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Thermal plasma technology: the prospective futurein material
processing

Sneha Samal
Institute of Physics, University of Rennes 1, France

Abstract

An attempt is made to access the past, present fatude research and
development in thermal plasma processing of maserfa brief explanation from the
basic of thermal plasma understanding towards egipdin of technology in various areas
is covered in this article. Such as applicatiortharmal plasma in coating technologies,
synthesis of fine powders, waste destruction, smheation with densification of
powders and in slag metallurgy are described frben lab scale basis towards the
industrial utilization. Since plasma process isggoed by a large number of parameters
from input power to furnace configuration. Generatof thermal plasma and various
types of plasma reactor is discussed for contrillmesignificance of output attributes.
Finally drawbacks for the growth of thermal plasteahnology in commercial aspects
are covered up. Keeping in view, the future visiorthe area of plasma technology is
addressed in this article. Thermal plasma techiyoboyl its level of achievements in
laboratory and industrial benchmark are coverednughis article. A proposal of future
vision in thermal plasma technology draws the #&tienfor commercial benefits and
reaches in milestone in industrial area.
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1. Introduction
Plasma technology has emerged as a novel techiiaqudhe manufacture of

newer and better materials in recent years [1]. Aigh temperature together with the
high reactivity due to the presence of free iond mdicals makes the plasma a powerful
medium to promote chemical reactions [2]. Plasma aao be very well defined as a
physical state of high electrical conductivity wigaseous properties. Plasma can be
generated by passing an electric current througasa Thermal plasma is initiated when
electrons are accelerated between two electrodegi@seous environment. The electrons
speed towards the anode for collision reaction exaite the atoms or molecules in the
gas. The excitation can cause complete or paxiakzation. The additional electrons
freed by ionization are also accelerated towardsatinde and cause more collision and
further ionization. As a result highly conductivasgformed and current can pass in the
form of an electric spark. Collision between elens and larger particles become more
frequent, these collisions transfer the kineticrgnef the electron and recombination of
charged particles raise the temperature of theg3]Jag he ions/neutral atoms in plasma
are heated by colliding with electrons. When the particles attain the same energy as
electrons, the plasma has attended equilibriunthfergiven electrical energy input. The
conductivity of plasma increases with the numbeelettrons bombarding at the anode.
Thereby raising the temperature of the anode agelrfg from surface ions that can be
easily accelerates towards the cathode [4]. Theadtoof the plasma is described on the
basis of electron density as function of tempegiarpresented in Fig. 1. The various

zone of plasma is portrayed as the function ofghatectron density.



The temperature within the plasma is of the ordet@ to 10" K depends on the
degree of ionization. The electrons in the plasniagenerally be at 10,00tK. Due to
significant degree of ionization, plasma condudégstecity with a conductivity closed to
that of a molten salt state [5]. In comparison tdirary gas the free electric charges in
plasma give rise to high electrical conductivitync® gases at room temperature are
excellent insulators a sufficient number of chacgeriers have to be generated to make
the gas electrically conducting.

The plasma technology for industrial processesntisdly uses two different modes
such as “thermal plasma” or “hot plasma” and “nouibrium” or “cold plasma”.
Thermal plasma, is produced at high pressure (A#&) by means of direct (DC) or
alternating current (AC) or radio frequency (RFa@crowave sources with temperatures
around 2,000-20,000 K. Non equilibrium plasmaslanepressure plasmas characterized
by high electron temperatures and low ion and aétmperatures [6]. The schematic
diagram of hot plasma and cold plasma is desciibé&dy. 2. The thermal or equilibrium
plasmas are characterized by high energy densityquality in between the temperature
of heavy particles (1) and electrons @ , such as (= Te). Typical examples of thermal
plasma are DC transferred arcs, plasma torchefR&nhductively coupled discharges.
The second type of plasma is cold plasma charaetkby low energy density and large
difference between electron and heavy particle sratpre (T = Ty) [8-9]. Typical
examples are in glow discharges, low pressure Réhdrges and corona discharges. The
use of non equilibrium plasmas in lighting, surfatEaning, etching, film deposition, etc
has been well established. The use of thermal @lasrthe area of cutting, welding and

spraying has well known over the four decades. mhémplasma generation devices,



known as torches, produce plasmas with electron@ntemperatures of the order of 1-2
eV and with very low gas ionization. A plasma beaore commonly know as plasma jet
is produced from a plasma torch (also known ashdé®n). The plasma jet produces an
effluent over a wide range of composition and ofregaconditions over the controlling
parameters that can be easily controlled. The Wéghperatures, enthalpies and heat
fluxes obtained from the plasma jet are far higimt widespread application in material
processing. DC and AC torches can be divided irgnsferred and non-transferred arc.
However cold or non equilibrium plasma is produgeder vacuum conditions using low
power RF or microwave or DC sources [7]. The vagioategories of the plasma system
are presented as flow chart in Fig. 3.

