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Abstract 

An experimental study was carried out to identify a suitable electrode material 

for the treatment of TiC4 in a plasma arc. The behavior of the arc voltage, velocity and 

rate of electrode erosion were examined in a OC pI.l;:.,ma torch using concentric 

cylindrical eIectrodes and arc rotation by an axial magnetic field. The re~ults of the 

expcriments and analyses showed that pure TaC was not suitable as an electrode materia! 

because of its mechanical failure under themlal stress. A new composite matenal, TaC 

infiltrated with Al proved to he successful. 

Stable plasmas were produced containing up to 30 % titanium tetrachloride in 

argon at a CUITent of 100 amperes, an interelectrode gap of 4 mm, and a magne tic field 

strength of lOOO Gauss. The cathode erosion rate was less than 30 micrograms/C at a 

ùtanium tetrachloride concentration of 14.3 %. 
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Resumé 

Une étude expérimentale fut enterprise afin d'identifier un 

materiau d'électrode permettant le trai tment de TiC14 dans un 

plasma d'arc. Le comportement de la tension et de la vitesse de 

rotation de l'arc ainsi que du taux d'érosion de l'électrode ont 

éte etudie sur une torche n plasma munié d'electrodes cylindriques 

concentriques. Un champ magnetique axial imposait une rotation de 

l'arc entre les électrodes. Les resultats expérimentaux indiquent 

qu'un cathode de TaC pure ne peut supporter les stress thermiques, 

provoquent ainsi une defaillance méchanique rapide de l'électrode. 

Une noveau materiau composite formé de TaC avec infiltration 

d'aluminium a éte développe et teste avec sucees comme materiau 

d'electrode. 

Des plasmas stables on été produits avec des pourcentages allant 

jusqu'a 30% de tetrachlorure de titane dans l'argon a un courant 

d'arc de 100 amperes, une espacement interelectrodes de 4 mm et une 

champ magnetique de 1000 Gauss. Le taux d'érosion de la cathode 

mesure à une concentration de tetrachlorure de titane de 14.3 % 

etait inferieur à 30 X 10-6 g/C. 
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CHAPTER 1. 
INTRODUCTION 

1.1 Background Information 

Since the beginning of the titanium industry ~Ibout fort Y years ago the diffl'Il'Ilt 

approaches to titanium production have attractt:d a great deal of attention as the mctall~ 

still relatively expensive, and its excellent properties are producing a greatl'r ucmand. 

Though sorne successful methods were developed, for exarnple, Ihe Kmll and 1 1 triller 

(1910) processes have increased titanium production, the applications of titaniulll :\lC 

stilllimited by the high production cost and severe operating problellls assocl:ltcd WIlh 

its production. Table 1-1 (Tsantrizos, 1988) gives a brief survcy of the <:o~t profile of 

producing titanium. Over 60% of the cost of titanium are attributed to the consolidation 

of the sponge into dense metal and the forming of mill producls, and ollly 4(X, of the 

total cost is spent in the treatment of the ore. Reductions In production costs would 

greatly increase the applications of titaniurn in areas whcre its propcrtics are de~lrablc. 

The present common approaches of titanium productIon are gcncrally bascd 011 

the following chemical reactions which are first chlorinating titaniurn oxidc (rutile) to 

titanium tetrachloride and then reducing the chloride to the metal: 

Step 1 

Step 2. 

2Ti~ + 4Cl2 + 3C = 2TiCl4 + 2CO + CO2 

( ~F = -45.6 KJ/mol at 1,000 OC) 

A. the Hunter process: 

TiCl4 + 4Na = Ti + 4NaCI 

(1-1 ) 

(1-2) 

, 



.---------------------------------------------------------------------------------

l 

f. 

