc-anode attachment mode

and anode temperature behavior between helium and argon arcs were compared.

3.2. Experimental
3.2.1. Experimental Setup

Fig. 3.1 indicates the schematic illustration of an arc discharge system for preparing carbon
nanomaterials, and a high-speed camera system for temperature measurement, which is similar
to the setup for nickel nanoparticle production. A graphite anode rod (99.99%, Toyo Tanso Co.,
Ltd.) with an inclined top plane was put on a water-cooling copper plate. A graphite rod
(99.99%, Toyo Tanso Co., Ltd.) was placed at an oblique angle from the anode. More

information about this experimental setup was mentioned in chapter 2 in detail.

3.2.2. Experimental Conditions

The experimental conditions are shown in Table 3.1. The diameters of cathode and anode are
6 and 30 mm, respectively. The arc was generated for 5 min in helium or argon environment at
atmospheric pressure. The arc current was controlled at 100, 150, and 200 A when the electrode
gap distance was fixed at 3 mm. In addition, the electrode gap distance was controlled at 1, 3,

and 5 mm and the arc current was fixed at 200 A.

3.2.3. Temperature measurement

Fig. 3.2 shows the schematic illustration of two-color pyrometry for temperature
measurement of electrode surface during the arc discharge. This optical system has been
introduced in chapter. 2, band-pass filters were selected with no line emission in the bandwidth

of them. Optical emission spectroscopy (OES) measurements (iHR550, Horiba Jobin Yvon)
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were conducted to determine appropriate wavelengths. As shown in Fig. 3.3, two band-pass
filters of 763+3 and 880+5 nm were employed for the temperature measurement in helium arc
in order to eliminate the influence of line emission from the arc. In addition, according to OES
results in Fig. 3.4, two band-pass filters of 785+1.5 and 880+2.5 nm as suitable band-pass filter
were selected for carbon anode temperature measurement in argon arc.

As shown in Figs. 3.5 (a) and (b), images of the electrode in different wavelengths at 88045
and 763+3 nm were simultaneously recorded by the high-speed camera (FASTCAM-SA WTI,
Photron). As mentioned in chapter 2, plank’s law was used to evaluate 2-dimensional
temperature distribution of the electrode surface in two-color pyrometry. The frame rate was
fixed at 10,000 fps (frame per second) and the shutter speed was fixed at 20 ps. Since the
sensitivity of the high-speed camera was poor at a low temperature region, only high
temperature region where the temperature is over than 2,000 K was shown in the temperature

distribution map.

3.2.4 High-Speed Camera Measurements
In order to observe the dynamic arc behavior, the same high-speed camera with temperature

measurement was used at the frame rate of 10,000 fps and the exposure time of 20 ps.

3.2.5. Oscilloscope Measurement
Arc voltage and current were recorded by an oscilloscope (Scope Corder DL 850, Yokogawa)

at 10 MHz.

3.3. Results and Discussion

In order to investigate the relationship between arc-anode attachment mode and temperature
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behavior in helium and argon arcs, the effects of electrode gap distance and arc current were

discussed in this section.

3.3.1 Effect of Arc Current
(a) Arc-Anode Attachment Mode under Helium

Fig. 3.6 shows the snapshots of high-speed camera at different arc currents of 100, 150 and
200 A. A band-pass filter with the wavelength of 763+3 nm is used. Several small bright regions
appear on the anode surface randomly without periodicity at the lowest arc current of 100 A.
These bright regions represent the anode spot because of the high temperature of these regions.
It means that the multiple arc-anode attachment mode was formed (Heberlein et al. 2010). In
addition, multiple arc-anode attachment mode is also observed at 150 A. In contrast, a bright
region with a relatively large size appears on the anode surface when the arc current reaches to
200 A. In particular, the bright region rotates on the anode surface periodically. A single arc spot
is explained by the formation of diffuse attachment mode (Sanders et al. 1982; Heberlein et al.
2010). However, one bright region is separated into several small regions at 4 and 5 ms in Fig.
3.6 like as the multiple attachment mode. Therefore, the arc-anode attachment mode is the
mixture of diffuse attachment and multiple attachment modes, dominated by diffuse attachment
mode in the case of 200 A. As shown in Fig. 3.6, the rotation frequency of bright area is about
125 Hz when the arc current is 200 A. The Lorenz force induced by the arc itself contributes to
the periodical arc behavior (Collares and Pfender 1997). The reason for the rotation of arc spot
will be explained in next section.

In order to examine the characteristics of dynamic arc behavior, the change of arc voltage
according to time was traced. Fig. 3.7 shows the waveforms of the arc voltage and the

corresponding Fast Fourier Transform (FFT) spectra at different arc currents. These voltage
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waveforms exhibit similar shapes derived from the current ripple of the power supply. As a
result, the main frequency is 100 Hz which comes from the power supply. According to the FFT
spectrum of the voltage waveform in a wide range, the arc voltage fluctuated with high
frequency about 10 kHz in multiple attachments. Contrastingly, the relatively small amplitude is
noticed in the FFT spectrum of voltage waveform with the highest arc current of 200 A because
of the diffuse attachment mode. In addition to the common peak at 100 Hz and its harmonics,
the peak around 125 Hz is found at the arc current of 200 A. This characteristic frequency
corresponds to arc rotation which was measured by the high-speed camera in Fig. 3.6.

As demonstrated in Fig. 3.8, the frequency of arc spot on the anode surface was confirmed
when the frame rate of high-speed camera was fixed at 100,000 fps and the shutter speed was
fixed at 0.37 us. The arrow indicates one typical spot on the anode surface. The existence time
of one spot on the anode surface is about 0.08 ms which was calculated by the snapshot of
high-speed camera. The corresponding frequency is approximately 12.5 kHz, which confirms

the frequency around 10 kHz in multiple attachment evaluated by the FFT of voltage waveform.

(b) Anode Temperature under Helium

Fig. 3.9 shows the snapshots of electrode temperature distribution according to time at
different arc currents. The high temperature regions on anode surface and the bright areas in the
snapshots of high-speed camera in Fig. 3.6 are corresponding very well. At the arc current of
200 A, it was evaluated that the rotation frequency of high temperature region is about 125 Hz
which is the same as arc spot rotation as shown in high-speed camera.

Time average temperature distribution maps of anode surface are shown in Fig. 3.10. These
images demonstrate the average temperature distribution in 20 ms. Figs. 3.10 (a), (b), and (c)

correspond to the arc current of 100, 150, and 200 A, respectively. In contrast to the arc current
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of 100 and 150 A, the size of high temperature region (over than 2000 K) at arc current of 200 A
is larger, which is caused by large input power in the case of arc current of 200 A.

Fig. 3.11 indicates the radial temperature distribution from the central to the edge of anode
surface in helium arc when changing arc current. The radial temperature distribution was
calculated from the time average temperature distribution map in Fig. 3.10. The temperature at
the central of anode surface does not show big difference between 150 and 200 A, although the
input power is increased. It can be explained by the fact that the rotation of arc spot in diffuse
attachment at 200 A leads to low heat flux to the anode. Compared with the relatively high heat
flux at 150 A, there is no significant difference of temperature value in the central of anode
surface between 200 A and 150 A owing to the different arc-anode attachment modes. Different
temperature behavior between 100 and 150 A is caused by input power at the same attachment
mode. In addition, the temperature reduces along the radial direction gradually at arc current of
200 A. However, the temperature does not decrease along the radial direction gradually at 150
and 100 A. Since anode spots with the highest temperature distribute on the anode surface
randomly in multiple attachments, no significant temperature difference can be observed along
the radial direction in multiple attachments.

Fig. 3.12 shows the time variation of the anode temperature in central region for helium arc
during 30 ms. Figs. 3.12 (a), (b), and (c) correspond to the arc current of 100, 150, and 200 A,
respectively. The waveform of temperature fluctuation could not follow the waveform of arc
current in multiple attachments because arc spot moves with high frequency. As a result of the
rotation of arc spot in diffuse attachment, there is no clear relationship between arc current and
temperature variation. In particular, the temperature has higher fluctuation frequency when the
arc currents are 100 and 150 A. The high frequency of anode temperature fluctuation is

attributed to the formation of multiple arc-anode attachments. Contrastingly, four peaks about
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temperature fluctuation are clearly found during 30 ms at the arc current of 200 A. The
temperature fluctuation at 200 A is strongly influenced by the arc rotation, which can be seen
only in the diffuse attachment mode.

The FFT spectra of above temperature fluctuation are shown in Fig. 3.13 when changing the
arc current from 100 to 200 A. As shown in Figs. 3.13 (a)-(b), no significant peak can be
observed in the range of 0 to 500 Hz in multiple attachment modes when the arc currents are
100 and 150 A. However, Fig. 3.13 (c) indicates that a dominant peak around 125 Hz appears in
the diffuse attachment mode when the arc current reaches to 200 A, which is same as the
frequency of arc rotation evaluated by both the voltage analysis and the high-speed image
analysis. It can be deducted that the rotation of arc spot induces this characteristic frequency of

125 Hz in diffuse attachment at 200 A.

(c) Arc-Anode Attachment Mode under Argon

Fig. 3.14 shows the snapshots of high-speed camera in argon arc at different arc currents of
100, 150, and 200 A when the electrode gap distance is fixed at 3 mm. A bright region with a
relatively large size appears on the anode surface when the arc currents are 100 and 150 A,
indicating that the formation of diffuse arc-anode attachment mode (Sanders et al. 1982;
Heberlein et al. 2010). The diffuse attachment mode mixed with a small component of multiple
attachments is formed at the arc current of 200 A. However, no significant rotation can be
observed from the snapshots of high-speed camera in diffuse attachment mode for argon arc.

The waveforms of the arc voltage and the corresponding FFT spectra in argon arc at different
arc currents are shown in Fig. 3.15. Similar results to helium arc are obtained; the main
frequency is 100 Hz which derives from the current ripple of the power supply. Since all of the

attachment modes are dominated by diffuse mode, the FFT spectra of voltage waveform in a
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wide range do not show obvious amplitude by changing the arc current. In particular, no
significant amplitude can be seen at the arc current of 200 A, although there is small component
of multiple attachments. This is mainly caused by the fact that the component of multiple

attachments is too small to affect the fluctuation of voltage waveform.

(d) Anode Temperature under Argon

Fig. 3.16 shows the dependence of electrode temperature distribution on time for argon arc at
different arc currents. As shown in Fig. 3.16, the high temperature regions on anode surface are
in accordance with the bright areas in the snapshots of high-speed camera. Each temperature
distribution map doses not change with time at the fixed arc current, indicating argon arc is
relatively stable. In addition, Fig. 3.17 indicates time average temperature distribution of anode
surface in argon arc when changing the arc current. These average temperature distribution
images are calculated in 20 ms. The size of high temperature region (over than 2000 K)
increases with increasing the arc current due to the high input power, since all of these
conditions correspond to the diffuse attachment mode.

Radial temperature distribution of carbon anode in argon arc is shown in Fig. 3.18. The
temperature distribution was calculated based on the time average temperature distribution map
in Fig. 3.17. As a result of these conditions correspond to diffuse attachment, the temperature
decreases from the central to the edge of anode surface gradually. The size of high temperature
distribution region (over than 2000 K) is large at the arc current of 200 A, which comes from the
largest input power. Compared with helium arc, temperature is lower and the size of high
temperature region is smaller in argon arc when the experimental conditions are same.

Fig. 3.19 shows the time variation of the anode temperature in the central region for argon arc
during 30 ms when changing the arc current. Compared with the temperature fluctuation in

helium arc, no significant fluctuation can be noticed at different arc currents. The corresponding
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FFT spectra of temperature fluctuation are shown in Fig. 3.20. Figs. 3.20 (a), (b), and (c)
correspond to the arc current of 100, 150, and 200 A, respectively. A small peak at 100 Hz can
be observed in the range of 0 to 500 Hz in diffuse attachment mode, which depends on the

power supply.

(e) Comparison of Helium with Argon

As shown in previous section, there are obvious differences of arc-anode attachment modes
and temperature behavior in helium and argon arcs when changing arc current. Fig. 3.21 shows
the radial temperature distribution from the central to the edge of anode surface under different
gases. The typical results obtained at the arc current of 150 A and the electrode gap distance of 3
mm are chosen for comparison. As shown in this figure, the temperature at the central of anode
surface in helium arc is higher than that of argon arc. In addition, the radius of high temperature
region (over than 2000 K) is about 1.1 mm in argon arc, which is smaller than that of 1.8 mm in
helium arc. The main reason is related to the high thermal conductivity of helium and the
constriction of helium arc.

The highest temperature and standard deviation of temperature are compared between helium
arc and argon arc when changing arc current. The highest temperature region with the
corresponding size of 4x4 pixels was calculated from the time average temperature distribution
map in Fig.3.21. As shown in Fig. 3.22 (a), the highest temperature increases with increasing arc
current for helium and argon arcs due to the increase of input power. The highest temperature in
helium arc is higher than that of argon arc at the same experimental conditions. It can be
explained by higher thermal conductivity of helium and the constriction of helium arc. Fig. 3.22
(b) shows the standard deviation of temperature in helium and argon arcs. Because diffuse
attachment with significant rotation of arc spot is formed at 200 A in helium arc, temperature

also shows the largest standard deviation. There is no significant difference for the standard
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deviation of temperature between 100 and 150 A in helium arc, because the multiple
attachments are formed in these conditions. Because all of conditions correspond to diffuse
attachment in argon arc and the arc is relatively stable, no significant variation of standard
deviation of temperature can be observed by increasing the arc current in argon arc.

Fig. 3.23 indicates the evaporation rate of carbon anode in argon and helium arcs when
changing the arc current. It shows the same tendency with highest temperature variation as
shown in Fig. 3.22 (a). The evaporation rate increases with increasing arc current on account of
the high input power. In contrast to argon arc, the evaporation rate of carbon anode increases
dramatically in helium arc at the same arc current. All of these results can be explained by the
large heat flux to anode caused by the constriction of helium arc and higher thermal
conductivity of helium.