Thermal plasma technology has passed through gugiraransition stage from
primarily space related activities in the sixtiesa more and more materials oriented
focus in the eighties and nineties. Space relad¢edis provided a strong impetus for basic
thermal plasma research and development [8]. Thee monventional applications of
thermal plasma technology cover nowadays on widectsppm of applications on
materials processing. Theses application of thepteima technology may be classified
as thermal plasma in cleaning technology such agendestruction, in particular toxic
waste materials [9] , coating techniques suchnatuding plasma spraying, plasma
chemical vapor deposition (CVD) , thermal plasmanietallurgy [10] , thermal plasma
synthesis of fine/ nano powders [11] and thermasmpia in extractive metallurgy,
including recovery of metal values in industriaplgation [12]. As conventional plasma
torches employ argon and nitrogen as plasma gaé#gsthe additives like hydrogen and

hydrocarbons or oxygen, the plasma gas entersethetion scheme, with the ions and



excited species. The versatility of the thermaspla techniques and its benefits favor the
adoption of technique by designing dedicated systeammeet specific requirements in
plasma processing system [13]. Thermal plasmantdohy is emerging as a new and
the most efficient technique in the field of maaéscience and materials processing [14].
Although thermal plasma has emerged from last cgnas one of the alternative
technique for materials processing and syntheglsasgap is observed in making the
process commercially effective in industrial apation. More electrical energy
consumption is the hurdle for making the procesmemical effective and commercial
benefit.

So here, in this overview, an attempt is madesgess the present situation in
these fields, basically in materials processingniwithe reach of industrial application in
commercial way with economical benefit. The mam & to investigate the application
of thermal plasma in the materials processing aitegtswill bring the prospective future
in industrial application on commercial way. Thécke will provide an overall platform
for the researchers and industrialist on the stafuthermal plasma technique and its
present status and utilization from laboratory es¢alindustrial market.

2. Application/ Opportunities

Thermal plasma technology is a tool for materitscessing that has been used
for over 45 years, since the development of théainplasma arc gas heaters. However,
the thermal plasma processes slowly fulfills theallgpment of applications and have not
reached the desired standard yet [15]. One of dengtial applications of thermal plasma
is in the areas of extractive metallurgy [16] fecovery of metal values from slag and

production of nitride areas such as AIN, SiGNgietc. The smelting part covers [17-20]



in process of metal alloying (Pt-based super-allayd Ni-based super-alloys). Also in
the areas of thermal plasma processing of metad pawder formation, refractory and
refining [21] and destruction of waste material][ZThe deposition areas covers [23]
coatings for corrosion and wear protection (witd reud as coating on metal to avoid
corrosion), thin film deposition, composite matkrraetal/Ceramic matrix materials and
superconductive oxide processing. Fig.4 portragsagpplication of plasma processing in
various areas from low cost technology towards leiggt manufacturing products.

The opportunities of thermal plasma technologyvadespread; however,
critical research and development needs must beessietl to enable more extensive use
of this technology. Thermal plasma processing ii$ ist the laboratory or pilot-plant
stage [24-25]. The potential of many thermal plagpmcesses seems to emerging as new
technologies; need to have a strong impact on ¢baamy. Fig. 5 displays the plasma
manufacturing process in various categories.

3. Thermal Plasma Characteristics

Thermal plasma is described as the bulk of thenpdaapproaches a state of local
thermodynamic equilibrium (LTE). LTE is generallxpdained as the thermodynamic
state approached by an optically thin (the plasmasdt absorb any of its own
radiation), collision dominated plasma in regiorithvgpatial variations are small enough
to allow the moving plasma species to adjust collly to their environment. Such
plasmas are used in large-scale pyrometallurgicatgsses that can be generated
exclusively from a high density arc discharge ogunfation. This arc or thermal plasma is
always derived from a cathode and terminates atraode. The specific shape and

composition of these electrodes are varied. EldeBshaped as rods, bottons, tubes or



rings are common. Rod and button electrodes ar@lysuade of throiated tungsten (2 to
3 per cent Thg) or graphite. This has led to the generally acmategorized of all

plasma devices into either transferred arc [26ham-transferred arc [27] systems. The
power generated by a given device is dependersayperating current and voltage and

is required to meet the energy needs of the process

The principal advantages of thermal plasmas foeras processing are the freedom in
choice of medium at high energy density (high dpedieat) with variable electrical
conductivity. The plasma generators have essentiab functions the transformation of
electrical energy into thermal or plasma energyl te transfer of the plasma energy to
the material. In order to utilize the advantagesheffmal plasmas, the energy transfer
should take place at temperature levels above 300@8]. The various zones of
temperature distribution in thermal plasma arc ah®mwn in Fig. 6. At these
temperatures, the energy transfer from the plasma tsolid or a cold reactant is

associated with strong gradients of temperatunesideand composition.

Plasma is generated by a current flowing in aiglgrtor fully ionized gas,
dissipating sufficient energy to keep the gas iediand conducting. Although electrons
oscillate the energy enhancement from the applledtree field, the high number of
collisions between electrons and other componehtthe plasma assure equilibrium
distribution of the internal energy. The requiremfam high collision frequencies sets at
lower limit of the thermal plasma in the range @ftveeen 0.01 and 0.1 atmospheric
pressure. Since in thermal plasma the moleculapooents are mostly dissociated and
atomic species are partially ionized, the energpdport occurs not only by transfer of

kinetic energy a# ordinary gases, but includes transfer of the lbéalissociation and



ionization [29]. Electrons transport heat more aééintly by thermal conductivity that
considerably higher than those of gases, and vahytamperature.