Table 1-1. Economies of Titanium Production 

Compound Priee Value of Contained Ti % of Titanium 

(US$/kg) (US$/kg) Metal Priee 

TiÛ2 (rutile ore) 0.56 * 0.93 4 

TiCI4 (tech.bulk) 0.66 ** 2.61 12 

Ti sponge(99.3%) 9.13 *** 9.19 43 

Ti metal (corn.pure) 21.45 *** 21.45 100 

Note: * effective: Sept. 1986 Engineering and Mining Journal 

** effective: 

*** effective: 

Ref. Tsantrizos, 1 ~~8 

Oct. 1986 

Oct. 1986 

Chemical Marketing Reportt~r 

American Metal Market 

9 
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( ~F = -946,420 + 65.2 T J/mol, Tin K) 

B. the Kroll process 

TiCl4 + 2Mg == Ti + 2MgCh (1-3) 

(~G = -321,954 J/mol at 1,273 K) 

A simplified flow chart of the process is shown in Figure 1-1 (Tsantrizos, 19RR). 

Either the Hunter or the KroH process produces titanium spongc whkh must be 

first separated from the respective chlorides and then consolidaled to its valuablc dense 

metal fonn. The cost and operating difficulties associated with both the 1 hutter and the 

Kroll processes have pushed workers to search for alternative methods of producÎng the 

metal. Sorne of these methods involve the direct reduction of titanium dioxidc 10 the 

metal. Others have proposed an electrolytic process using a bath of fused salts to rellul'e 

titanium tetrachloride to titanium metal.(Barksdale, 1966, and lkcshima. )985). 

A process which involves the direct reduction of TiC14 10 the metal in high 

temperature plasmas has been proposed for years. The basic idea in Ihls proccss is 10 

thermally dissociate the titanium tetrachloride molecule into its monoalOmic Cr:1stÎtucnts 

and capture the titanium before it recombines with chlorinc. Some contribution!'> have 

been made (Harnish, Heymer and Schallus, 1963, Miller and Ayen, 1968, Tsanlril.Os, 

1988), but there are still certain critical problems in this process to be solvcd. Onc of 

them is the target of this study. 

1. 2 Objectives 

The present work will be specifically concemed with the problems of idcntifying 

an electrode material which is compatible with titanium tetrachloridc plasma and 

developing a stable titanium tetrachloride plasma over prolonged periods. The cros IOn of 

such electrodes is expected to he one of the major concems. 

10 
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The originally proposed electrode material was TaC but the feasilHlity of lIsing 

other materials was also examined. A composite mate rial of TaC+Al was found 10 hl' 

most promising. 

This thesis consists of seven chapters. Chaptcrs 1 and 2 brictly revicw Ihe 

background of this project, plasma technology and the relevant lilcralure ofTlC14 plasma 

research. In chapters 3 and 4 the equipment and expenmentai procedures an: dcsCltbed 

The pioneering tests with pure TaC and relevant discussion arc givcn III chapler 5. 

Chapter 6 discusses the results of the experiments with TaC+AI. A sh0l1 summary and 

conclusions with recommendations are presented in chapter 7. 
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CHAPTER 2. 
LlTERATURE REVIEW 

2. 1 Plasma Phenomena 

Plasmas and their generation have been thoroughly reviewed by Guile (1971 and 

1984), Munz (1974), Mehmetoglu (1980) and Szente (1986); here only the most 

important points will be discussed. 

A. Defini tion of Plasma 

A plasma is a conglomeration of positively and negatively charged and neutral 

particles. It is on the average neutral, because the number density of the positive charges 

is equal to that of the negative ones. The plasma contains two or more kinds of charge 

carriers: free electrons and positive ions. Sometimes it also has negative ions and more 

than one kind of positive ion. The ions may he singly charged or multiply charged; they 

may .ùso be atomic or molecular. 

The plasma state is the fourth state of matter: adding sufflcient energy to agas 

makes a plasma. The energy added is partly converted into random translational (and in 

the case of molecules rotational and vibration al) energy and partly into dissociation and 

ionization energy. The physical and chemical properties of a plasma are different From 

those of the other three states ( so!id, liquid, and gas) of matter. Because of its electrical 

conductivity, plasma can interact with electric and magnetic fields. 

The plasma state is by far the most cornmon fonn of matter. Up 10 99 percent of 

the matter in the universe exists in the plasma state. Il is also the most energetic state; a 

body will require on average 10-2 eV (leV = 1.602xlO-19 J) per partic1e to change its 

state [rom solid to liquid or from liquid to gas, whereas a change of state from gas to 

13 
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plasma will require from 1 to 30 eV per particle, depcnding on the matcnals ( Kl'ttaÎ and 

Hoyaux, 1973). 