The transition of arc-anode attachment from multiple to diffuse can be obtained with
increasing arc current in helium arc. On the other hand, only diffuse attachment can be seen in
argon arc when increasing the arc current except a small component of multiple attachments at
high arc current of 200 A. Therefore, the arc-anode attachment mode is different between argon
arc and helium arc at the same experimental condition. This is strongly related to properties of
gas species and the formation mechanism of different arc-anode attachments. As discussed in
previous section, the differences of thermal conductivity and electrical conductivity between
helium and argon lead to different arc behaviors. Moreover, compared with helium arc, arc spot
without significant rotation is observed in diffuse attachment mode of argon arc. The mode for

explaining the rotation of arc spot will be introduced in next section in detail.

3.3.2 Effect of Electrode Gap Distance
(a) Arc-Anode Attachment Mode under Helium

Fig. 3.24 shows the snapshots of high-speed camera for helium arc at different electrode gap
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distances of 1, 3 and 5 mm when the arc current is fixed at 200 A. A band-pass filter which has
the wavelength of 763+3 nm is used for arc behavior observation. A bright region with a
relatively large size appears on the anode surface when the electrode gap distances are 1 and 3
mm. In addition, the bright region rotates on the anode surface periodically. As discussed in
previous section, it indicates the formation of diffuse attachment at the electrode gap distances
of 1 and 3 mm. The arc-anode attachment mode is the mixture of diffuse attachment and
multiple attachment modes and is dominated by diffuse attachment mode when the electrode
gap distance is 3 mm. Contrastingly, several small bright regions appear on the anode surface
randomly without periodicity at the largest electrode gap distance of 5 mm, indicating that the
multiple arc-anode attachment modes are formed (Heberlein et al. 2010). As shown in Fig. 3.24,
the rotation frequencies of bright area are about 190 and 125 Hz corresponding to the electrode
gap distances of 1 and 3 mm, respectively.

Fig. 3.25 shows the waveforms of the arc voltage and the corresponding FFT spectra at
different electrode gap distances. Similar to the results of the voltage waveform at different arc
currents, the main frequency is 100 Hz which derives from the current ripple of the power
supply. FFT spectra of the voltage waveform in a wide range indicate the arc voltage fluctuated
with high frequency about 10 kHz in multiple attachment mode. In contrast, the relatively small
amplitude of the peak is observed in the FFT spectrum of voltage waveform at the electrode gap
distance of 3 mm, it is related to the mixture of diffuse and multiple attachment modes. Two
peaks at 190 and 125 Hz are found in the FFT spectra of voltage waveform when the electrode
gap distances are 1 and 3 mm, respectively. These characteristic frequencies correspond to the

arc spot rotation as measured by the high-speed camera in Fig. 3.24.

(b) Anode Temperature under Helium

Fig. 3.26 demonstrates the snapshots of electrode temperature distribution according to time
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in helium arc at different electrode gap distances. The high temperature regions on anode
surface correspond to the bright areas in the snapshots of high-speed camera. It was evaluated
that the rotation frequencies of high temperature region are about 190 and 125 Hz corresponding
to electrode gap distance of 1 and 3 mm, respectively, which are the same frequency as the arc
spot rotation. Fig. 3.27 indicates time average temperature distribution map in helium arc at
different electrode gap distances when the arc current is fixed at 200 A. Figs. 3.27 (a), (b), and
(c) correspond to the electrode gap distance of 1, 3, and 5 mm, respectively. The size of high
temperature region (over than 2000 K) and the value of the highest temperature increase with
increasing the electrode gap distance. All of these results are related to the increase of input
power by changing arc current.

Fig. 3.28 shows the radial temperature distribution from the central to the edge of anode
surface in helium arc when changing electrode gap distance. As discussed in previous section,
radial temperature distribution is related to the attachment mode. Diffuse attachment leads to
radial temperature decreases dramatically, while the multiple attachments do not result in the
radial temperature decrease significantly due to the random distribution of anode spots. Because
multiple attachment modes are formed at the electrode gap distance of 5 mm, temperature does
not reduce gradually along the radial direction. In contrast, as a result of the formation of diffuse
attachment mode, the temperature reduces from the central to the edge gradually at the electrode
gap distances of 1 and 3 mm,

Fig. 3.29 indicates the temperature variation of anode surface with the time in helium arc at
different electrode gap distances when the arc current is fixed at 200 A. Figs. 3.29 (a), (b), and
(c) correspond to the electrode gap distance of 1, 3, and 5 mm, respectively. Almost six peaks
about temperature fluctuation are clearly found during 30 ms at the electrode gap distance of 1

mm, indicating the high frequency of temperature fluctuation at electrode gap distance of 1mm,
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which is larger than that of 125 Hz at the electrode gap distance of 3 mm. Contrastingly, the
temperature has higher fluctuation frequency when the electrode gap distance is 5 mm owing to
multiple arc-anode attachment mode.

Fig. 3.30 indicates the corresponding FFT spectra of anode temperature at different electrode
gap distances. Figs. 3.30 (a), (b), and (c) corresponding to the electrode gap distance of 1, 3, and
5 mm, respectively. In the range of 0 to 500 Hz, the dominant peaks around 190 and 125 Hz can
be observed in the diffuse attachment mode when the electrode gap distances are 1 and 3 mm,
respectively. These fluctuation frequencies of anode temperature come from the rotation of arc
spot evaluated by both the voltage analysis and the high-speed image analysis. However, as
shown in Fig. 3.30 (c), no significant peak appears in multiple attachment modes when the

electrode gap distance is 5 mm.

(c) Arc-Anode Attachment Mode under Argon

Fig. 3.31 shows the snapshots of high-speed camera for argon arc at different electrode gap
distances of 1, 3, and 5 mm and the fixed arc current of 200 A. A bright region with a relatively
large size and several small bright regions appear on the anode surface when the electrode gap
distances are 1 and 3 mm. Several arc spots with small size are explained by the formation of
multiple attachment mode (Heberlein et al. 2010). A single arc spot with large size is explained
by the formation of diffuse attachment mode (Sanders et al. 1982; Heberlein et al. 2010). As a
result, the mixture of diffuse and multiple attachment modes are obtained at electrode gap
distances of 1 and 3 mm. In addition, the arc spot rotates on the anode surface periodically at the
electrode gap distance of 1 mm, the rotation frequency is about 110 Hz. In contrast, no
significant rotation can be noticed at the electrode gap distance of 3 mm. However, only one
bright region like as the diffuse attachment mode can be observed when the electrode gap

distance is 5 mm. The formation of diffuse attachment at the largest electrode gap distance is the
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result of the largest amount of evaporation of cathode material (Table. 3.2). The evaporation of
cathode material leads to enhance the intensity of cathode jet. In contrast to helium, the rotation
phenomenon is not so significant in argon arc.

Fig. 3.32 shows the waveforms of the arc voltage in argon arc and the corresponding FFT
spectra at different electrode gap distances. Similar to results in helium arc are observed, the
main frequency of these voltage waveforms is 100 Hz derived from the power supply. As shown
in the FFT spectrum of the voltage waveform in a wide range, the arc voltage fluctuates with
high frequency about 10 kHz at electrode gap distance of 1 mm due to the large component of
multiple attachments, which is similar to the frequency of multiple attachments in helium arc.
On the other hand, no significant amplitude can be observed in the FFT spectrum of voltage
waveform at the large electrode gap distances of 3 and 5 mm because of the diffuse attachment
mode. The peak at 110 Hz is found in addition to the common peak at 100 Hz and its harmonics
when the electrode gap distance is 1 mm. As confirmed by high-speed camera, this

characteristic frequency corresponds to arc rotation.

(d) Anode Temperature under Argon

The snapshots of electrode temperature distribution according to time in argon arc at different
electrode gap distances are shown in Fig. 3.33. The high temperature regions on the anode
surface and the bright area in the snapshots of high-speed camera in Fig. 3.31 are corresponding
very well. It is evaluated that the rotation frequency of high temperature region is about 110 Hz
corresponding to the electrode gap distance of 1 mm, which is the same frequency with arc spot
rotation.

Time average temperature distribution map at different electrode gap distances are shown in
Fig. 3.34. The size of high temperature region (over than 2000 K) does not vary with the

electrode gap distance. However, the value of highest temperature at electrode gap distance of 5
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mm is lower than that of electrode gap distances of 3 and 1 mm. It can be explained by the fact
that diffuse attachment leads to low heat flux.

Fig. 3.35 shows the temperature distribution of carbon anode along the radial direction in
argon arc when changing electrode gap distance. The temperature decreases along the radial
direction gradually on account of the formation of diffuse attachment. As shown in Fig. 3.35,
the temperature value at the electrode gap distance of 5 mm is lower than that of 3 and 1 mm at
the fixed position. It is caused by different heat flux by changing arc-anode attachment mode.
As shown in the shapshot of high-speed camera in Fig. 3.31, the anode spot has relatively large
diameter at large electrode gap distance. As a result, the heat flux reduces with increasing
electrode gap distance, although the input power increases a little by increasing the electrode
gap distance (Table. 3.5). The effect of anode spot diameter is larger than the effect of the input
power when increasing the electrode gap distance. As a consequence, the temperature reduces
with increasing the electrode gap distance in argon arc when the attachment mode is diffuse
mode.

Fig. 3.36 shows temperature variation of anode surface with the time in argon arc at different
electrode gap distances when the arc current is fixed at 200 A. Figs. 3.36 (a), (b), and (c)
correspond to the electrode gap distance of 1, 3, and 5 mm, respectively. These figures shows
the temperature variation in the central region during 30 ms. Three peaks about temperature
fluctuation are clearly found during 30 ms at the electrode gap distance of 1 mm. In contrast, no
significant fluctuation can be observed at the electrode gap distances of 3 and 5 mm, since argon
arc is relatively stable in diffuse arc-anode attachment of. Fig. 3.37 indicates the corresponding
FFT spectra of anode temperature at different electrode gap distances. Figs. 3.37 (a), (b), and (c)
correspond to the electrode gap distance of 1, 3, and 5 mm, respectively. The dominant peak

located around 110 Hz can be noticed at the electrode gap distance of 1 mm. This fluctuation
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frequency drives from the rotation of arc spot. However, no significant peak appears when the
electrode gap distances are 3 and 5 mm, indicating argon arc is stable when diffuse attachment

is formed.

(e) Comparison of Helium with Argon

Fig. 3.38 shows the radial temperature distribution from the central to the edge of anode
surface under different gases. Temperature radial distribution in helium and argon arcs as a
typical example are selected for comparison when the arc current is 200 A and the electrode gap
distance is 3 mm. The temperature in helium arc is larger than that of argon arc at the fixed
position. This difference comes from the higher thermal conductivity of helium and the
constriction of helium arc.

The comparison of the highest temperature and standard deviation of temperature variation
between helium and argon arcs are shown in Fig. 3.39. Fig. 3.39 (a) indicates the highest
temperature variation in helium and argon arcs. The selected region corresponds to 4x4 pixels in
time average temperature distribution map. The highest temperature increases with increasing
electrode gap distance for helium arc, which can be explained by the increase of input power
and the transition of attachment mode from diffuse to multiple. However, the highest
temperature reduces with increasing the electrode gap distance in argon arc; it is related to large
size of arc spot in the case of large electrode gap distance As a result, the heat flux is lower in
diffuse attachment in argon arc. Fig. 3.39 (b) shows the standard deviation of temperature in
helium and argon arcs. The largest standard deviation at the electrode gap distance of 3 mm is
obtained in helium arc, which is caused by the rotation of arc spot in diffuse attachment. The
standard deviation of temperature reduces with increasing electrode gap distance in argon arc.
The rotation of arc spot at electrode gap distance of 1 mm leads to large standard deviation. In

addition, the stable arc at the electrode gap distances of 3 and 5 mm lead to the small standard
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deviation.

Fig. 3.40 indicates the evaporation rate of carbon anode in helium arc and argon arc at
different electrode gap distances when arc current is fixed at 200 A. The highest temperature
and the evaporation rate show the same variation tendency in helium and argon arcs. In contrast
to argon arc, carbon evaporation rate in helium arc is higher at the same experimental condition,
which can be explained by the constriction of helium arc and higher thermal conductivity of
helium. In the case of argon, anode evaporation rate decreases with increasing the electrode gap
distance at the fixed arc current of 200 A. As discussed in previous section, the heat flux is
mainly determined by the size of anode spot when the input power is similar (Table. 3.5). The
heat flux reduces with increasing electrode gap distance due to the formation of diffuse
attachment mode. Therefore, the smaller heat flux can be obtained at large electrode gap
distance in argon arc. Consequently, the evaporation rate reduces with increasing the electrode
gap distance in argon arc.

Fig 3.41 (a) shows the relationship between input power and the highest temperature in
helium arc and argon arc. The input powers are shown in Tables. 3.3-3.6. The highest
temperature in helium arc is higher than that of argon arc, although the input power in argon arc
is higher than that of helium arc. It can be explained by the constriction of helium arc and the
high thermal conductivity of helium. As discussed in previous section, the highest temperature
increases with increasing arc current in helium arc and argon arc. In addition, the highest
temperature increases with increasing the electrode gap distance in helium arc. However, the
highest temperature reduces with increasing the electrode gap distance in argon arc because of
the formation of diffuse attachment. Fig 3.41 (b) indicates the variation of evaporation rate of
carbon anode with input power in helium arc and argon arc. The same tendency with highest

temperature variation can be obtained. The variation of evaporation rate can be explained by the
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reason which is similar to the highest temperature variation.

According to the high-speed camera observation, the transition of arc-anode attachment from
diffuse mode to multiple modes occurs with increasing electrode gap distance in helium arc. In
contrast, the arc-anode attachment transitions to diffuse with increasing the electrode gap
distance in argon arc. The opposite tendency is caused by the different properties of argon and
helium. The different of thermal conductivity and electrical conductivity in helium and argon
lead to different arc behaviors. In addition, different heat fluxes between helium and argon arcs
lead to the variation of evaporation rate.