There are two types of discharges coniynosed for the generation of thermal
plasmas, the electric arc (DC or AC) [ 30] and hiigh frequency and radio frequency
(HF or RF) induction discharge. In the arc disckatbe plasma generating current flows
from one electrode to the other through the plag@hh The size of the plasma column is
determined by the balance of electric power disgipawith heat loss by conduction,
radiation and convection. Fig. 7 displays the sctendiagram of both non transferred
and transferred arc reactors. Energy densitiegaser for the specific gases (plasmagen)
the order of argon, nitrogen, helium, hydrogen [32]

Two principal uses of plasmas in materials processire the bulk heating/
reacting of reactants and the energy transfer tfiases. The principles of discharge of
plasma in materials processing is described asvo&lch as

» The raw material is passed directly through thetdisge; in this case the material
is exposed to the highest heating rates, and thvempadissipation will adjust to the
heating requirements and will only be limited bg lasma system design.

» The plasma is extracted from the discharge regioa Buperimposed flow, and
this plasma jet is used to treat the materials;imgibof the plasma jet with the
material or with a cold environment that limit tamount of energy available for
the treatment. Both, arc discharges and HF diselsaogn be used for these

arrangements.



» For the treatment of a metallic surface, an archdisge can be transferred to the
surface making it one of the electrodes; the highedace heating rates and most
efficient energy transfers are obtained in this way

Plasma generators are classified according tgémeration method as arc
discharge (DC or AC plasma torch) or HF inducticengrators. The arc discharge
requires emission of electrons from the cathodd,there are two basic mechanisms such
as

» Thermo ionic emission from a surface heated torgpézature allowing the escape
of sufficiently large numbers of electrons from tbenduction band; typically
temperatures above 3000 K are needed for this mmissiechanism, and
refractory metals like W are used to avoid bulktmgl addition of a low work
function material such as Th®@r Lg0; to the W will increase the number of
electrons emitted at a given temperature.

» Field emission of electrons due to high electradds in front of the surface; this
emission mechanism rarely provides a sufficient loeimof electrons for arc
plasmas, but a combination of field with thermotemission (TF emission), or
with an emission mechanism that creates evaporatites microscopically
provide a partially ionized metal vapor, is
the dominant provider of electrons with "cold cates' such as water cooled
copper [29].

Thermal plasma synthesis offers a versatile, ctfecteve technology for the
industrial scale production of many advanced malterior demanding applications in

high technologies industries. The need for materiaith improved physical and



mechanical properties for demanding applicationBeisoming increasingly apparent in
such high technical industries as aerospace, clasnielectronics, semiconductors,
transportations and nuclear power [33].

Plasma processing has inherent advantages in tbéugiion of advanced
materials such in the wide field of nano materias.high temperatures chemically
reactive species formed in the plasma through vapbase reaction may accelerate
chemical reactions for production of nano particl®esidence time in the high-
temperature zone is short and controllable. Thiétyabd quench rapidly from very high
temperatures produces spherical and ultrafinegbasti By suitable choice of feed gases,
reactions can take place in an inert atmosphera,snitable oxidizing, reducing or other
reactive environment. Starting materials (preciwgsoan be fed to the plasma reactors in
the powdered form. Generally, reactants can beechds avoid the production of
corrosive or toxic products e.g., metals can beafedxides rather than chlorides [34].

A major advantage of plasma processing is thag asnsequence of the rapid
guenching that can be achieved, materials can dduped in metastable stage under
ambient conditions means the materials that faffecdt in fabrication or synthesis
under more static conditions. The economics rel&ethermal plasma product of high-
value materials on the basis of purity and partgilee distribution is more attractive.
Thermal plasma processing is highly needed dueetdailowing reasons [35]

High surface area and high temperature strength

Reduction reactions

Highly endothermic reactions
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Volume of reactive zone (flame) expanded increpdine throughout using
suitable reactor.

Presence of ionic and excited species and higpeeature increases the reaction
kinetics.

Processing time reduced considerably

Flexibility in reactive gases such as Ag, i, etc.

Ore fines can be directly charged.

The high temperature and high energy density & tttermal plasma renders
relatively high output.

The plasma heating has wide flexibility on chaxg@recursors.

High energy density (10— 10 w/cm?) and high gas/ ion temperature
(~ 15,000 K)

Electric arc (plasmagen gas — Argon) (IP- 15.76 ev

Heat produced due to recombination and collision

Temperature: o 10K

Charged particle’s concentration: ao 10" /c.c

Thermal plasma is used in the production of metadsn ores are generally
referred to as “plasma metallurgy” for direct retioie of oxide ores, carbon reduction

smelting of metal oxides, decomposition of ores @atliction of chlorides etc.

The use of thermal plasma in extractive metallyB$} has the following advantages

1. It produces a continuously stable ultra high terapge and has a high rate of
heat transfer into the object to be heated, makinmpssible to achieve a
reaction that requires an ultra high temperature.adidition, the rate of

reaction increases exponentially as the temperates.
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2. It can be used with any kind of plasma generatageg according to purpose,
including inert gases, oxidizing gases and redugeses.

3. It is capable of continuous treatment of pulveripegterials; it is capable of
reduction and thermal decomposition of powdered tne feeding them into
high temperature plasma.

Evaporation loss is small as melting is carriedunder ordinary pressure.
Melting operation, such as output control is easy.