B. Categories of Plasma 

1·1 

Plasmas they can be generally cIassified into two types: 

i) Cold plasmas includmg dark discharges. Thc~e plnsmas l'nny CUITl'nts 

from 10-6 to 10-1 A, and are often formed under low pressure ( for cxamplc neon and 

fluorescent lamps ). 

ii) Hot or thermal plasmas, which operate at or anove atlllŒphcnc pre,slllc~ 

and carry current higher than one ampere (for examplc, pla~ma ~praying torchc,) ln 

these plasmas local thermodynamic equilibrium (LTE) often eXI"t~ among the clcctron~, 

ions and atoms. The typical temperature range of thcmlal pla"l11a~ I~ !Jctwccn 2,500 and 

30,000 K or higher, with iomzation levels gn;atcr than 0.1 perccnt (Ilowart~on, 1(76). 

A more detailed di~cussion will be presented in thc following sectIon. 

2.2 The Approaches to Producing Plasmas 

A. Plasma Generation 

Plasmas may be generated by many ways, such as: 

i) Electrical Discharge: This is the major mcthod and IS u\cd III our 

project. It will be discussed in more detail in the following page .. ; 

ii) Thermal Ionization: At very high tcmpcraturc a proportion of 

molecules in a gas will gel enough energy to excite and iomze othcr molcculc~ with thcir 

collisions. Consequentially a plasma is produced 

iii) Shock Waves 

iv) Nuclear Reaction 

v) Irradiation by Alpha or Gama Rays 
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vi) Chemical Reactions of High Specifie Encrgy 

B . Electrical Di~harge 

This is by far the most important method used to produce plasma. It can be 

c1a~sified as Eleclrodeless Discharge, such as capacitive or inductive eoupling, and 

Electrode Discharge of four types which is most coneemed in our study and will be 

discussed below. 

From Figure 2-1 (Francis,1956) we can divide the whole range of voltage -

CUITent of electrical discharges into four regions which are: 

i) Townsend (Dark) Discharge 

This is a kind of dark or low pressure plasma, produeed in the region B-C of 

Figure 2-1. Townsend discharge carnes currents up to 10-5 A, the voltages are relatively 

high. 

ii) Corona 

Corona is identified as a kind of cold electrical discharge in the V-l range of 

l-100kYand 10-5 to 10-4 A, shown in Figure 2-1 the region C-D. 

Hi) Glow Discharge 

With increasing CUITent, the eharacteristics of the discharge will be 

changed. In Figure 2- 1 from D section to G section it is found that the voltage will 

change as the current increases, and the changing ranges are often divided into several 

subregions: such as subnormal; nomlal, and abnormal depending on the range of the 

current, from around 10-4 to 1 A. 

iv) Arc Di\'charge 

An arc is also a specifie fonn of a discharge of electricity produced in a 

certain medium, such as a gas or a vapor etc., between two electrodes, and it can be 

initiated by several techniques which are classitied as the separation of current-carrying 

contacts; the melting and vaporization of th in wires; transition from a glow discharges 

-
15 
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shown as in Figure 2-1; or transition and follow-through of an impulse or high

frequency spark breakdown which is the means used in our research. 

v 
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Figure 2-1. Voltage vs Current for Neon at 40 mm Hg 
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AlI kinds of arcs have the sorne similar features, i.e. the conducting gases 

between the electrodes have high temperature (>4000 K) and high luminosity. The 

whole arc "burning" in the gap between the electrodes may be divided into three regions: 

- The Positive Column 

The positive column is the main body of the arc which acts as a nomml electrical 

conductor and has a relatively low potential gradient which may be as low as 1 OV /cm 

and is unlikely to exceed about l00V/cm (Guile, 1971). Figure 2-2 shows schematically 

the distributions in the arc (Edels, 1961). It has been shown experimentally that the field 

strength is constant for a cylindrically symmetric column and in a11 column 

configurations. From Poisson's law, the net space-charge should be zero, meaning that 

the plasma wiH be neutraI. 