The representative model for explaining the rotation of arc spot is indicated in Fig. 3.42. The
unbalanced Lorenz force induced by the curvature of arc column is employed to explain the
rotation of arc spot. When the arc is generated between cathode and anode, the arc current
passed through the arc column, generating the self-induced magnetic field. As a result of the arc
current and the self-induced magnetic field, the Lorenz force is generated. Since the arc column
is axisymmetric, the directions of Lorenz force are toward to the central of the arc column,
Lorenz forces are balanced. Anode is evaporated by the heat flux from arc column when the arc
is generated, forming an evaporation hole on the anode surface. Therefore, the length of arc
column increases with increasing the depth of the evaporation hole. And then the anode spot
will move to a new position of the anode surface because of the Steenbeck’s minimum principle
(Finkelnburg and Maecker 1956). The arc column becomes curved due to the movement of
anode spot on the anode surface, which generates unbalanced Lorenz force, because the current
density at two sides of the curved arc column is different. When the arc becomes more curved,
the unbalanced Lorenz force becomes larger. The cathode spot moves due to the formation of
cathode deposit, which generates the curvature of arc column near the cathode. These two

unbalanced Lorenz force leads to the rotation of arc spot (Tanaka and Matsumura 2001).
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At steady state the Lorentz force and the aerodynamic drag should balance (Szentet et al 1990;
Wilson et al 2008). F4 represents the aerodynamic drag force and is represented by the
following equation:

Fq=05Cspu*d (1)
where, Cq is the coefficient of drag, p is the density of the gas through which the discharge
moves, U is the discharge’s tangential velocity, and d is the diameter of the anode spot. Typical
values of C,4 are on the order of 1 for a large range of Reynolds numbers (Gangoli et al. 2005).
The density of helium is approximately 0.1347 kg m3; and as shown in the snapshot in Figure
3.24, the typical diameter of arc column is on the order of 1.2 mm. The velocity u can be
calculated from the rotational frequency of discharge rotation and the diameter of the circle
traced by the anode spot using the following equation:
u=cfD (2)

where, f is the discharge rotational frequency and D is the diameter of the circle traced. A
typical frequency of rotation is 190 Hz, and from visualization, the typical corresponding
diameter is 8 mm. From these estimated values and using equation (2), u ~ 4.8 ms *. Using this
value in equation (1), a typical value of force is on the order of ~10° N. Therefore, the driving

force is also on the order of 10° N.

3.3.3 Formation Mechanism of Different Arc-Anode Attachment Modes

The arc-anode attachment mode is the competition of the cathode jet and the anode jet
(Sanders et al. 1982). Strong cathode jet results in the formation of diffuse attachment mode,
while strong anode jet leads to the constricted attachment mode. The transition between diffuse
attachment and constricted attachment is the multiple attachments. The schematic illustration for
the formation of different anode attachment modes is shown in Fig. 3.43. The formation

mechanism of different arc-anode attachment in carbon electrode is similar to that of metal
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electrode in chapter 2. As discussed in chapter 2, the evaporation of anode material plays an
important role in the formation of different arc-anode attachment modes. In this section, the arc
current and electrode gap distance as two main factors are discussed to explain the formation of
different attachment modes in helium arc.

Firstly, the effect of arc current on the formation of different attachment modes is explained at
the same electrode gap distance. The cathode jet intensity increases with increasing arc current,
on the other hand, the intensity of anode jet increases with increasing the arc current due to the
large anode evaporation rate. The relative intensity of cathode jet to anode jet should be
compared to explain the formation of different attachment modes. When the electrode gap
distance is fixed at 3 mm, the cathode jet is significantly week at low arc currents of 100 and
150 A. The evaporation of anode will generate a relatively strong anode jet. Therefore, the
multiple attachments are generated at arc currents of 100 and 150 A. However, the cathode jet is
dominated when the arc current is over than 150 A, because the effect of anode jet (evaporation
of anode) is weak when the arc current increases from 150 to 200 A. In this case, the increase of
input power could not affect the anode jet (evaporation of anode) significantly because of the
high sublimation temperature of graphite. Consequently, the attachment transitions from
multiple to diffuse when increasing the arc current at the fixed electrode gap distance of 3 mm.
The same reason can be used to explain the formation of arc-anode attachment in argon arc.
Since graphite has high sublimation temperature, the evaporation rate of anode in carbon anode
is lower than that of nickel anode. As a result, constricted mode is difficult to form in the case of
carbon electrode.

In addition, the formation of different arc-abode attachment modes is explained by changing
electrode gap distance at the same arc current. Large electrode gap distance leads to large input

power, which enhances the intensity of anode jet by increasing the evaporation rate of anode
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material. Meanwhile, the intensity of cathode jet becomes weak with increasing electrode gap
distance. These two reasons lead to the transition of attachment mode from diffuse mode to
multiple mode by increasing electrode gap distance, since the arc-anode attachment mode is the
competition of cathode jet and anode jet. Multiple attachments are formed at electrode gap
distance of 5 mm, because the cathode jet is weak and the anode jet is strong. And then cathode
jet become stronger and anode jet become weaker at the electrode gap distance of 1 mm,

forming diffuse attachment.

3.4. Conclusion

Multiple and diffuse arc-anode attachment modes were observed in helium and argon arcs.
Arc-anode attachment mode transformed from diffuse mode into multiple mode in helium arc
when increasing the electrode gap distance. Contrastingly, the attachment mode changed from
multiple mode into the diffuse mode in argon arc by increasing electrode gap distance. In
addition, low arc current led to the formation of multiple mode in helium arc. Contrastingly, all
of attachments were diffuses modes in argon arc when changing arc current at the fixed
electrode gap distance.

The arc spot has the frequency around 10 kHz in multiple attachment mode for helium and
argon arcs. However, the arc spot moved with a constant frequency in the diffuse attachment
mode of helium arc. In contrast, no significant rotation of arc spot was seen in diffuse
attachment of argon arc due to the relatively stable arc.

The temperature of carbon electrode was successfully measured by using two-color
pyrometry. The highest temperature in helium arc is higher than that of argon arc, although the
input power in argon arc is higher than that of helium arc. The main reasons are the constriction

of helium arc and large thermal conductivity of helium. In particular, the temperature behavior
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is decided by arc-anode attachment mode. The heat flux is low in diffuse attachment when the
input power is same. Arc-anode attachment mode and temperature behavior in carbon electrode
provide a new way to investigate the formation mechanism of carbon material by DC arc

discharge method.
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Table 3.1 Experimental conditions

Arc current [A] 100-200
Electrode gap distance [mm] 1,35
Arc voltage [V] 30-40
Pressure [kPa ] 101.3 (Atmospheric pressure)
Plasma gas Helium and Argon
Diameter of cathode [mm] 6
Diameter of anode [mm] 30
Discharge time [min ] 5-10
Cathode Graphite
Anode Graphite
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Table 3.2 Evaporation rates of cathode and anode when changing electrode gap distance at
200 A'in argon arc

. Cathode evaporation rate Anode evaporation rate
Electrode gap distance [mm] . )
[mg/min] [mg/min]
12.8 2.3
8.2 3.1
3.9 4.4
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Table 3.3 Input powers in helium arc when changing arc current

Arc current [A] 100 150 200
Electrode gap distance [mm] 3 3 3

Arc voltage [V] 22.8 22.7 22.1

Input power [W] 2280 3405 4420

Table 3.4 Input powers in helium arc when changing electrode gap distance

Electrode gap distance [mm] 1 3 5
Arc current [A] 200 200 200
Arc voltage [V] 19.6 22.1 25.8
Input power [W] 3920 4420 5160
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Table 3.5 Input powers in argon arc when changing arc current

Arc current [A] 100 150 200
Electrode gap distance [mm] 3 3 3

Arc voltage [V] 15.2 16.5 16.9

Input power [W] 1520 2475 3380

Table 3.6 Input powers in argon arc when changing electrode gap distance

Electrode gap distance [mm] 1 3 5
Arc current [A] 200 200 200
Arc voltage [V] 16.0 16.9 18.7
Input power [W] 3200 3380 3740
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Fig. 3.1 Schematic diagram of an arc discharge system for the preparation of carbon

nanomaterials by DC arc discharge method.
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Fig. 3.2 Schematic illustration of temperature measurement system by two-color pyrometry.

158



3. Relationship between arc-anode attachment mode and temperature of carbon electrode

2000 |
(a) 1200 | (b) :
_ 1500 | 1000 | 1
= —
< = 800 ]
2 1000 | >
G Z 600 | .
2z 2
= 500| | E 40} 1
200 i
O L L L L L 0 | | . 0
750 755 760 765 770 775 780 860 865 870 875 880 885 890
Wavelength (nm) Wavelength (nm)

Fig. 3.3 Optical emission spectra of helium arc at different wavelengths. The shadow region
indicates the wavelength of band-pass filter: (a) 7633 nm, (b) 880+5 nm.
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Fig. 3.4 Optical emission spectra of argon arc at different wavelengths. The shadow region
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Fig. 3.5 Images of the electrode at the wavelength of (a) 880+5 nm and (b) 763+3 nm recorded

by the high-speed camera, and (c) a corresponding temperature distribution map calculated by

Plank’s law based on radiation intensity from images (a) and (b).
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Fig. 3.6 Representative snapshots of high-speed camera for helium arc at different arc currents
when the electrode gap distance is fixed at 3 mm.
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Fig. 3.8 Representative snapshots of high-speed camera for helium arc at short exposure time of
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Fig. 3.9 Snapshots of temperature distribution map according to time in helium arc at different
arc currents when the electrode gap distance is fixed at 3 mm.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Fig. 3.10 Time average temperature distribution map in helium arc at different arc currents

when the electrode gap distance is fixed at 3 mm. (a), (b), and (c) corresponding to the arc
current of 100, 150, and 200 A, respectively.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

3 M
~— 3000 - . ]
2 200 A \’\_\
= -
s 2500 - —150 A f\ 7
o
o
& 2000 - ]
(¢b]
|_
1500 ]
1000 0.5 1 15 2

Distance (mm)

Fig. 3.11 Radical temperature distribution from the central to the edge of anode surface in
helium arc when changing the arc current.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

350 ‘ 350 ‘

300 | (a) ] 300 | (b) |
—~ 250 | 1~ 250} ]
S 200 - 8 200 |
= =
S 150 ¢ = 1501 |
£ E
< 100 ¢ 1 < 100} |

50 | ] 50 | ]

00100 200 300 400 500 00~"160 200 300 400 500

Frequency (Hz) Frequency (Hz)

350 (C) ‘ —

200 __ Rotation
— 0] frequency |
S 200 | ]
2
= 150} 1
E
<< 100} ]

50 | ]

0

0 100 200 300 400 500
Frequency (Hz)

Fig. 3.13 The FFT spectra of anode temperature in helium arc at different arc currents when the
electrode gap distance is fixed at 3 mm. (a), (b), and (c) corresponding to the arc current of 100,
150, and 200 A, respectively.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Fig. 3.14 Representative snapshots of high-speed camera for argon arc at different arc currents
when electrode gap distance is fixed at 3 mm.
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Fig. 3.15 Voltage waveform of argon arc at different arc currents: 100, 150, and 200 A when the

electrode gap distance is fixed at 3 mm. The corresponding FFT spectra of voltage waveform at

different frequency ranges.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Fig. 3.16 Snapshots of temperature distribution map according to time in argon arc at different
arc currents when the electrode gap distance is fixed at 3 mm.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Fig. 3.17 Time average temperature distribution map in argon arc at different arc currents when
the electrode gap distance is fixed at 3 mm. (a), (b), and (c) corresponding to the arc current of
100, 150, and 200 A, respectively.
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Fig. 3.18 Radical temperature distribution from the central to the edge of anode surface in argon
arc when changing arc current.
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Fig. 3.20 The FFT spectra of anode temperature in argon arc at different arc currents when the
electrode gap distance is fixed at 3 mm. (a), (b), and (c) corresponding to the arc current of 100,

150, 200 A, respectively.
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Fig. 3.21 Comparison of the radical temperature distribution between helium and argon arc
when the arc current is 150 A, and the electrode gap distance is 3 mm.

177



3. Relationship between arc-anode attachment mode and temperature of carbon electrode

3600 350

(a) (b)
- He 3007 _gpe *
O-Ar ) 250 | -O-Ar |

—o— ¢

w

=

o

o
T

!

200 - ]
150 + ]
100 + ]

7 —® 50
2800/ (1307 . ]

100 150 200 150 200
Arc current (A) Arc current (A)

w
o
o
o

Highest temperature (K)
5
Standard deviation (K)
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the arc current when the electrode gap distance is fixed at 3 mm.
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Fig. 3.24 Representative snapshots of high-speed camera for helium arc at different electrode
gap distances when the arc current is fixed at 200 A.
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Fig. 3.25 Woltage waveform of helium arc at different electrode gap distances: 1, 3, and 5 mm

when the arc current is fixed at 200 A. The corresponding FFT spectra of voltage waveform at

different frequency ranges.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Fig. 3.26 Snapshots of temperature distribution according to time in helium arc at different
electrode gap distances when the arc current is fixed at 200 A.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Fig. 3.27 Time average temperature distribution map in helium arc at different electrode gap
distances when the arc current is fixed at 200 A. (), (b), and (c) corresponding to the electrode
gap distance of 1, 3, and 5 mm, respectively.

183



3. Relationship between arc-anode attachment mode and temperature of carbon electrode

4000 ‘

—1 mm
3500 ~ —3 mm

Temperature (K)
N N w
o a1 ()
o (@) (@)
o o o

1500 |- .

005451 15 2 25 3

Distance (mm)

Fig. 3.28 Radical temperature distribution from the central to the edge of anode surface in
helium arc when changing the electrode gap distance.
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Fig. 3.29 Temperature variation of anode surface with the time in helium arc at different
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the electrode gap distance of 1, 3, and 5 mm, respectively.
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3. Relationship between arc-anode attachment mode and temperature of carbon electrode
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Fig. 3.31 Representative snapshots of high-speed camera for argon arc at different electrode gap
distances when the arc current is fixed at 200 A.
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Fig. 3.32 Woltage waveform of argon arc at different electrode gap distances: 1, 3, and 5 mm
when the arc current is fixed at 200 A. The corresponding FFT spectra of voltage waveform at
different frequency ranges.
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Fig. 3.33 Snapshots of temperature distribution according to time in argon arc at different
electrode gap distances when the arc current is fixed at 200 A.
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Fig. 3.34 Time average temperature distribution map in argon arc at different electrode gap
distances when the arc current is fixed at 200 A. (), (b), and (c) corresponding to the electrode
gap distance of 1, 3, and 5 mm, respectively.
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Fig. 3.35 Radical temperature distribution from central to edge of anode surface in argon arc
when changing the electrode gap distance.
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Fig. 3.36 Temperature variation of anode surface with the time in argon arc at different electrode
gap distances when the arc current is fixed at 200 A. (a), (b), and (c) corresponding to the at
electrode gap distance of 1, 3, and 5 mm, respectively.
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Fig. 3.37 The FFT spectra of anode temperature in argon arc at different electrode gap distances
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Fig. 3.38 Comparison of the radical temperature distribution under different gases when the arc
current is 200 A and the electrode gap distance is 3 mm.