On the other hand, the obstacle in thermal plassn@onsumption of large
guantities of electric power and gas such as argomever many attempts were carried

out to reduce the energy consumption of thermapéaprocess as follows

6. Refining effect can be expected as melting is donmert or reducing gas
atmosphere.
7. Molten slag/metal reaction can be used for refirdg@n additional flux.

DC transferred-arc plasma technology is widely gmefd for metallurgical processing for
the following reasons [37].

The electrical supply characteristics and geowratriarrangement of the
transferred-arc furnace are similar to those ofveational submerged arc
furnaces, and the change to DC operation is relgtstraightforward.

Scale up to industrial operation, when a grapleiectrode is used, is now
feasible.

The use of an open bath of liquid slag and mdte @node) permits greater
control of the process metallurgy than with a chifda furnace (include the tap
hole in plasma reactor).

Transferred-arc devices have low cooling-watesdgs(usually less than 10 per

cent)
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The most important feature of DC operation is thiditg to sustain longer, more
stable arcs than AC operation, with independentectirand voltage control. As a result,
a significant reduction of electrode consumptidaceical disturbances, and noise can be
obtained. However, the thermal efficiency of fl@asma-arc furnace is lower than that
of a sub-merged arc furnace. Three factors ar@nsgpe as follows

I)  More energy is lost, by radiation from the open @and molten bath, to the walls
and roof of the furnace.

i)  Some vaporized material is lost to the off gasastrdrom the arc attachment
zone.

iii)  Little of the sensible energy of the gases evolsgadtilized in preheating the feed

material.

The open bath system provides opportunities foekwat process and product
control, but is limited by the loss of volatile magals to the off gases and by the
relatively high losses of power to the roof (5000 kW/nf). High throughput rates are
therefore necessary to offset the various mechanisimenergy loss. Industrial scale
implementation of DC plasma arc technology followgbidly on the demonstration
scale test work carried out at Mintek (companyadtahnesburg, South Africa). The first
two applications were for ferrochromium smeltingdaremelting of metal fines, and
ferromanganese fines melting [38].

In a comparison between DC, AC arc, and DC plagoma arc, the graphite
cathode DC arc provides the most efficient energigsfer, with the largest portion of the
arc power being transferred directly to the meheDC arc, with stable unidirectional
convention, is superior to the AC arc in transfegrits energy directly to the anode in a

metallurgical process. The consumable graphitdrelée is able to operate without water
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cooling at far higher current and power levels tlaaplasma torch with water cooled
metal electrodes. Thus the combination of DC poamt graphite electrode provides
greater and more flexible opportunities for comn@renetallurgical process. The
disadvantageous of DC, compared to AC, involve tleeessity for an electrical
connection to the liquid metal anode and the extoat and space required for
rectification. The major factor affecting electroderosion is the arc current.
Consequently, for a particular power requirementy decrease in the current arising
from an increase in the voltage implies a decreasglectrode consumption. At high
currents, the electrode erosion rate is lower f@phite than (the major competitor in
transferred-arc devices), thoriated tungsten. Hewnethe improvements in arc stability
have usually been accompanied by additional casth ss inert gas injection, water
cooling of the plasma device, or rectification bk tpower supply. Hollow graphite
electrodes are usually used as cathodes, but w@bézd electrodes have also been used.
Graphite electrodes are preferred for most purpasebey impose no limits on current,
are simpler and introduce no source of water inéoftirnace [39].

3. Thermal Plasma Generators

Thermal plasma jets are generated in direct amunaiting current arc discharges. Main
requirements for industrial plasma generators heepower efficiency and continuous
service life. High frequency (HF) (0.5-5 MHz) phaatrons for power up to 1 MW have
efficiency 50-75%. In arc-plasmatrons the dischasgburning between rod or tubular
electrodes and is stabilized by the flow of a plasarming gas. The arc discharge is fed
by direct or alternating current from 100A up to KA on voltage level from 50 up to

1000V. Arc plasma generators operating at hight¢uj00 bars) and low (up to 10-4 bar)
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pressure, with a hollow cathode as well as pulseptasmatrons. In high frequency
plasmatrons, HF plasma jets are not contaminategrégucts of electrode erosion and
are essentially pure. HF induction plasmatrons @nep level 0.5-1 MW with frequency
about 0.5 MHz may operate both with quartz and hnet#ischarge chambers on various
plasma forming gasses including oxygen, chlorire\apors of reactive substances.

The plasma arc generators are divided into narstesred arc plasma
torch and transferred arc plasma torch. The headifigiency ranges between 50% and
90% and increases with the increase of the gasemusUse of non reactive plasmas, for
instance argon, maximizes the electrode life, lmarelhses the thermal efficiency. It has
been mainly used for the pyrolysis of liquid orviraste materials destruction and nano
powders formation [40]. The interaction of the osive elements leads to high erosion
rates requiring frequent change of the electroddwerefore, the reactants are more
frequently injected into the plasma jet downstredrtne electrodes.