- The Cathode-Fall Region 

For CUITent continuity, electrons must be emitted from the solid cathode into the 

plasma column. There are different theories, such as thermionic emission and field 

emission etc., to describe the mechanism of emission of the electrons from cathodes. 

The cathode potential fall for an arc is relatively lower (lO-20V) than that for a glow 

dlscharge (> 1 OOV). This region is very sensitive to the properties of the cathode material 

and gas, and their interaction. 

- The Anode-Fall Region 

From the Figure 2 -2 it is observed that the anode region also has a 

potential fall due to a high concentration of electrons rushing to the surface of the anode. 

Because the CUITent continuity is kept ~y the electrons traveling from the cathode, 

on the other hand, positive ion emission from the anode may be neglected for 

• 
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mûst arc conditions. It is said that the anode faU is normally of the order of l-lOV 

(Guile, 1971, Pfender~ Young, et. al 1983). 

Guile (1971) summanzed the common characteristics of the electrode regions, 

both the cathode-fall region and the anode-fall region, as follows 

(a) Hlgh electric and thennal gradients; 

(b) Contraction, i.e. high CUITent densities relative to those of the arc column; 

(c) Plasma jet. 

Both electrode regions are the most active areas for polar particles: electrons and 

ions of gas and those emitted or vaporized from the surfaces of electrodes. 

2.3 Plasma Deviees 

A number of reviews have been presented on the different types of plasma

producing devices (Habelrih, Mehmetoglu, Szente, Tsantrizos, etc.). In general we can 

broadly c1assify them into two main categories: 

A. Electrodeless Devices 

In this kind of device the energy which is the source of the plasma is 

transferrcd from a hlgh frcquency ( 1-20 MHz) electro-magnetic source (for example, a 

coil ) to the gas by induction. The physical phenomenon govermng the operation of the 

inductIOn plasma is the coupling between the applied high frequency alternating 

magnetic field and the eddy currents mduced in the plasma.(Freeman and Chase, 1968, 

Munz 1974) The typical configuration of this kmd of torch is shown in Figure 2-3. 

This technique IS most widely used at pressures between a few Torrs and one 

atlllosphere. Compared to the other ways of plasma generation the major advantage of 

this dcvlce IS to avoid contamination of the plasma system because of the absence of 

electrodes, allowing the use of aggressive gases, such as chlorine, oxygen and so on. 

• 
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However, for this kind of device, it is not yet possible to transfer more than 40-60% of 

the electrical energy into the plasma. The minimum power needed for a self-sustained 

induction discharge is determined by the nature of the gas, the pressure and the 

frequency of the electromagnetic field. When the frequency is reduced from the MHz 

range the hundreds of kHz range the minimum power will increase from less than 10 

kW to hundreds of kW. To decrease this minimum power the electrical conductivity has 

to be increased by reducing the pressure or adding ionizing impurities (K, Cs etc.). 

The important parameters in the design of an induction plasma torch are: 

- Properties of Plasma Gases 

- Operating Pressure 

- Power Level and Frequency 

- Diameter of the Plasma Confinement Tube, and Coil Geometry 

It was reported that the RF induction torch was used for treatment of TiCI4; this will 

be discussed further in Sec. 4 of this chapter. 

B. Electrode Deviees 

Just as the name implies, this kind of device always has an anode and a cathode 

no matter whether the electrodes are fixed or mobile. 

Transferred Plasma Torch 

The transferred arc is ignited between two widely separated electrodes in 

which anode is often a work piece such as a metaI to be eut, a pool of molten metal etc. 

schematically shown in Figure 2-4 (Szente, 1986). The plasma fonning gas is injected 

through the gap between the nozzle and the cathode tip, as a high velocity stream, into 

the arc column (Sheer, et al, 1969). The energy efficiency of the transferred arc can be 

mad(! quite high, since the only losses are the cooling of the cathode. 