194



3. Relationship between arc-anode attachment mode and temperature of carbon electrode

Highest temperature (K)
Standard deviation (K)

Electrode gap distance (mm)

350

300

250 L

200
150

100

2 3 4 5
Electrode gap distance (mm)

Fig. 3.39 Comparison of the highest temperature (a), standard deviation of temperature variation

(b) between helium arc and argon arc when changing the electrode gap distance.
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Fig. 3.40 Comparison of the evaporation rate of anode between helium and argon by changing
the electrode gap distance when the arc current is fixed at 200 A.
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4. Preparation of carbon nanomaterial on the anode deposit

4. Preparation of Carbon Nanomaterial on the Anode Deposit

4.1 Introduction

There has been dramatic interest in carbon nanomaterials since the discovery of fullerenes in
1985 (Shenderova et al. 2002). Since carbon nanomaterials have remarkable physical, chemical,
and electronic properties, they show great promise for many potential applications in a variety
of technological fields ranging from conductive and high-strength composites to
nanoelectronics (Baughman et al. 2002; Geim 2009; Gogotsi 2006; Maauter and Elimelech
2008). Therefore, much effort has been made to prepare carbon nanomaterials. For instance,
laser vaporization of carbon was introduced to synthesize fullerenes (Kroto et al. 1985);
chemical vapor deposition (CVD) method was used to prepare carbon nanotube and graphene
(YYacaman et al.1993; Kim et al. 2009); and mechanical exfoliation method was employed to
prepare graphene (Novoselov et al. 2004).

The arc discharge method has also been employed to prepare lots of carbon nanomaterials as
an environmentally benign technique. In particular, many investigations have been carried out
on the preparation of carbon nanomaterials on anode surface in the arc discharge method. For
example, bamboo-like carbon was prepared by using a catalyst under hydrogen atmosphere
(Kajiuraa et al. 2002). Carbon nanofiber, microfiber, and pillars were obtained on different
positions of the anode surface under hydrogen atmosphere (Luo et al. 2005). Moreover,
vertically-aligned carbon nanotube (CNT) was prepared by a catalyst-free hydrogen arc
discharge (Cai et al. 2012). According to these works, hydrogen atmosphere is considered as the
necessary condition for the growth of tube structured carbon materials on the anode surface. In
contrast, Jones et al. prepared MWNT from the anode deposit by arc discharge method without

hydrogen. They speculated that positive carbon ion contributes to the formation of MWNT
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(Jones et al. 1996). However, the equilibrium composition of carbon at high temperature arc
plasma indicates a relatively low concentration of positive carbon ion, in which the growth of
MWNT is difficult. Therefore, the growth condition of tube structured carbon materials on the
anode surface is still unclear.

The local temperature seems to be responsible for explaining the formation of different
products on the anode surface (Luo et al. 2005). However, a narrow electrode gap distance and
the strong radiation from the arc plasma in the typical arc discharge obstruct the temperature
measurement of electrode surface (lijima 1991). Therefore, report about the temperature of
anode surface is limited. Although the temperature of carbon anode was measured by an optical
pyrometer (Yusoff et al. 2006), the relationship between temperature and product was not
explained.

In the present work, the anode deposit composed of nano-graphite particles, MWNT, and
pyrolytic graphite was obtained on the anode surface by an atmospheric pressure helium arc
without catalyst. In addition, necklace-like carbon, and spherical carbon particle were prepared
on the anode surface, which is 3 and 5 mm away from the side of evaporation hole, respectively.
The temperature distribution of anode surface was measured by two-color pyrometry. Based on
measured temperature distribution, the formation mechanisms of those carbon nanomaterials

were explained.

4.2 Experimental
4.2.1 Experimental Setup

Fig. 4.1 indicates the schematic illustration of an experimental apparatus for the preparation
of carbon nanomaterials and the two-color pyrometry combined with a high-speed camera for

temperature measurement. It was introduced in chapter 3 in detail.
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4.2.2 Experimental Conditions

The anode was evaporated by the heat flux from the arc, leaving a hole at the arc attaching
region on the anode surface. Some of evaporated carbon species were deposited on the
peripheral area of the hole to form the anode deposit. Since the evaporated carbon species
adsorbed and diffused at the hot anode surface easily, the anode deposit attached to the anode
surface tightly. Meanwhile, some of evaporated carbon species formed the cathode deposit on
the cathode tip.

As demonstrated in Table 4.1, a graphite anode rod of 30 mm in diameter (99.99%, Toyo
Tanso Co., Ltd.) with an inclined top plane was put on a water-cooling copper plate. A graphite
cathode rod of 6 mm in diameter (99.99%, Toyo Tanso Co., Ltd.) was placed at an oblique angle
from the anode. The arc was generated for 5 min in helium environment at atmospheric pressure.
The arc current was controlled at 100, 150, and 200 A at the fixed electrode gap distance of 1
mm. In addition, different electrode gap distances of 1, 3, and 5 mm were used at the fix arc
current of 200 A. As shown in Fig. 4.1, the anode surface was observed through a viewport of

the chamber by the high-speed camera.

4.2.3 Temperature Measurement
As mentioned in chapter 3, two band-pass filters of 763+3 and 880+5 nm were employed to

measure the temperature of anode deposit in helium arc.

4.2.4 Sample Characterization
The morphological and structural characteristics of as prepared anode deposit were examined

by scanning electron microscopy (SEM: JSM-6610LA, JEOL). In addition, the microstructures
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of sample were investigated by transmission electron microscopy (TEM: JEM-2010F, JEOL) at
the acceleration voltage of 200 kV. Raman spectroscopy (NRS-2100, JASCO) with 514.5 nm

Ar" laser excitation was employed for analyses.

4.3 Results and Discussion
4.3.1 Effect of Arc Current

Table 4.2 indicates the growth rate of anode deposit and total carbon evaporation rate at
different arc currents. As shown in Table 4.2, the anode deposit growth rate increases with
increasing the arc current. This tendency is similar to the total carbon evaporation rate. Large
carbon evaporation rate leads to form a large amount of anode deposit. Therefore, the largest
anode deposit growth rate of 3.9 mg-min™ is observed with the largest total carbon evaporation
rate of 15.7 mg-min™ at the arc current of 200 A. Because less evaporated carbon scatters from
the plasma region in the case of low carbon evaporation rate, most of evaporated carbon species
are attached to the tip of cathode, leaving a small amount of carbon species to form the anode
deposit. The anode deposit growth rates of 0.69 and 1.8 mg-min™ are obtained, corresponding to
the arc current of 100 and 150 A, respectively. Therefore, the size of anode deposit is very small
in the relatively low arc current of 100 and 150 A.

Fig. 4.3 shows the SEM images of the typical product from the anode deposit according to
the arc current at the fixed electrode gap distance of 1 mm. Due to the relatively low arc current,
the anode deposit with a small amount can be obtained at the arc currents of 100 and 150 A. As
shown in Fig. 4.3 (a), irregular shaped graphitic particles less than 1 um were obtained when the
arc current is 100 A. Although the main products are still graphite particles, few tubes can be
seen in Fig. 4.3 (b) when the arc current is increased to 150 A. In contrast, the anode deposit

with the inner diameter of 8 mm and the outer diameter of 11 mm is obtained in the highest arc
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current of 200 A. Fig. 4.3 (c) demonstrates that a large amount of MWNTSs are observed in the
center position of the anode deposit at the arc current of 200 A.

Morphologies of the anode deposit are observed at different positions as shown in Fig. 4.4. A
low magnification SEM image of the anode deposit is presented in Fig. 4.4 (a) when the arc
current is 200 A at the electrode gap distance of 1 mm. A closed red circle indicates the side of
arc column. High magnification images at different positions which are indicated as (1)-(3) in
Fig. 4.4 (a) are shown in Figs. 4.4 (b)-(d), respectively. Lots of graphite particles are observed at
position (1) where the nearest position to the arc column is. In contrast, positions (2) and (3) are
far away from the arc column, and the corresponding temperatures are lower than that of
position (1). As shown in Fig. 4.4 (c), MWNT is obtained at position (2). Dome shaped
materials are observed in position (3) as shown in Fig. 4.4 (a). The fractured region of the dome
shaped product is demonstrated in Fig. 4.4 (d), the dome shaped product is composed of
extended graphite layers with preferred orientation, which reveals close similarity to pyrolytic
graphite. This structure is similar to the outer shell of cathode deposit (Ajayan et al. 1997).
According to the SEM image, the purity of pyrolytic graphite at the anode deposit can reach
over than 98% by counting the number of it. The high purity of pyrolytic graphite can be used as
electrochemical detector for liquid chromatography (Wightman et al. 1978), semiconductor, and
power conversion. Therefore, the growth temperature of graphite particles, MWNT, and
pyrolytic graphite decreases step by step, due to their different growth positions.

TEM images of the anode deposit obtained at 200 A for the arc current and 1 mm for the
electrode gap distance are demonstrated in Fig. 4.5. As shown in Fig. 4.5 (a), nano-graphite
particles with an irregular shape are observed. Moreover, fewer-layered graphene sheets with a
large size are obtained. Fig. 4.5 (b) indicates that the MWNT has the internal core of 3 nm in

diameter, and two sets of alternating parallel white and black fringes are clearly visible, which is

204



4. Preparation of carbon nanomaterial on the anode deposit

same as the typical MWNT from the cathode deposit by the conventional arc discharge method
(lijima 1991; Ebbesen and Ajayan 1992). Therefore, there is no difference between the MWNT

from the anode deposit and the typical arc-derived MWNT from the cathode deposit.

4.3.2 Effect of Electrode Gap Distance

Figs. 4.6 (a)-(c) indicate the morphologies of MWNT on the anode deposit when the
electrode gap distance is varied from 1 to 5 mm at the fixed arc current of 200 A. The growth
region of MWNT is indicated by a red rectangle in Figs. 4.6 (al)-(c1). As shown in Figs. 4.6
(a)-(c), the morphology of MWNT does not show significant difference when the electrode gap
distance is varied. However, the distance from the MWNT growth region to the edge of arc
column is 0.3, 0.6, and 0.8 mm, corresponding to the electrode gap distance of 1, 3, and 5 mm,
respectively. These different growth regions will be explained by the temperature distribution of
the anode surface when the electrode gap distance is changed. In addition, other two typical
compositions of anode deposit, nano-graphite particle and pyrolytic graphite are obtained in the

left-side and the right-side of MWNT growth region, respectively.

4.3.3 Effect of Different Collection Positions

Figs. 4.7 (a)-(b) correspond to the FE-SEM images of the products collected from 3 and 5
mm away from the anode evaporation hole, respectively. The product collected from 3 mm
away from the side of anode evaporation hole indicates the necklace-like carbon nanostructures
(Okuno et al. 2004). The diameter of the beads is about 60 nm. As shown in Fig. 4.7 (b), it is
spherical carbon particle with the average particle size of 70-80 nm for the carbon nanomaterial
which is grown in 5 mm away from the evaporation hole.

Figs. 4.8 (a)-(b) indicate the low and high magnification TEM images of necklace-like carbon.

As shown in Fig. 4.8 (a), the beads grow into a long neck randomly, necklace-like carbon
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usually curve smoothly and entangle together. However, the necklace-like carbon does not have
graphitic structure. This structure seems to be a transition between spherical particle and tube
structured carbon.

Figs. 4.9 (a)-(c) correspond to the Raman spectra of the anode deposit, the products collected
from 3 and 5 mm away from the side of anode evaporation hole, respectively. There are two
distinct peaks located at 1350 and 1584 cm™, corresponding to the D band and the G band,
respectively. The appearance of the D band is attributed to the induction of significant defects or
disorder in nanostructures (Ferrari 2007). The G band is common to all sp? carbon forms,
corresponding to high frequency E,q first-order mode (Pimenta et al. 2007). The intensity ratio
of Ip/lg provides an index to evaluate the quality of the carbon material. The values of Ip/lg are
0.21, 0.85, and 0.91 for the anode deposit, the products collected from 3 and 5 mm away from
the evaporation hole, respectively. Therefore, compared with products collected from other
regions of the anode surface, anode deposit has fewer defects. In contrast to the carbon
nanomaterial prepared by other methods, the carbon nanomaterials on the anode deposit indicate
fewer defects (Abdulkareem et al. 2007). Moreover, as shown in Fig. 4.9 (a), a narrow
full-width half-maximum (FWHM=24 cm™) in the G band indicates better crystallinity of the

anode deposit than the products from other regions of the anode surface.

4. 3.4 Formation Mechanism of Carbon Nanomaterial on the Anode Deposit

The difference between nucleation temperature and deposition temperature of carbon vapor
plays an important role in the formation different carbon nanomaterials. Therefore, the anode
surface temperature is employed to explain the formation of carbon nanomaterial on the anode
surface.