3.1. DC Non-Transferred Arcs

In the non-transferred arc torch the two electsode not participate in the
process and have the sole function of plasma geowerdt produce a high temperature
plasma jet that allows the material to be processedbe injected for in-flight melting
operation. The plasma jets have maximum temperatutbe order of 12,000 K and
velocities as high as 600 m/s. The couple of ebeets could have different geometry; a
cylindrical bar (cathode) and a hollow cylinder dde) or two coaxial cylinders that
could operate with opposite polarities. The elet#so are generally water cooled and
many designs use magnetic axial fields generated diyect current passing through a

coil that surrounds the electrodes. Non transfearedorches are available with levels of
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power between 1kW to 6MW. Fig. 8 shows the schemditigram of the non transferred
arc reactors use in thermal plasma synthesis af particles [41].
3.2. DCTransferred Arcs

In the transferred arc reactors, one of the aldes (anode) is external, so that the
arc has transferred to the external anode coreditity an electrically conductive
material. This allows the use of extremely elevatieekmal fluxes for the substance
treatments (metal melting, slag vitrification). Whe transferred arc, the physical
separation between the cathode and the anodeattvedy large. The plasma arc length
can be from few centimeters to almost a meter gh lgower industrial furnaces. Such
plasma generating devices can be operated withnanal plasma gas flow rate for a
given power level compared to DC non transferred@nrches.

The substance is placed in an electrically groundethllic vessel acting as anode.
The arc initiates between the cathode and the ic@mtaarrying the substance to locally
elevated temperatures; the substances are liquefida$equently vitrified reaching the
complete inertisation. The cathode can be consdubly a water cooled metal or by
consumable through sublimation conductor matefiaé consumable cathode generally
graphite has the advantages that some time it asldeductant in slag metal extraction.
The disadvantage is that it contaminates the ptsdwith carbon and requires a more
frequent substitution. The non consumable electdue/e generally a longer life but
need more attention to prevent erosion from caugiuigl leaks inside torch. The
transferred arc reactors had been initially devedofor metallurgical processes with
power up to many MW and therefore, transferring ttdichnology to the toxic waste

destruction has been very rapid and easy. Thestoreacan have heating efficiencies
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higher than 90% with limited requirements of gasetiaw for the plasma generation.
Fig. 9 display the schematic diagram of static tradsferred arc reactor [42].
3.3.  TheExtended Arc

The electrical characteristics of the conventiocatbon arc can be improved
significantly by the introduction of an appropriaec stabilizer into the arc zone. This
modified or extended arc that can be created betwlee graphite electrodes is much
more stable than the conventional carbon arc. Thisstechnique provides an alternative
to both the conventional plasma furnace that tlesmh is generated with in a non
consumable electrode or a plasma gun, and the aat@n arc furnace. Usually argon is
introduced into the arc zone through an axial hafl®ne of the electrodes. Once the
electrodes are hot, the gas ionizes quite reddily.then possible to extend the arc length
considerably. At the same time the noise leveédkiced dramatically. Fig. 10 shows the
transferred arc reactor in extended arc reactdre @xtended arc also can be applied to
moving bed plasma reactor transferred arc reaEigr {1) [43].
34. RF Inductively Coupled Discharges
RF induction plasma torches are coupled with endoyyplasma with accomplished
through the electromagnetic field of the inductaml. The plasma gas doesnot come in
contact with electrodes eliminating the possiblatamination. The plasma torches can
operate with wide range of gases including inedducing, oxidizing and other
atmospheres. The input power ranges from 30 kW W industrial level. Fig. 12
shows the schematic diagram of RF inductively cedplischarge [44]. The plasma is
considerable in larger volume than correspondingldsma jets at same power level.

4. Advantages of Plasma Processing and ItsIndustrial Applications

17



Some unique advantages of plasma-arc furnace tegynbave been utilized for
developing industrial applications of thermal plasstated below
4.1. Fineparticlefeed capability

The direct use of fine feed materials is possi@hout the need for costly
agglomeration. Plasma systems can operate witlda minge of gas flow rates allowing
fine particles to be introduced into a flowing sime Under low gas flow conditions, fine
particles can be bulk charged into a reactor withimmal entrainment and carry over in
the off gas. Particles can be introduced througholow electrode for maximum
exposure to the high temperature arc environment.
4.2. Independent Energy Source

The feed rate and power can be controlled indepglydeThe electrical
conductivity of the materials does not limit ingagwer. The power input to the furnace
is largely unconstrained by the resistivity of thmaterials smelted or remelted. This
allows greater freedom of choice with respect targa composition, without having to
consider the electrical characteristics of the ghar
4.3. Gasenvironmental control

Energy can be provided to a system with any deéstmeygen potential (i.e.
oxidizing, reducing, or inert gas conditions), ipdadent of the temperature. This is a
distinct advantage over combustion systems thaavhdable energy flux and the oxygen
potential are not independent of temperature aadtiens are highly endothermic or
require strongly reducing conditions.

4.4. High Temperature

18



The usual gas temperature range of 3000 to 600@Vén up to 10 00TC) and
the gas enthalpies for plasma systems can be isgymify higher than combustion energy
source.

4.5. High energy fluxes

High energy fluxes are a result of the higher teraijpee with high jet velocities
and high thermal conductivities of plasma gases pleamit the design of the reactors
with high reaction volume densities. For transferegcs, there is an additional energy
flux from the electron transfer at the anode amt-aitachment area. High energy flux
allows high smelting capacity with smaller furnateensions.

4.6. High throughput

There is considerable scope for the achievemehigbf throughputs in open bath
processes, because of the higher reaction rateseattby the use of finer feed particles.
4.7. Gasflow rate control

The gas mass flow rate and temperature can beodledtindependently of the
energy input, by proper selection of the plasmadesgsIn combustion systems, the gas
flow rate, temperature, and energy input are inddget.