Fig. 4.10 shows the temperature distribution map of anode surface at 200 A and 1 mm for the

arc current and the electrode gap distance, respectively. Due to the small size of the anode
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deposit, the temperature distribution of the anode deposit is difficult to be measured when the
arc currents are 100 and 150 A. The black rectangle indicated in the figure means the typical
growth position of anode deposit at the arc current of 200 A. The temperature range of anode
deposit growth region is from 2400 to 3000 K. This result shows great consistency with the
modeling results of the anode temperature (Keidar and Beilis 2009; Keidar et al. 2006).
According to the SEM images in Fig. 4.4 (a), the corresponding growth temperatures of
pyrolytic graphite, MWNT and nano-graphite particles are in the range of 2400 to 2600, 2600 to
2700, and 2700 to 3000 K, respectively. The MWNT growth temperature is similar to
simulation result of some researches (Nardelli et al 1998). As a result of the different
thermodynamic stabilities among these carbon nanomaterials on the anode deposit,
nano-graphite particle with the least thermodynamic stability can be formed in the region with
relatively high temperature (Tomanek et al. 1993; Berber and Tomanek 2004). Because MWNT
is a thermodynamically stable material compared with nano-graphite particle, it grows in the
relatively low temperature. Pyrolytic graphite is the most thermodynamic stable material among
three typical products in this work; it forms in the lowest temperature region. The anode surface
acts as a substrate for the deposition of carbon vapor, which is similar to the formation of
pyrolytic graphite by CVD method (Moore 1987).

However, the growth temperature of necklace-like carbon and spherical carbon particle could
not be shown in Fig. 4.10, because of the week thermal radiation of carbon electrode in these
regions. According to the heat transfer on the anode surface, the growth temperature of
necklace-like carbon and spherical carbon particle is about 1200 K and 600 K, respectively
(Ostrogorsky et al. 2006). Spherical carbon particle is easy to be formed at the position with low
local temperature (Shenderova et al. 2002).

Fig. 4.11 shows temperature distribution maps of anode surface by changing the electrode gap
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distance at the fixed arc current of 200 A. According to the temperature distribution map, the
growth temperature of anode deposit increases with increasing the electrode gap distance. Since
the arc length increases with the electrode gap distance, the longer arc length leads to the higher
input power in the case of the same arc current. Therefore, the enhanced input power is
employed to explain the temperature variation. According to the SEM images in Fig. 4.6, the
corresponding growth temperature of MWNT can be obtained. The black rectangles in Figs.
4.11 (a)-(c) indicate the growth positions of MWNT at different electrode gap distances. The
same temperature range of 2600 to 2700 K is found for the growth of MWNT on the anode
surface when the electrode gap distance is changed, which confirms the grown region of
MWNT in Fig. 4.6.

Fig. 4.12 summaries the growth temperature of carbon nanomaterials on the anode deposit
under different experimental conditions. As shown in Fig. 4.12, the same growth temperature is
found for each carbon nanomaterial on the anode surface while the electrode gap distance is
changed. Pyrolytic graphite, MWNT, and nano-graphite particles are grown in the range of 2400
to 2600, 2600 to 2700, and over than 2700 K, respectively. Moreover, the suitable temperature
range of 2600 to 2700 K is required for the growth of MWNT on the anode surface rather than
the catalyst or the hydrogen atmosphere by the arc discharge method.

According to above temperature results, the growth mechanism of carbon nanomaterials on
the anode surface is shown in Fig. 4.13. In the case of high arc current, the strong cathode jet
results in scattering of evaporated carbon species from the arc column to form the anode deposit.
According to the temperature distribution of the anode surface, the corresponding growth
temperatures of pyrolytic graphite, MWNT, and nano-graphite particles are in the range of 2400
to 2600, 2600 to 2700, and over than 2700 K, respectively. The self-assembly formation of

carbon nanomaterial occurred when carbon vapor is quenched suddenly at the deposit position
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where the temperature is lower than the nucleation temperature of carbon vapor (Ebbesen and
Ajayan 1992; Gamaly and Ebbesen 1995; Takikawa et al. 2000; Nishio et al. 2004).

The quenching effect plays an important role in the formation of carbon nanomaterial on the
anode surface. As shown in Fig. 4.12, the deposition temperature of MWNT is in the range of
2600-2700 K. According to the homogeneous nucleation equation provided by (Girshick et al.
1990), the nucleation temperature of carbon vapor is calculated around 4000 K. Therefore, the
difference between nucleation temperature and deposition temperature is in the range of
1300-1400 K for the formation of MWNT. The quenching rate is calculated as the temperature
difference divided by the time interval. It is assumed that all of the precursors for forming
different carbon nanomaterials on the anode despite have the same velocity of 0.15 m/s, since
the size of anode deposit is small (Kundrapu and Keidar 2012). Therefore, the quenching rate
for the formation of MWNT is in the range of 1.6X10°-5X10° K/s. Moreover, the following
explanations can be used to demonstrate the formation of MWNT in detail.

Since the MWNT from the cathode deposit and the anode deposit have the same structure, the
vapor phase growth model can be employed to explain the formation of MWNT (Liang et al.
2012; Harris 2007). Because the growth area is out of the plasma region, the main precursors are
carbon atoms. Evaporated carbon atoms collide and coagulate with each other to grow into a cap
structure with multi-layers as a tip seed. This cap structure will grow into MWNT by the
incorporation of carbon atoms to the active edge site of dangling bonds when suitable
guenching condition occurs.

In contrast, nano-graphite particle is grown in the relatively high temperature, since its lower
thermodynamic stability than MWNT. The difference between nucleation temperature and
deposition temperature of is less than 1300 K. The quenching rate for the growth of

nano-graphite particle is in the range of 5X10°-6X10° K/s. On the other hand, the deposition
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temperature of pyrolytic graphite is in the region of 2400 to 2600 K. This temperature is
consistency with the deposition temperature (above 2300 K) of pyrolytic graphite by CVD
method (Moore 1981; Guellali et al 2008). The quenching rate for the formation of pyrolytic
graphite is in the range of 1.1X10°-1.6X10° K/s. This can be explained by the fact that
pyrolytic graphite is thermodynamically stable than MWNT, lower quenching rate is required.

In addition, the evaporated carbon species attach to a lower temperature region which is 3
mm away from the anode evaporation hole, forming the necklace-like carbon. Spherical carbon
particles are formed on the anode surface which is 5 mm away from the evaporation hole.
According to the heat transfer on the anode surface, the differences between nucleation
temperature and deposition temperature are about 2800 and 3400 K for the formation of
necklace-like carbon and spherical carbon particle, respectively. Based on the velocity
distribution for carbon nanomaterial synthesis by arc discharge method (Kundrapu and Keidar,
2012), the velocities of precursors are estimated at 1.5 and 3 m/s for the necklace-like carbon
and spherical carbon particle, respectively. Therefore, the quenching rates are 1X10° and 2 X
10° K/s corresponding to necklace-like carbon and spherical carbon particle, respectively.
Higher quenching rate contributes to the formation of necklace-like carbon and spherical carbon

particle (Sano et al. 2002; Okuno et al. 2004).

4. 3.5 Effect of Attachment Mode on the Purity of Carbon Nanomaterial

Fig. 4.14 indicates temperature variation of anode deposit region with time at different
arc-anode attachment modes in helium arc. The anode deposit temperatures at arc currents of
100 and 200 A and the fixed electrode gap distance of 3 mm are selected for comparison. As
discussed in chapter 3, these two conditions correspond to multiple attachments and diffuse

attachment, respectively. Although the average temperatures of anode deposit in different
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attachment modes are similar as 2,690 K for the multiple mode and 2,680 K for the diffuse
mode, the standard deviations of measured temperature are quite different as 181 K for the
multiple mode and 260 K for the diffuse attachment mode, respectively. According to Fig. 4.12,
these two positions correspond to the growth of MWNT. However, the temperature behavior in
different modes has a significant effect on the purity of carbon nanomaterial on the anode
deposit.

The corresponding SEM images of diffuse and multiple attachment modes are shown in Fig.
4.15. Figs. 4.15 (a) and (b) correspond to multiple attachments and diffuse attachment,
respectively. According to temperature distribution of the anode deposit, the MWNT with higher
purity is obtained in multiple attachment mode than that of diffuse attachment mode. The
temperature with large fluctuation results in the low purity of MWNT on the anode deposit in
the diffuse attachment mode.

Fig. 4.16 indicates the SEM images of anode deposit in argon arc at different magnifications.
According to the SEM images, there is no typical carbon nanomaterial can be observed on the
anode deposit. As a result of the low evaporation rate of anode material in argon arc, the
productivity of syntheses carbon nanomaterial is very low. Moreover, because of the
evaporation of cathode in argon arc, it is difficult to investigate the formation mechanism of
carbon material on the anode deposit in argon arc. The present work will not focus on the

carbon nanomaterial in argon arc deeply.

4. 4 Conclusion
The anode deposit composed of nano-graphite particles, MWNT, and pyrolytic graphite were
prepared from helium arc discharge under atmospheric pressure. In order to investigate the

growth temperature of these carbon nanomaterials, the temperature of anode surface was
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measured by two-color pyrometry successfully. Different products on the anode deposit can be
explained by different local temperatures of the anode surface. Deposition temperatures of
pyrolytic graphite, MWNT, and nano-graphite particles are in the range of 2400 to 2600, 2600
to 2700, and over than 2700 K, respectively. In addition, the deposition temperatures of
necklace-like carbon and spherical carbon particle are about 1200 K and 600 K, respectively.
Efficient quenching effect contributes to form thermodynamically stable material, such as
spherical carbon particle. Moreover, the MWNT was growth in the temperature range of 2600 to
2700 K, indicating that suitable quenching effect is the necessary condition for the formation of
MWNT rather than the catalyst or the hydrogen. Therefore, the quenching effect plays an
important role in forming different carbon nanomaterials selectively.

The effect of arc-anode attachment mode on the purity of carbon material from the anode
deposit was investigated; carbon nanomaterial with low purity on the special position of the
anode deposit was obtained due to the large temperature fluctuation caused by the rotation of

arc spot in diffuse attachment mode.
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Table 4.1 Experimental conditions

Arc current [A] 100, 150, 200
Electrode gap distance [mm] 1,35
Arc voltage [V] 15-25
Pressure [kPa ] 101.3 (Atmospheric pressure)
Plasma gas Helium
Anode diameter [mm] 30
Cathode diameter [mm] 6
Discharge time [min ] 5-10
Cathode Graphite
Anode Graphite
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Table 4.2. The growth rate of anode deposit and the total carbon evaporation rate by
varying the arc current.

Arc current [A] 100 150 200
Anode deposit growth rate [mg-min™] 0.69 1.8 3.9
Total carbon evaporation rate [mg-min™] 4.79 10.4 15.7
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Fig. 4.1 Schematic diagram of an arc discharge system for the preparation of carbon
nanomaterials by arc discharge method.
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Fig. 4.2 The photos of anode after discharging (a), and a part of anode deposit (b).
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Fig. 4.3 SEM images of the anode deposit according to the arc currents of (a) 100, (b) 150, and (c)

200 A.
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Fig. 4.4 SEM images of the anode deposit at the arc current of 200 A and the electrode gap

distance of 1 mm: (a) low magnification image; (b), (c) and (d) correspond to the positions
designated by (1), (2) and (3) in image (a), respectively.
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Fig. 4.5 TEM images of the anode deposit with different magnifications at the arc current of 200

A and the electrode gap distance of 1 mm.
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side

Fig. 4.6 SEM images of the MWNT obtained from the anode deposit at the fixed arc current of
200 A according to the electrode gap distance of (a) 1, (b) 3, and (c) 5 mm, respectively. The
red rectangle in the low magnification images of (al), (b1), and (c1) shows the growth region of
MWNT.
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Fig. 4. 7 FE-SEM images of the products on the anode surface: (a) 3 mm and (b) 5 mm away
from the side of evaporation hole.
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Fig. 4.8 (a) Low magnification and (b) high magnification of TEM image of the necklace-like
carbon obtained on the 3 mm way from the evaporation hole.
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Fig. 4.9 Raman spectra of the products from different positions of the anode surface: (a) anode

deposit, (b) 3 mm away from the side of anode evaporation hole, (¢c) 5 mm away from the side
of anode evaporation hole.
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Fig. 4.10 The temperature distribution map of the anode surface when the arc current is 200 A at
the fixed electrode gap distance of 1 mm. (1), (2), and (3) correspond to growth region of
nano-graphite particle, MWNT, and phyrolitic graphite, respectively.
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Fig. 4.11 Temperature distribution maps of the anode deposit when the electrode gap distance
varied at the fixed arc current of 200 A: (a) 1, (b) 3, and (c) 5 mm, respectively.
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Fig. 4.12 The growth temperature of carbon nanomaterials on the anode deposit under different
experimental conditions.
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Fig. 4.13 The growth mechanisms of carbon nanomaterials on the anode surface by arc
discharge method.
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Fig. 4. 14 Temperature variation of anode deposit region with the time at different arc-anode
attachment modes under helium plasma.
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Fig. 4.15 The effect of different arc-anode attachment modes on the purity of carbon
nanomaterial from the anode deposit in helium arc.
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Fig. 4.16 Typical SEM images of anode deposit in argon arc at different magnifications when
the arc current is 100 A and the electrode gap distance is 3 mm.
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5. Preparation of Carbon Nanomaterial in the Cathode

Deposit

5.1 Introduction
Cathode deposit as the main region of obtaining carbon nanomaterials attracts much
attention since the discovery of MWNT by arc discharge method (lijima 1991). Lots of carbon
nanomaterials including MWNT, polyhedral graphite particles (PGPs), graphene flakes, and
turbostratic graphite were grown in the cathode deposit (Liang et al. 2012; Liang et al. 2013).
However, the formation mechanism of theses carbon nanomaterials in the cathode deposit is
still unclear, although lots of efforts have been done. Moreover, the reports about the formation
mechanism of PGPs are limited up to now, although PGP is one of main product in cathode
deposit. The reason is that most of researchers paid more attention to the formation of MWNT,
because MWNT has lot of applications, such as field emitter, anode material for lithium-ion
battery, and hydrogen storage material and so on (Welna et al. 2011; Michael et al. 2013).
PGPs are polyhedral shape nanoparticles consisting of concentric graphitic shells. They
exhibit peculiar elasticity and stability under high pressure, which could be applied as solid
lubricant (Nakayama et al. 2004). Moreover, PGPs have the potential to be applied as an
electron field emitter (Wang et al. 2010) and super capacitor (Pech et al. 2010; Huang et al.
2010) because of their unique curvature. Therefore, the potential applications of PGPs attract
much attention.
In the past several years, the researchers provided lots of explanations about the formation
mechanism of MWNTSs, neglecting that of PGPs. lijima et al proposed the open-ended growth at

atomic level based on transition electron microscopy (TEM) observation, demonstrating an
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anisotropic growth of nanotubes (lijima et al. 1992). The lip-lip interaction model for the
stabilization of open growing edge of multi-wall nanotubes was suggested (Guo et al. 1995). In
addition, the growth of carbon nanotube was explained from the kinetic point in detail (Louchev
et al. 2003).