4.8. Rapid response

The furnace can respond to changes in a relatshedyt period.
4.9. Low electrode consumption

The pre-baked graphite electrodes used in DC femesl arc furnaces are
consumed more slowly than the self baking Soderledegtrodes usually used in AC
furnaces, resulting in a higher degree of puritytled melt. Electrode consumption is

lower, but the electrodes are usually of highediguand are therefore more expensive.
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The lower electrode consumption is due partly ® lbwer electrode surface area and
partly to the lower tip erosion encountered.

4.10. Control of refractory consumption

Maximum throughput and furnace efficiency would dtained if a liquid slag
layer were maintained right up to the side wallsisTwould be expected to result in high
refractory costs due to slag erosion of the sid# wefractories. A controlled ‘freeze
lining’ of maximum thickness would be the ideal w@n to for the high degree of
control furnace.

4.11. Low noiselevel
Electrical and acoustic noise levels are reducgdifgantly in thermal plasma
processes.

5. Barriersfor commer cialization

Thermal plasma processing has found limited apfphicadue to
- high utilization of electric power
- Equipment performance/life
- Lack of process understanding
- Lack of process control
- Low process yields
These factors are barrier from historically in thee of thermal plasma processing as
commercially viable methods in materials processexhniques. In the developed
countries like India, where power of electricitydsstlier makes an obstacle in this
process. The lack of process understanding as asetin consideration of process
variables is the largest contributors to these ida&r The developed process

understanding would be used to develop improvedpetgnt and processes. The
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processes behind the heat transfer and reacti@ti¢sno surrounding particles need

to be improved as well as understandable. Thesersitahding will help to increase

production rates and yield of production in terrhsnelting and reaction which is too

low for the large scale productions. This will help remove the barrier which

develop at lab scale basis and increase the coratiEaton in large scale basis.
6. Application of Thermal Plasma
6.1. Thermal Plasma treatment of waste materials

Waste treatment is one of the application areas rtaintain the

promises for thermal plasma utilization. Researdividies in these areas are aimed at
either the reclamation of waste material in oraereicover higher added value products
or the rendering of waste to inert form or the degion of toxic waste. The use of
thermal plasma technology provides a controlled bearce that is used to melt the feed
stock (in the form of drums of mixed waste) andraintain a high temperature molten
bath. The high temperatures enable the oxidatimrgdnic materials and their separation
from soils etc leading to the destruction of contants, containment of hazardous
materials and potential recovery of useful bypragifmetals, chemicals etc.). One novel
extension of the thermal plasma approach to thél@no of contaminated soils is to
process the soils in situ providing good containn@érthe hazards with minimal off gas
and particulate problems while eliminating mosttbé materials handing processes.
Plasma treatment for waste gas utilization [45]doetylene production is developed as
one of the first and most successful commercialliegons of thermal plasma
processing. Despite the background and a signifioamber of laboratory studies, the

development of thermal plasma processes for gassmuidiquid waste streams has not
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met with the same degree of commercial successligstseatment processes. However,
that most solid waste treatment processes at stage seed to be treat their gaseous
products, although not necessarily at high conaéotr levels. Fig. 13 shows the
photocatalytic treatment of environmental pollusarifo develop a more effective and
low-cost method for volatile organic compound deposition, further extensive
research using Ti© photocatalytic system was performed. Dischargesmpéa is
considered as a driving source of photocatalys®ng plasma is expected to promote
the excited rate of electron on the surface of;la&alyst compared with UV irradiation.
CSIRO Australia has reported the successful camialzation of
PLASCON™ technology for the treatment of liquid and gasewaste. Commercial
systems based on PLASCON process have been opesaime 1992 and four units are
currently used in Australia. Two systems are beisgd to destroy liquid chlorophenolic
waste from an agricultural chemical plant, a th&rdreating the gaseous ozone depleting
substance Halon 1211 and the fourth is treating/ghtbrinated biphenyls (PCBS).
The use of thermal plasma technology for the itneat of variety hazardous
wastes, such as residues from municipal solid wasteeration, slag and dust from steel
production, asbestos containing wastes, healthwasées and organic liquid wastes with
potential application of plasma vitrified produ¢#6]. The aim is to reduce fossil fuel
consumption and increase waste treatment with volime reduction and energy
recovery process. Thermal plasma lead to decrdaseamitted global C® North Italy
(Turin) provinces utilized both electrical and timal energy process for municipal waste
treatment in economical and environmental procégk [The gasification process for the

treatment of municipal waste by thermal plasmarnetdygy offers economical price over
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electrical energy process [48]. Fig. 14 showstttegmal plasma process of pyrolysis
unit for waste treatment. There have been continaghnces in the application of
plasma technology for waste treatment, and thisow a viable alternative to other
potential treatment/disposal options. Red mud eewergs the major waste material
during the production of alumina from bauxite bg Bayer’s process. It compromises of
oxides of iron, titanium, aluminum and silica alomgh some other minor constituents.
Thermal plasma techniques make utilizable red nsucoating material. Thermal plasma
spraying or red mud on material like aluminum, capand steel induces the corrosive
inhabitant property.

As thermal plasma process is very expensive depgreh the electricity used
and other process control factor, so it only uswstiie destruction of toxic waste in
compare to other processes. However the avoidanemdfill charges, the added value
of the reuse of the vitrified product, recoverymétals and the energy production from
syngas together will improve the commercial vidpibf this process.

6.2. Thermal plasma technology on Coating, spraying

It is the generic category of material processeuhhique that apply consumables
in the form of a finely divided molten or semi neitdroplets to produce a coating onto
the substrate kept in front of the impinging jeheTmelting of the consumables may be
accomplished in a number of ways, and the conswenadn be introduced into the heat
source in wire or powder form. Thermal spray corabies can be metallic, ceramic or
polymeric substances. Any material can be spragddra as it can be melted by the heat
source employed and does not undergo degradatiomgdheating. The nature of

bonding at the coating-substrate interface is mobpletely understood. It is normally
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assumed that bonding occurs by the mechanicalaooténg. Fig. 15 shows the common
thermal plasma spraying. This is an extremely §igamt feature of thermal spraying.

Another interesting aspect of thermal sprayinghiat tthe surface temperature seldom

exceeds 200C. Hard metal or ceramic coating can be appliethéomosetting plastics.
The spraying action is achieved by the rapid expansf combustion gases (which

transfer the momentum to the molten droplets) oa bgparate supply of compressed air.

6.3. Thermal plasma technology on metallurgical applications

Plasma furnaces have a high melting efficiency, ared capable of producing
alloys with low carbon, low hydrogen and low oxygeontent. The transferred arc
plasma devices used in metallurgical industry anaracterized by high efficiency
concentration, high thermal efficiency, excelleehand mass transfer conditions, and
adequate residence time. A number of processesdesedoped in which plasma is used
as a source of chemically active species. Thesesnastly concerned with the plasma
chemical synthesis of materials such as high pwytythetic silica, and ultrafine high
purity ceramic powders and production of high putitiania slag from ilmenite [48]. The
role of the plasma in each of these cases lids ibility to heat the reactants to relatively
high temperatures under well controlled conditiofig). 16 shows the thermal plasma
processing slag metallurgy.

Such reaction systems use DC plasma torches fdreed arcs,

RF induction plasma torches, and hybrid combinati@aseous precursors are by far the
most commonly used due to their ease of handlind) the control of the injection
position in the reactor. Chemical species that farened as stable products at high

temperatures may undergo undesirable changes dwragual cooling to room
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temperature [49]. Product collection and handliagparticularly critical in processes
leading to the formation of ultrafine powders ofjhipurity materials. Because of their
submicron particle-size range (10-20 nm) and nedéitihigh specific are (of the order of
20-80 nf/g), most of these materials are rather sensitivexposure to air and require
handling and processing under an inert atmosptsdk A large number of materials
have been prepared using thermal plasma techndiogynumber of cases the processes
developed lead to full scale industrial productidhe super high rate thermal plasma
CVD used a 25-kW dc/RF hybrid plasma reactor withlSand CH as precursor under
soft vacuum conditions. RF plasma flash evaporati@s also been used for the
deposition of as grown superconducting Y-Ba-Cul@diat rates of the order of 0.1-0.2
pm/min [51].

These advantages of thermal plasma determine thaital and economical efficiency
of substituting the conventional technological esuby plasma routes based on electrical
energy. Rising scarcity of fossil fuels and trantgmon difficulties tend to work out
wider use of electrical energy and hydrogen forathétgical processes. High economy
of deficient fuels coke, natural gas and oil isdreing conceivable. As expected in 25-50
years time the gradual substitution of thermal gypefrom hydrocarbon fuels with
electric energy generated in coal or nuclear patagions as well as by hydrogen energy
favours the use of thermal plasma for pyro metgital processes. The possibility of
realizing thermal plasma processes depends on ¢kelagpment of the appropriate
equipment such as the plasma generators, furnaods reactors. The general
requirements of process engineers are sufficiewepathe possibility of utilizing active

gases such as hydrogen, oxygen, chlorine, argomatttane and a long service life.
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The most prospective route is to use thermal pldemeeducing metal oxides, which are
intermediate products of the final stage of theathatgical application [52]. The main
limitation of the thermal plasma processes are

A short residence time of raw material stayingighhitemperature zone ( 0.1-

10 S)
* High energy consumption due to water-cooling ofglasmatron reactor parts
* Heat loss with waste gases
* The melt in high temperature zone is moving slotlian disperse particles in
jet.
Residence time of the melt in the high temperateagtion zone can be controlled by the
selection of the process parameters. Disperse raterial being directly injected into
discharge zone may disrupt its stability and loweermal efficiency. Energy
consumption of plasma process may be lower thartréafitional technology due to
increased out put and equipment miniaturizatiorig. E6 shows the thermal plasma
process for metallurgical application for recovefyslag from mineral [53].
Present status in research and technology for tilgsl@msma application in metallurgy
- By means of thermal plasma technology it is possiblproduce both cast metal
and metallic powders, including highly dispersed apherodal, and material with
single crystal and multi-layered structure, allgyseudoalloys and composites.
- Thermal plasma technology may enable to design ectmgnd easily managed
plants with high level of process mechanization antbmation. A reduction in
the dimensions and metal consumption of producpoocess equipment and