Although few mechanisms about PGPs formation have been proposed, the relationship
between PGPs and MWNTSs is still unclear. One researcher put forward that the bending of
graphite basal planes is favorable to the formation of PGPs by eliminating the dangling band
(Ugarte 1992). Although the growing condition of MWNTs was also described in Ugarte’s work,
the relationship between PGPs and MWNTs was not explained. Moreover, the mechanism that
carbon ions and C, cluster are the precursors for the growth of PGPs and MWNTSs from a similar
initial seed was suggested (Saito et al. 1993). However, the conditions about the growth of PGPs
and MWNTs were not explained in Saito’s work. Although they introduced electric field to
explain the growth of the nanotubes, many experiments and simulations confirmed that the
electric field is in fact neither a necessary nor a sufficient condition for the growth of carbon
nanotubes (Ebbesen 1994; Colbert et al. 1994). Moreover, the mechanism was suggested as
follows, the carbon atoms contribute to the formation of spherical carbon particles, while carbon
ions contribute to the formation of MWNTs (Gamaly and Ebbesen 1995). The discovery of
MWNTSs on the anode deposit confirmed that carbon ions are not the necessary condition for the
growth of MWNTSs by the arc discharge method (Jones et al. 1996; Kajiura et al. 2002).
Therefore, the mechanisms of PGPs and MWNTs involved remain rather poorly understood.
The lack of detailed understanding of these mechanisms has been a serious impediment to apply
the arc discharge method for the preparation of PGPs and MWNTs.

In the present work, the cathode deposit mainly composed of PGPs, MWNTS, graphene flakes,

and turbostratic graphite was selectively synthesized by arc discharge method when changing

235



5. Preparation of carbon nanomaterial in the cathode deposit

the arc current, the anode diameter, and the electrode gap distance. The relative ratio of carbon
ions to carbon radicals near the cathode tip was examined as an important parameter to control
the growth of these carbon nanomaterials. Based on the different energies of the precursors, the
mechanisms of carbon nanomaterial formation in the cathode deposit by the arc discharge

method are suggested.

5.2. Experimental
5.2.1 Experimental Setup

The schematic illustration of an experimental apparatus for the preparation of carbon
nanomaterial in the cathode deposit is shown in Fig. 5.1. The more detail information about this

experimental setup was mentioned in chapter 2 and chapter 3.

5.2.2 Experimental Conditions

As shown in Table. 5.1, a graphite cathode rod (99.99%, Toyo Tanso Co. Ltd) has the fixed
diameter of 6 mm. The arc discharge was operated for 8 min in helium environment at
atmospheric pressure for each experimental condition. The arc current was changed by 80, 100,
and 150 A at the fixed anode diameter of 30 mm and the fixed electrode gap distance of 1 mm.
For the anode size effect, different diameters of 10, 15, and 30 mm were used at the fixed arc
current of 100 A and the fixed electrode gap distance of 1 mm. In addition, the electrode gap
distance was changed by 1, 3, and 5 mm at the fixed anode diameter of 30 mm and the fixed arc
current of 100 A.

The anode was evaporated after igniting the plasma due to the high heat flux from the arc
discharge. Then, evaporated carbon was deposited on the cathode surface forming the cathode

deposit. As demonstrated in Fig. 5.2, the cathode deposit composed of a grey outer shell and a
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dark inner core was formed by the evaporated carbon from the anode. The inner core as the
main region for the growth of carbon nanomaterials was investigated. In addition, the
materials obtained from different regions of the experimental apparatus were analyzed to
examine the effect of carbon species and temperature on the products. Additional sampling
positions of carbon product were inner surface of the chamber, top surface of the anode holder,

side surface of the cathode, and top surface the anode.

5.2.3 Spectroscopic Measurements

As shown in Fig. 5.3, an optical spectrometer (iHR-550, HORIBA Jobin Yvon) with a CCD
detector (Synapse, HORIBA Jobin Yvon) was used to collect the information of excited species
in the plasma. An optical fiber was placed at the window of the arc chamber to measure the
plasma emission near the cathode tip. Based on the database of the National Institute of

Standards and Technology (NIST), the emission species were identified.

5.2.4 Sample Characterization

The morphological and structural characterization of as prepared products were examined by
field emission scanning electron microscopy (FE-SEM: S-5200, Hitachi), scanning electron
microscopy (SEM: JSM-6610LA, JEOL), transmission electron microscopy (TEM: JEM-2010F,
JEOL), and Raman spectroscopy (NRS-2100, JASCO) with 514.5 nm Ar" laser excitation. In
the analysis of Raman spectrum, three positions for each sample were measured, and the

average relative intensity was calculated for comparison.

5.3. Results and Discussion
5.3.1 Effect of Arc Current

Fig. 5.4 indicates FE-SEM images of the inner core of cathode deposit with different arc
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currents from 80 to 150 A at the fixed anode diameter of 30 mm. As shown in Fig. 5.4 (),
the cathode deposit is composed of dominant MWNTs with a few PGPs when the arc current is
80 A. It is clearly seen in Figs. 5.4 (b) and (c) that the main products are PGPs in relatively
high arc current conditions of 100 and 150 A. Typically, researchers study micrographs and
rely on counting the number of particles to determine approximate purity of particle content
(Coleman et al. 2000). As shown in the SEM image, the purity of PGP can reach to 92%. In
addition, the PGPs stack each other and the shape of PGPs turn into irregular in the highest
arc current of 150 A.

The internal structure of PGPs at the arc current of 100 A was investigated by TEM. As
shown in Fig. 5.5 (a), particles are obviously composed of overlapping PGPs with small amount
of carbon nanotubes. Most of particles are pentahedrons and hexahedrons with the average
particle size of 20-30 nm. In addition, Fig. 5.5 (b) reveals that PGP is made up of a faceted
concentric graphitic sheet, enclosing a void in the center. The size of internal empty space is
about 2 nm, which is larger than that of carbon onion (Ugarte 1995). On the other hand, the
interlayer spacing of 0.330 nm between the sheets of PGP is close to the ideal graphitic interlayer
space of 0.335 nm, which indicates that PGPs have graphitic structure.

The typical Raman spectra of the inner parts of cathode deposits are shown in Fig. 5.6
according to the arc current. The Raman spectra of MWNTSs are shown in Fig. 5.6 (a). There are
three distinct peaks located at 1350, 1584, and 2710 cm™, corresponding to the D band, the G
band, and the 2D band, respectively. The appearance of the D band is attributed to the induction
of significant defects or disorder in nanostructures (Ferrari 2007). The G band is common to all
sp® carbon forms, corresponding to high frequency E,, first-order mode (Pimenta et al. 2007).
Furthermore, the 2D band can be assigned to an overtone of the first order mode around 1350

cm™ which is related to a phonon near K point in graphene (Nemanich and Solin 1979). It is
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activated by the double resonance (DR) progress (Dresselhaus et al. 2010). As shown in Fig. 5.6
(b), similar results with MWNTSs are also observed in the Raman spectra of PGPs. It is expected
that the physical origin of these bands for PGPs may be similar to that of MWNTSs. In PGPs case,
however, the intensity of 2D overtone is found to be 4.5 times stronger than that of first-order G
band. This phenomenon is explained by the DR Raman scattering (Obraztsova et al. 1998;
Dresselhaus et al. 2005). PGP with highly curvature structure induces the coupled coherent
electronic states between the neighboring carbon layers, resulting in the enhancement of the DR
Raman. Although graphene also has a stronger 2D band than G band, PGPs have a much
broader and up-shifted 2D band with respect to graphene (Ferrari et al. 2006). Therefore,
according to this unique Raman characteristic in PGPs, the ratio of the integrated intensity of
the 2D band relative to the G band (I,p/lg) could be employed to estimate the relative ratio of
PGPs in the cathode deposit. In addition, as shown in Fig. 5.6 (c), the products exhibit similar
Raman spectra to Fig. 5.6 (b) when the arc current is 150 A, the intensity of 2D overtone is found
to be stronger than that of first-order G band.

As shown in Fig 5.7, the ratios of the integrated intensities of the D band relative to the G
band (Ip/lg) and the 2D band relative to the G band (l,o/lg) in Raman spectra are calculated to
explain structural variation of the products by changing the arc current. The intensity ratio of
Io/lg provides an index to evaluate the quality of the carbon material. A small Ip/lg value means
the higher structural perfection in the products. The I/l value changes from 0.095 to 0.10 when
the arc current changes from 80 to 100 A, indicating that MWNTs and PGPs have similar
structure perfection. The Ip/lgratio is 0.15 when the arc current reaches to 150 A. According to
FE-SEM results, high current results in the irregular form in the products, which leads to the
reduction of their structural perfection. Compared with the carbon allotropes prepared by other

methods (Sveningsson et al. 2001; Inoue et al. 2012), all of the samples have the low Ip/lg value.
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It indicates that the arc discharge is an effective method to prepare carbon allotropes with low
defects. Moreover, the intensity ratio of I,p/lg could be used to identify the relative ratio of
PGPs in the cathode deposit. The Ip/lg value reaches to the maximum of 2.89 when the arc
current is 100 A. The highest I,p/l value indicates the highest ratio of PGPs in the products, and
such result from the Raman spectra is consistent with the FE-SEM result in Fig. 5.4. The reason

for the highest ratio of PGPs in the products will be explained in the discussion section.

5.3.2 Effect of Electrode Gap Distance

Fig. 5.8 shows FE-SEM images of the inner core of cathode deposit with different
electrode gap distances from 1 to 5 mm. Fig. 5.8 (a) indicates that the cathode deposit is
mainly composed of PGPs with fewer nanotubes at the short electrode gap distance of 1 mm. As
shown in Fig. 5.8 (b), the products are the mixture of PGPs and graphene flakes when the
electrode gap distance is increased to 3 mm. Although the main products are still PGPs in the
case of 3 mm, these PGPs have irregular shapes and sizes compared with those in the case of 1
mm. In addition, Fig. 5.8 (c) shows the main products are graphene flakes and few PGPs when
the electrode gap distance is further increased to 5 mm.

TEM images in Fig. 5.9 provide the evidence for the internal structure of different cathode
deposits by changing the electrode gap distance. Figs. 5.9 (a), (b), and (c) are the TEM results
for the electrode gap distances of 1, 3, and 5 mm, respectively. Figs. 5.9 (al), (bl), and (c1)
correspond to the high magnification images of Figs. 5.9 (a), (b), and (c), respectively. As
discussed in the section of 5.31, Fig. 5.9 (a) shows the products are PGPs. The average particle
size is about 20-30 nm, and most of them are pentahedrons and hexahedrons. Figure 5.9 (b) and
Fig. 5.9 (b1) indicate that the products are composed of PGPs and graphene flakes, and the

PGPs have the sizes about 40-50 nm which is larger than that produced in the short electrode
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gap distance of 1 mm. However, graphene flakes that are composed of few layer graphenes are
observed in Fig. 5.9 (c) of the longest electrode gap distance. In addition, a turbostratic graphite
with different inter planar distances is found in Fig. 5.9 (c1).

Fig. 5.10 shows Raman spectra of the cathode deposits at different electrode gap distances.
As discussed in previous section, a strong G band at 1584 cm™, a peak D band appearing around
1350 cm?, and 2D band at 2710 cm™ are obtained. The narrowness of full-width at
half-maximum (FWHM, 20 cm™) in the G band of PGPs coincides with that of highly oriented
pyrolytic graphite (HOPG), which points to the high degree of structural perfection of graphitic
network in shells (Obraztsova et al. 1998). The Raman spectrum for the electrode gap distance
of 3 mm is similar with that of 1 mm. However, obviously low intensity ratio of I/l is found
when the distance reaches 5 mm. Therefore, the product in 5 mm case has a significant
structural variation from the product in 1 and 3 mm cases.

The ratios of the integrated intensity of the D band relative to the G band (Ip/lg) in Fig. 5.11
(a) and the 2D band relative to the G band (l,p/lg) in Fig. 5.11 (b) are calculated to explain
structural variation of the products when the electrode gap distances are changed. The intensity
ratio of Ip/lg provides an index to evaluate the quality of the carbon material. The lower of this
value means the higher structural perfection of the material. In Fig. 5.11 (a), the defects increase
with increasing the electrode gap distance, indicating that PGPs have better structural perfection
than graphene flakes and turbostratic graphite. The intensity ratio of Ip/lg in Fig. 5.11 (b) is
used to identify the relative ratio of PGPs in the products. Therefore, the content of PGPs in the

product is decreased with increasing the electrode gap distance.

5.3.3 Effect of Anode Diameter

The anode diameter has a significant effect on the products in the present work. Fig. 5.12
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presents FE-SEM images of the inner core of cathode deposit with different anode diameters
from 10 to 30 mm at the fixed arc current of 100 A. It is composed of PGPs dominantly with a
few nanotubes. As illustrated in Figs. 5.12 (b) and (c), the cathode deposits consist of
nanotubes with considerable high purity, wherein the purity of MWNTs increases with
reducing the anode diameter, reaching to 85% by counting the number of tubes.

Fig. 5.13 shows typical Raman spectra of the cathode deposits synthesized at different anode
diameters. Figs. 5.13 (a), (b), and (c) correspond to the anode diameter of 30, 15, and 10 mm,
respectively. The relative intensity of the 2D band is not stronger than the G band in MWNTSs,
because the double resonance (DR) progress is not significant in MWNTSs. Therefore, the 1p/lg
reduces with decreasing the anode diameter, because the content of MWNTSs increases in the
case of small anode diameter. The intensity of the D band in MWNTSs reduces with decreasing
the anode diameter in the comparison between Fig. 5.13 (b) and Fig. 5.13 (c).