correspondingly in capital investment may also Xgeeted.
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- Reduce threat to the environment. With increagaglant specific productivity the
water consumption and waste water discharge shimdcbase substantially.
- Industrial realization of small scale plasma prgesssuch as welding, cutting,
surface coating, powder production, synthesis alesxand carbide, nitrides.
6.4. Thermal plasma synthesis of nano particles
The radio frequency inductively coupled thermalspha synthesis process, based
on the use of solution precursors as the procesistieck, and has been employed for the
production of nano powders. Recently, an innovapiasma processing technique has
been developed for the preparation of nano sizedlps by vapour phase reaction. The
thermal plasma process provides a high procesategas well as many other advantages
for the synthesis of nano sized powders such asgla processing temperature to
vapourize all reactants, a clean reaction atmosptieat yields high purity products, a
high quench rate to form fine powders and a widweaof reactants. Thus, research on
thermal plasma synthesis at ceramics and compdsitescent years has given a new
direction and impetus too many industrial applmasi as one of the most promising
methods for producing nano sized powders [54]. Fij7 (thermal plasma with RF
installation), Fig. 18 shows the schematic diag@na plasma reactor system for nano
particle formation.

6.5. Thermal plasma densification

Spheroidization and densification occur simultarspas porous, irregularly shaped
agglomerates are injected into thermal plasma.h&spirticles sinter and/or melt in the
plasma, formed spherical shape and densify simediasly. Commercially, fine particles

are spheroidized in plasma for a variety of appiice, including materials with a
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controlled porosity, catalysts, abrasives, and na$e used for powder metallurgy.
Plasma densification of pre-sintered agglomerateseials (e.g., W, Mo) and carbide-
metal mixtures (e.g., WC-Co) has been used to medypherical, densified powders.
Such powders possess excellent flow ability, whicheneficial to subsequent thermal
coating operations [55]. Fig. 19 shows the schenaiagram of various thermal plasma
centrifugal furnaces for densification process. rivied plasma now becomes not only an
object of laboratory research and experimental Idgweent, but also a real means tool
for solving metallurgical problemsSintering of high technology ceramics in thermal
plasmas has the potential of drastically reduciegtime period required for this process,
compared with conventional technology. In additigslasma sintering offers the
opportunity for restrained grain growth and fotdang heat transfer during the sintering
process, which may result in desirable structuresmoperties of the sintered materials.
The essential characteristics of plasma sintenmyad any other sintering process are an
increase in density and strength of a powder compadeating. Plasma sintering is a
process that may cover a pressure range from 780dw Torr. For pressures below 75
Torr, the plasma may no longer be classified asrtheplasma because of substantial

deviations from local thermodynamic equilibrium

7. FutureVision
Taking consideration to product obtained from wassewell as eco-friendly issues,
thermal plasma process may be come out as vialglenimercial market. The growth of

thermal plasma technique may improve with possidiemption
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1. Lack of fundamental knowledge in this direction iagreates the lack of
control on the thermal plasma reactors. As the ggemarameters are the
main factor for yielding as well as energy consuopt

2. Power consumption is the basic source for therraeinpa reactor. Analysis of
process parameters with compatible on the reactdr imcrease the
productivity and decrease the power consumption.

3. Thermal plasma technology on metallurgy industmegds to model the
appropriate data, theoretically before going tadpiee the set on experimental
work.

8. Conclusions

The present status of application of thermal plagmeaarious areas is discussed. The
generation, types of plasma system and temperatndepower consumption covers up
the various categories of plasma generation. @tibn of thermal plasma in materials
synthesis from micro to nano level range from mapateramics is discussed briefly.
The present status of research and developmenit@stin each areas of thermal plasma
application is discussed. The barriers and obstaskere discussed that holds thermal
plasma being applicable in commercial ways. Theuuof thermal plasma techniques
and its significant advantages in materials prdogsareas are covered up. Finally a
future vision on the commercialization of thermahgma technique is proposed on
keeping the view on industrial benefits and itsrepuic wise utilization.
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Table 1. Summary table for characteristics of plasma.

Low-temperature plasma High-temperature plasma
(LTP) (HTP)
Thermal ITP Nonthermal ITP
Tomly=TS2xI¥K F~T=300K Ty Te 2 WTK
Ty Te SHPK
e.g., arc plasma e.g., low-pressure e.g., fusion plasmas
at normal pressure glow discharge
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Fig. 7 Schematic diagram of transferred and non transferred arc reactors.
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Lever for vertical movement of the cathode
Tray for holding the charge

Charge (Metalized limenite)

Water cooling system for the tray

Rack and pinion arrangement

. Gear box

10. AC motor

© 0Nk WDNE

Fig. 11 Schematic diagram of transferred arc reactor of thermal plasma process. moving

bed reactor
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Fig. 12 Schematic diagram of RF inductively coupled discharge
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Figure 13 Schematic representation of discharge plasma reactor apparatus.
(1) Entrained powder feeder, (2) plasma gun, (3) cylindrical reactor (4) cooling

chamber (5) powder collector, (6) scrubber and (7) bunsen burner.
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Fig. 14 Schematic diagram of pyrolysisunit for waste treatment.
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Fig 15 A schematic diagram of thermal plasma coating.
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Fig. 16. Plasmatechnique for slag metallurgy.
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Figure 17 (a) RF plasmainstallation for RF-ICTP synthesis process.

(b) Cross section of RF plasma nano-powder.
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Fig. 18 Schematic diagram of plasma gun assembly for nano particle fabrication.

16



Fig. 19 Schematic diagram of plasma centrifugal furnace for metallurgical application.
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