Moreover, the structural perfection of MWNTs could be identified by the intensity ratio of
In/le as shown in Fig. 5.14. The Ip/lg ratio decreases from 0.23 to 0.049 when the anode
diameter reduces from 15 to 10 mm. The Raman spectra indicate that the MWNTSs have the high
purity and good structural perfection at the smallest anode diameter of 10 mm. These Raman

spectroscopy results are in good agreement with FE-SEM results.

5.3.4 Formation Mechanism of Carbon Nanomaterial in the Cathode Deposit

In order to investigate the effect of carbon precursor on the formation of different carbon
nanomaterial in the cathode deposit, the optical emission spectrum measurements were
conducted.

Fig. 5.15 shows the calibrated optical emission spectra of the plasma under different arc

currents to compare the relative ratio of carbon ions to carbon radicals near the cathode tip. The
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emission line of atomic carbon (CI) is at 247.8 nm, while peaks located at 283.6, 318.9, 392.1
and 426.7 nm are identified as singly ionized carbon (CII). Atomic helium peaks are located at
385.2, 402.6 and 447.1 nm. At last, the peak around 385.2 nm comes from C,. In the present
work, the major peaks of carbon ions at 283.6 nm and that of carbon radicals at 247.8 nm were
compared to evaluate the relative concentration of carbon ions to carbon radicals (Icuy/lcq)-

Fig. 5.16 presents that the relative intensity ratio of carbon ions to carbon radicals (Icqn/lcq)
increases from 0.34 to 0.60 when the arc current changes from 80 to 150 A. The input power
increases from 1.2 to 2.25 kW when the arc current changes from 80 to 150 A, resulting in the
increase of plasma temperature. The temperature plays an important role in controlling the
relative concentration of carbon ions to carbon radicals (Icay/lcgy). The higher plasma
temperature leads to the higher relative concentration of carbon ions to carbon radicals
(Tean/leq))-

Assuming that plasma is in local thermodynamic equilibrium state, Saha equation is used to

obtain the ionization fractions of individual species (Boulos et al 1994).

NeNypy1  Gelrir 2mTmekT

= 3/2exp(—E T
nr G, (—z )7 exp(—Ersa /KT)

where, n,.1 is density of atoms in ionization state r+1 (m™); n, is density of atoms in ionization
state r (m®); n. is density of electrons (m™); g. is the statistical weight of electrons (is equal to
2); G, is the partition functions of r-states; G,.; is the partition functions of r+1-states; m. is
mass of the electron (kg); E;.; represents the energy required for transforming an r-times
ionized atom into an r+1-times ionized atom (J); T is temperature (K); h is Planck's constant
(JS); k is Boltzmann constant (J/K).
G, = GﬁransGrrotG;Jib Grint
Gro1 = GG GHE GIng
where, G is the transition partition function of r-states, G/°¢ is the rotation partition
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function of r-states, G¥? is the vibration partition function of r-states, Gt is the internal
partition function of r-states, GE14™ is the transition partition function of r+1-states, G;9} is
the rotation partition function of r+1-states, G¥i is the vibration partition function of
r+1-states, GI, is the internal partition function of r+1-states. The Gf" isequal to G14",

Grot isequal to GI% ,and G isequalto GY.

NeNypy  2G.Y4 2mm kT

nT G;Tlt hZ

)%/ 2exp(—Ey41/kT)

Rewriting the Saha equation for the first ionization(r = 0, n,= n,), one finds that

nZ  2G{" 2mm.kT
ne = gt gz )P (=E/KT)

n = ny+ne (Ng denotes of all neutral particles)
P = (n+ ne)kT
where, P is pressure (Pa); T is temperature (K). Temperature was calculated by OES results. The
ionization degree « can be calculated based on the following definition.
o= ne/Ng+ne

@ 2Gint (2mm,)*2(kT)™
1—q? - Gé'nt h3p

exp(—E;/kT)

Gt /Gt s equal to 0.6 for carbon (Allen C.W. 1973). Therefore, the ionization degree can
be calculated. Fig. 5.17 indicates the ionization degree at different arc currents. The ionization
degree increases from 0.55 to 0.83 when the arc current is changed from 80 to 150 A. It is
attributed to the plasma temperature, higher temperature contributes to higher ionization degree.

Fig. 5.18 shows the calibrated optical emission spectra of the plasma under different electrode
gap distances to compare the relative ratio of carbon ions to carbon radicals. Because it is
difficult to obtain the emission spectrum in the shortest electrode gap distance of 1 mm, the
emission spectrum of 2 mm was chosen for comparison. In Fig. 5.19, the relative intensity ratio

of carbon ions to carbon radicals (Icqi/lcqy) increases from 0.47 to 0.88 when the electrode gap
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distance is changed from 2 to 5 mm. According to above comparison, the lowest relative
intensity ratio of carbon ions to carbon radicals (Icqn/lcy) is expected at the shortest electrode
gap distance of 1 mm.

The increase of relative intensity ratio of carbon ions to carbon radicals could be explained as
follows. The experimental results in Table 5.2 indicate that the cathode deposit growth rate is
similar even in the change of carbon evaporation rate according to the electrode gap distance.
Because carbon radicals scatter from the plasma region during attaching to the cathode in the
case of long electrode gap distance, while positively charged carbon species have the large
opportunity to attach to the cathode surface due to the effect of electric field. Therefore, the
relative concentration of carbon ions to carbon radicals increases with increasing the electrode
gap distance. In addition, the input power increases from 1.5 to 2.5 kW when the electrode gap
distance changes from 1 to 5 mm, resulting in the increase of plasma temperature. The
temperature has a significant effect on the relative concentration of carbon species. According to
the thermodynamic calculation, the main species are carbon ions and carbon radicals in the
thermal plasma temperature region (10000-15000 K), and the higher temperature leads to the
higher relative concentration of carbon ions. Fig. 5.20 shows the ionization degree results
calculated by the Saha equation at different electrode gap distances, the same tendency with the
ratio of carbon ion to carbon radical measured by OES is obtained, since plasma temperature
increases with increasing electrode gap distance.

The calibrated optical emission spectra of the plasma under different anode diameters and the
relative intensity ratio of carbon ions to carbon radicals (lcqiy/lcq) are shown in Fig. 5.21 and
Fig. 5.22, respectively. As shown in Fig. 5.22, the relative intensity ratio of carbon ions to
carbon radicals (Icqy/lc)) reduces from 0.37 to 0.18 when the anode diameter decreases from 30

to 10 mm. This result could be explained by different heat transfer according to the anode
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diameter. The anode is a heat conductive long rod that is cooled by contacting with ambient
helium from the side area by the convection. Moreover, the anode is also cooled by the cooling
water from its bottom side by the conduction. Both of convection and conduction increase with
increasing the contact area including lateral and bottom surfaces. The contact area increases
with increasing the anode diameter, thus the larger anode diameter means the larger anode
cooling effect. According to the energy balance equation for carbon evaporation (Fetterman et al.
2008), the carbon evaporation rate decreases with increasing the anode diameter. Measured
evaporation rates were 4.8, 10.6, and 27.3 mg-min™ for different anode diameters of 30, 15, and
10 mm, respectively. Since the same input power was supplied, the higher evaporation rate in
the smaller anode diameter contributes to the lower temperature of each particle. Moreover, the
higher evaporation rate results in the significant variation of the plasma, which reduces the
temperature of the evaporation particles. Therefore, the relative intensity ratio of carbon ions to
carbon radicals reduces with increasing the anode diameter. Fig. 5.23 indicates the ionization
degree calculated by the Saha equation when changing anode diameter. The ionization degree
increases with increasing anode diameter; it can be explained by the plasma temperature
variation at different anode diameters. Larger anode diameter leads to higher plasma
temperature and larger ionization degree due to low evaporation rate.

Compared with carbon radicals, the carbon ions have higher total energy. The total energy of
carbon radicals is the contribution of the dissociation energy and the kinetic energy. However,
the total energy of carbon ions is the contribution of the dissociation energy, the Kinetic energy
and the ionization energy. Moreover, the acceleration energy contributes to the total energy of
carbon ions due to the effect of electric field. Therefore, the energy of carbon species could be
evaluated by the relative intensity ratio of carbon ions to carbon radicals. The higher ionization

degree of carbon indicates the higher energy of carbon species. According to the different
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energies of the carbon species, the mechanisms of different carbon nanomaterial in the cathode
deposit could be explained.

In order to investigate the effect of carbon species and temperature on the product in arc
discharge method, the products obtained from different regions were investigated. Figs. 5.24
(a)-(d) show SEM images of nanostructured carbon materials obtained from inner wall of the
reaction chamber, top surface of the anode holder, side surface of the cathode, and top surface of
the anode, respectively. Figs. 5.24 (a) and (b) indicate that the samples are composed of
amorphous carbon with irregular porous structure. It can be explained by the quenching effect,
because both the chamber and the anode holder are water-cooled, the extremely sharp
temperature gradient from plasma region to the low temperature region is essential to cause
rapid solidification of the vaporized carbon, forming amorphous carbon. On the other hand, the
sample obtained from the side surface of the cathode in Fig. 5.24 (c) has relatively better
crystal-like morphology. Fig. 5.24 (d) indicates the product on anode surface is spherical
particle surrounded by amorphous carbon. This structure could be attributed to the annealing
effect because of high temperature on the anode surface. Fig. 5.24 (d) shows the best crystal-like
morphology compared with products from the other regions. Therefore, this sample was chosen
to take further TEM analysis for the investigation of microstructure in detail.

Fig. 5.25 shows particles on the anode surface as obtained by TEM. As shown in Fig. 5.25
(a), most of the products are composed of spherical nanoparticles with diameters about 20 nm.
Furthermore, no obvious internal structure could be observed in the high magnification image of
Fig. 5.25 (b). It indicates that high temperature condition on the anode surface is not necessary
for the growth of PGPs.

As shown in Fig. 5.26, the following mechanism about the formation of different carbon

nanomaterials in the cathode deposit could be explained in the present work. Firstly, carbon
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atoms evaporated from anode collide and coagulate with each other to grow into a cap structure
with multi-layers as a tip seed. The inter layers will be stabilized from van der Waals interaction
between shells (Ugarte 1992). When the carbon radicals are the dominant species near the
cathode region, this cap structure will grow into MWNTSs by the incorporation of lower energy
species of carbon radicals to the active edge site of dangling bonds. Because, the low energy
species of carbon radicals is enough to grow into thermodynamically stable material like as
MWNTs. Since the PGPs are thermodynamically unstable material compared with the MWNTS,
the carbon species with higher energy is required. Therefore, relatively higher concentration of
carbon ions to carbon radicals contributes to the growth of PGPs. PGPs prefers to be obtained
than the MWNTSs when the carbon ions is the dominant species, because PGPs could reduce the
active dangling bonds edge site in virtue of the irradiation of carbon ions (Silinskas et al. 2008).
Therefore, the higher energy of the precursors contributes to the formation thermodynamically
unstable material such as PGPs. Moreover, the energy level of the carbon species may be a
critical parameter that determines the self-assembly of different carbon allotropes. MWNTS are
not able to self-assemble and the main products are PGPs when the energy of the species is
above a certain threshold value.

The precursors with higher average energy contribute to the formation of thermodynamically
unstable materials when increasing the electrode gap distance. In contrast to PGPs, the graphene
flakes are thermodynamic unstable (Shenderova et al. 2002), therefore, the formation of
graphene flakes and turbostratic graphite could be explained by the higher average energy of
precursors in the longer electrode gap distance. It is suggested that these higher energy species
could support the tip structure to grow along the planar direction without bending the basal
plane to eliminate the dangling bands, which is similar to the point of view of some researches

(Volotskova et al. 2010; Guan et al. 2011). As a result, it grows into the graphene flakes (Scalese
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et al. 2010). However, considering the carbon species with different energy attach to the tip
structure from different directions may destroy the directional growth. In this case, the

formation of turbostratic graphite is expected.

5.3.5 Comparison of Cathode Deposit with Anode Deposit

The growth rate and deposition efficiency of anode deposit in comparison with cathode
deposit are shown in Figs. 5.27 (a) and (b), respectively. The deposition efficiencies are
calculated as the mass of anode or cathode deposit divided by total amount of evaporation
carbon. As shown in Fig. 5.27 (a), the anode deposit growth rate increases with increasing arc
current. Since the evaporation rate increases with arc current, large evaporation rate leads to
large amount of anode deposit. Therefore, the largest deposit growth rate of 3.9 mg-min™ is
observed at the arc current of 200 A. However, the cathode deposit growth rate reaches to the
maximum of 7.13 mg-min™ when the arc current reaches to 180 A, then reduces with increasing
the arc current. This result is attributed to the scatter effect of carbon species at large arc current.
Larger ratio of evaporated carbon species scatter from the plasma region to the outside of the
plasma, without forming the cathode deposit. Although large carbon evaporation rate can be
obtained at the large arc current, the growth rate of cathode deposit reduces when the arc current
reaches to some threshold value. On the other hand, as shown in Fig. 5.27 (b), the scatter effect
of the carbon species can be employed to explain the decrease of the cathode deposit efficiency
with increasing the arc current. In contrast, the anode deposit efficiency can be explained by the
increase of carbon evaporation, leading to more carbon species attach to the anode surface
forming the anode deposit. As shown in Table 5.3, the typical products of PGP, MWNT,
graphene flakes, and turbostratic graphite can be obtained from the cathode deposit, while

graphite particles, MWNTSs, and highly textured pyrolytic graphite can be prepared from the
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anode deposit. Therefore, the relationship among experiment parameters and the growth rate
and efficiency of deposits provides an index to obtain higher ratio of the desirable products by
selecting proper process parameters.

Fig. 5.28 shows the comparison of Raman spectroscopy between cathode deposit and anode
deposit. As discussed in previous section, the ratio of the integrated intensity of the 2D band
relative to the G band (l,p/lg) is an important parameter to determine carbon nanomaterial by
arc discharge method. As shown in Fig. 5.28, the value of I,p/lg decreases with increasing arc
current for the cathode deposit, and it is less than 1 at the arc current of 200 A, which mainly
depends on the composition of cathode deposit. The main product of cathode deposit is PGP at
the arc currents of 100 and 150 A, and the content of PGP reduces with increasing the arc
current. Therefore, the value of I,p/lg decreases with increasing the arc current. However, the
anode deposit is composed of nano-graphite particle, MWNT, and pyrolytic graphite, the value
of I,p/ls is less than 1. This value does not vary with arc current for the anode deposit, because

there is no change for the main composition of anode deposit when increasing arc current.

5.4 Conclusion

PGPs, MWNTs, graphene flakes, and turbostratic graphite were selectively synthesized in the
cathode deposit by arc discharge method. The purities of MWNT and PGP can reach to 85% and
92%, respectively, meeting the requirements for applications. According to OES results, the
relative ratio of carbon ions to carbon radicals near the cathode tip was employed to explain the
formation of these carbon nanomaterials in the cathode deposit. The obtained results can be
summarized as follows.
(i) The products are MWNTSs, PGPs, and defect PGPs, corresponding to the arc current of 80,

100, and 150 A, respectively.
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(i) The products are PGPs, MWNTSs, and high-purity MWNTSs when the anode diameters are 30,
15, and 10 mm, respectively.
(iii) Higher energy of the carbon precursors contributes to the formation of thermodynamically
unstable materials. MWNTSs could be synthesized by the precursors with relatively low energy.
In addition, graphene flakes and turbostratic graphite are formed in the long electrode gap
distance, due to the higher energy of the carbon precursors.

Furthermore, it provides an idea that the energy of the carbon precursor could be used to
control the formation of different carbon nanomaterials in the cathode deposit selectively by arc

discharge method.
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Table 5.1 Experimental conditions

Arc current [A] 80,100, 150
Electrode gap distance [mm] 1,35
Arc voltage [V] 15-25
Pressure [kPa ] 101.3 (Atmospheric pressure)
Plasma gas Helium
Anode diameter [mm] 10, 15, 30
Cathode diameter [mm] 6
Discharge time [min ] 5-10
Cathode Graphite
Anode Graphite

255



5. Preparation of carbon nanomaterial in the cathode deposit

Table 5.2 Experimental parameters and results when changing the electrode gap distance.

Electrode gap distance (mm) 1 3 5
Arc voltage (V) 15.0 18.2 25.0
Evaporation rate (mg-min™) 4.8 7.3 19.7
Cathode deposit growth rate (mg-min™) 3.4 3.4 3.0
Cathode deposit ratio (%) 71.7 46.6 15.3
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Table 5.3 Comparison of cathode deposit with anode deposit.

Cathode deposit Anode deposit
Condition Low arc current High arc current
Product PGP, MWNT, graphene flakes, and Nano-graphite particle,
turbostratic graphite MWNT, pyrolytic graphite
Precursor C,C,andC" C, C,
Mechanism Energy of precursor Quenching effect
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Fig. 5.1 Schematic diagram of experimental apparatus for the preparation of carbon

nanomaterials in cathode deposit.
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Cathode deposit|  Cathode deposit

Fig. 5.2 The photos of cathode deposit before separating with cathode (a), and after separating
with cathode (b).
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Fig. 5.3 The schematic of the optical system for the spectroscopic measurements.
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Fig. 5.4 FE-SEM images of the cathode deposit in different arc currents of (a) 80 A, (b) 100 A
and (c) 150 A at the fixed anode diameter of 30 mm.
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Fig. 5.5 TEM images of the cathode deposit with (a) low magnification and (b) high
magnification at the arc current of 100 A and the anode diameter of 30 mm.
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Fig. 5.6 Raman spectra of the cathode deposit according to the arc current at the fixed anode
diameter of 30 mm: (a), (b), and (c) correspond to the arc current of 80 A, 100 A, and 150 A,

respectively.
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Fig. 5.7 (a) the relative intensity of the D band to the G band (Ip/lg) and (b) the 2D to the G
band (I.p/lg) by varying the arc current.
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Fig. 5.8 FE-SEM images of the products at different electrodes gap distances: (a) 1, (b) 3, and
(c) 5 mm.
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Fig. 5.9 TEM images of the products at different electrodes gap distances: (a) 1, (b) 3, and (¢) 5
mm and their high magnification images of (al) 1, (b1) 3, and (c1) 5 mm.
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Fig. 5.10 Raman spectroscopy results according to the electrode gap distance.
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Fig. 5.11 (a) the relative intensity of the D band to the G band (Ip/lg) and (b) the 2D to the G
band (I.p/ls) by varying the electrode gap distance.
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Fig. 5.12 FE-SEM images of the cathode deposit in different anode diameter of (a) 30 mm, (b)
15 mm, and (c)10 mm at the fixed arc current of 100 A.
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Fig. 5.13 Raman spectra of the cathode deposit according to the anode diameter at the fixed arc

current of 100 A: (a), (b), and (c) correspond to the anode diameter of 30 mm, 15 mm, and 10
mm, respectively.
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Fig. 5.14 (a) the relative intensity of the D band to the G band (lp/lg) and (b) the 2D to the G
band (I.p/ls) by varying the anode diameter.
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Fig. 5.15 The optical emission spectra of the plasma by varying the arc current: (a) 80 A, (b)
100 A, and (c) 150 A.
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Fig. 5.16 The relationship between the relative intensity of carbon ions to carbon atoms
(Ican/lcqy) according to the arc current.
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Fig. 5.17 The relationship between ionization degree calculated by Saha equation and arc
current.
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Fig. 5.18 The optical emission spectra of the plasma by varying the electrode gap distance: (a) 2,
(b) 3, and (c) 5 mm.
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Fig. 5.19 The relative intensity of carbon ions to carbon radicals (lcu/lcg) according to the
electrode gap distance.
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Fig. 5.20 The relationship between ionization degree calculated by Saha equation and electrode
gap distance.
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Fig. 5.21 The optical emission spectra of the plasma by varying the anode diameter: (a) 30 mm,
(b) 15 mm, and (c) 10 mm.
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Fig. 5.22 The relationship between the relative intensity of carbon ions to carbon atoms

(Ican/lcqy) according to the anode diameter.
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Fig. 5.23 The relationship between ionization degree calculated by Saha equation and anode
diameter.
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Fig. 5.24 SEM images of the products sampled at different regions: (a) inner wall of the
chamber, (b) top surface of the anode holder, (c) side surface of the cathode, and (d) top surface

of the anode.
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Fig. 5.25 (a) Low magnification and (b) high magnification TEM images of the product on the
anode surface with fixed operating conditions of 100 A for the arc current and 30 mm for the
anode diameter.
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Fig. 5.26 Mechanism for the formation of carbon nanomaterials in the cathode deposit by arc
discharge method.
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Fig. 5.27 The growth rate of cathode deposit and anode deposit (a) and the efficiency of
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deposition (b) with changing the arc current.

284



5. Preparation of carbon nanomaterial in the cathode deposit

Cathode deposit

+ -
Anode deposit

00 120 140 160 180 200
Arc current (A)

Fig. 5.28 Comparison of the Raman spectroscopy of cathode deposit with anode deposit

according to the ratio of the integrated intensity of the 2D band relative to the G band (I,p/lg).
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6. Conclusions

6.1 Summary and Conclusion of Dissertation

The objective of the present study is to investigate two important electrode phenomena, the
electrode temperature and the arc-anode attachment by using DC arc discharge method for
nanoparticle preparation. Nickel and carbon as raw materials were selected due to their potential
applications. Anode surface temperature was measured by two-color pyrometry combined with
a high-speed camera which employs suitable band-pass filters during discharge. Therefore,
nanoparticle was selectively synthesized by investigating the relationship between arc-anode
attachment mode and anode temperature.

In chapter 1, the arc-anode attachment and the electrode temperature as two important
electrode phenomena were mentioned in DC arc discharge method. The research direction of the
nanoparticles synthesis by thermal plasmas was reviewed after the brief introduction of the
principal thermal plasmas process. Especially, the synthesis nanomaterial by thermal plasmas
was reviewed. The formation mechanisms of carbon nanomaterial were presented by arc
discharge method. At last, the objective of this dissertation was introduced.

In chapter 2, the relationship between arc-anode attachment mode and the temperature of
anode surface was investigated when using DC arc discharge method to prepare nickel
nanoparticle. Diffuse, multiple, and constricted modes were observed in helium and argon arcs.
The attachment mode transitions from diffuse mode to constricted mode when increasing
hydrogen concentration. The average particle size increases when the attachment mode
transitions from diffuse mode to constricted mode. Nickel nanoparticles with large productivity
and small size distribution were obtained in helium arc. The average nanoparticles size of 40 nm

with a narrow size distribution can be obtained by controlling shield gas flow rate in helium arc.
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In addition, anode surface temperature in helium arc was measured by two-color pyrometry
combined with a high-speed camera which employs suitable band-pass filters. Anode surface
with high temperature was obtained in constricted mode, due to the constriction of arc spot. The
anode jet variation follows the highest temperature variation. The cathode jet variation is
opposite to anode jet variation. In multiple attachment mode, the variation of cathode jet follows
the arc current variation. In contrast, the cathode jet variation could not follow the arc current
variation in constricted mode. The formation mechanism of attachment mode was considered to
result from the evaporation of anode material. Understanding the relationship between
attachment mode and temperature helps us to prepare nanoparticles with well-controlled of size
by controlling arc-anode attachment mode.

In chapter 3, the relationship between arc-anode attachment mode and the temperature of
carbon electrode was investigated. Multiple and diffuse arc-anode attachment modes were
observed in helium and argon arcs. The arc spot has the frequency around 10 kHz in multiple
attachment mode for helium and argon arcs. However, the arc spot moves with a constant
frequency in the diffuse attachment mode of helium arc. In contrast, no significant rotation of
arc spot rotation was observed in diffuse attachment of argon arc, due to relatively stable of arc.

The temperature of carbon electrode was successfully measured by using two-color
pyrometry. The highest temperature in helium arc is higher than that of argon arc, although the
input power in argon arc is higher than helium arc. The main reason is the constriction of helium
arc, and different arc behaviors between helium and argon. And the temperature behavior is
decided by arc-anode attachment mode. The heat flux is low in diffuse attachment when the
input power is same. Arc-anode attachment mode and temperature behavior in carbon electrode
provide a new way to investigate the formation mechanism of carbon material by DC arc

discharge method.
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In chapter 4, the formation mechanism of carbon nanomaterial on the anode deposit was
investigated. Nano-graphite particles, MWNT, and pyrolytic graphite were prepared at different
positions of the anode deposit. In addition, the necklace-like carbon and spherical carbon
particle were obtained on the anode surface. According to the temperature distribution of anode
surface, deposition temperatures of pyrolytic graphite, MWNT and nano-graphite particles are
in the range of 2400 to 2600, 2600 to 2700, and over than 2700 K, respectively. In addition, the
deposition temperature of necklace-like carbon and spherical carbon particle is about 1200 K
and 600 K, respectively. Efficient quenching effect contributes to the formation of
thermodynamically stable material. Moreover, the MWNT was growth in the temperature range
of 2600 to 2700 K, indicating that the suitable quenching effect is the necessary condition for
the formation of MWNT rather than the catalyst or the hydrogen.

The effect of arc-anode attachment mode on the purity of carbon material on the anode
deposit was investigated. Carbon nanomaterial with low purity on the special position of the
anode deposit was obtained due to the large temperature fluctuation caused by the rotation of
arc spot in diffuse attachment mode.

In chapter 5, the formation mechanism of carbon nanomaterial on the cathode deposit was
investigated. PGPs, MWNTs, graphene flakes, and turbostratic graphite were selectively
synthesized in the cathode deposit. The products are MWNTs, PGPs and defect PGPs,
corresponding to the arc currents of 80, 100, and 150 A, respectively, at the fixed electrode gap
distance of 1 mm and anode diameter of 30 mm. The products are PGPs, MWNTs and
high-purity MWNTs when the anode diameters are 30, 15, and 10 mm, respectively, at the fixed
arc current of 100 A and electrode gap distance of 1 mm. Graphene flakes and turbostratic
graphite were obtained at large electrode gap distance. The formation mechanism of these

carbon nanomaterials was suggested based on the OES results. Carbon precursors with higher
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energy contribute to the formation of thermodynamically unstable materials. Furthermore, it
provides an idea that the energy of the precursors could be used to control the different carbon
allotropes in arc discharge method. The optimum experimental condition for preparing different
carbon nanomaterials was summarized by comparing the anode deposit with the cathode

deposit.

6.2 Future Research Subjects
DC arc discharge method was employed to prepare nickel nanoparticle and carbon
nanomaterial by investigating the anode temperature and arc-anode attachment mode. Topics for

future research are as follows:

6.2.1 Further Investigation of Metal Nanoparticle Syntheses

For industrial application, investigation of the optimum condition with large productivity and
good arc stability is needed for applying DC arc discharge method to prepare metal
nanoparticles. For example, the effects of electrode gap distance, arc current, gas species, and
raw material on formation of different arc-anode attachment modes need to be investigated. In
addition, some external methods need to be developed to control the arc, such as improvement
of the setup or application of external magnetic field. Better controlling the arc contributes to
apply DC arc discharge method to prepare nanomaterial with high-volume production and good

uniformity.

6.2.2 Further Investigation of Carbon Nanomaterial Syntheses
Investigate the reason of arc spot rotation deeply. Using external magnetic field will help us

to understand this phenomenon very well. Similar to metal nanoparticle syntheses, controlling
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the arc should be conducted for applying this method to prepare carbon nanomaterial with
high-volume production. Therefore, the carbon nanomaterial can be synthesized selectively very
well by controlling the arc behavior.

Quenching rate plays an important role in the formation of carbon nanomaterial by arc
discharge method, one solution to calculate the quenching rate more precisely is needed for
better understanding the growth mechanism of carbon nanomaterial. In addition, the effect of
gas species on the formation different carbon nanomaterials contributes to understand the
formation mechanism of these carbon nanomaterials. Especially, the effect of hydrogen on the
formation carbon nanomaterial is still unclear. For example, some reports about using hydrogen
to synthesize graphene flakes, however, the real function of hydrogen on the formation of
graphene flakes is still unclear. It will be a big improvement if graphene flakes can be
synthesized by DC arc discharge method with high-volume production and good controllability.

At last, the potential applications of nickel nanoparticle and carbon nanomaterial will be
investigated. Especially, the application of PGP is an attractive field, since the report about

application of PGP is limited.
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