--------- ---

t \ 1 

Figure 2-4 

cat hode 

auxilfary 
a nod e 

+-~--plasma 

Schematic Drawing or Transrerred Arc Torch 



l'~ 

"" 

l 

23 

De Plasma Torch 

OC-plasma torches are often used as gas heaters and are the type of device 

used in this research. The De-plasma torch, powered by direct cUITent, consists of two 

fixed electrodes, an anode and a cathode. Various torch configurations exist, depending 

on the arc stabilization modes, which are: 

(a) Tangential gas input in the arc channel; 

(h) Longitudinal gas input aIong the electrode; 

(c) Segmented Anode arc; 

(d) Magnetic rotation of the arc root, in which the magnetic field can he self 

induced (by an arc CUITent greater than 800A) or extemally generated; the latter was used 

in our equipment. 

Small scale DC plasma torches use a conical tip water-cooled cathode 

surrounded by as annular water-cooled anode. These may he used at powers up to about 

300 kW. For higher power applications torches with two water-cooled co-axial 

cylindrical electrodes are usually used. 

Figure 2-5 (Szente, 1986) shows a typical configuration of a DC Plasma 

Torch widely used in industry. However the configuration of our DC-equipment 

(designed by Szente 1986) is different and will be presented in the later chapter. 

The energy efficiency of DC plasma torches is higher than that of RF 

induction torches and may usually he in the range of 65-95%. 
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2.4 Phenomena of Electrode Erosion 

A. Introduction 

The phenomenon of electrode erosion is a typical feature of plasma electrodes, 

which may be described by defining the materialloss of the electrodes, in grams per 

Coulomb, as erosion rate of the electrodes. The mechanism of erosion is complicated 

since il is caused by a combination of melting, evaporating of electrode materials, and 

chemical reaclion between the plasma gas and electrode materials, etc. It was mentioned 

in general that electrode erosion still limits the lifetime of non-refractory electrodes in 

plasma arc heater to the order of 200 h for cathodes and less than 1000 h for anodes, 

and cathodic erosion is more severe and so is more studied (Szente, 1988). 

ln industrial applications the erosion must be minimized both for economical 

reasons and for reducing the contamination of the products. 

B. Parameters Affecting Electrode Erosion 

From the relative literature and the previous work done by Szente (1986-1989) 

and Habelrih (1988) il may be summarized that rate of electrode erosion depends on a 

number of factors, such as: 

i) The Composition of Plasma gases 

ii) Gas Flow Rate 

iii) Arc CUITent 

iv) Geometry of Electrodes 

v) Materials of Electrodes 

vi) Surface Temperature of Electrodes 

vii) Magnetic Aux 

viii} Arc Velocity 
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The erosion of copper cathodes in a De plasma arc heatcr was studicd by S7entl' 

(1986) with seve rai gases and by Habelrih (1988) with steam, hydrogen and oxygcn. In 

their research the above factors were separately considered. 

As studied in Szente's work the composition of pla.lma gases may be a 

sensitive factor in the erosion of electrodes. ft was found that small conccrllralwl1s of 

any of the polyatomic gases in argon greatly increased the vclocity of a magnctirally 

rotated arc and decreased the erosion rate. Four gases, nitrogen, air, al1l1ll0l1la and CO, 

were tried in his work. No unified relationship was determincd, that mcan~: diffclent 

gases still had their own distinct behavior although similaritics cxistcd. SLCntc ~howed 

that addition of these contaminants to argon would also Icad to contamination of l'aI/IOde 

surfaces in a magnetically rotated arc, and that these surface contamination, changed thl.: 

arc voltage, velocity and erosion rates by reducing "surface drag", i.e. hy changlllg thl.: 

ease of electron emission at the cathode surface. 

In Habelrih's study, by introducing steam into argon and hehum thl.: arc vcJocl!y 

and arc voltage were increased, and the cathode erosion rate was dccrl.:a~ed as the 

concentration of ste am in argon increased. This reconfinned Szcnte's conclUSions. 

C. Improvement of Electrode Erosion 

The reduction of erosion of plasma electrodes is always a target of pla~ma 

technology development. Improvements can he made in the following areas: 

i) Optimize electrode materials 

ii) Improve design of electrode geometrical confIguration 

iii) Increase the efficiency of the cooling system 

iv) Rotate the plasma arc by using magnetic field or aerooynarnJ(; rnean~ 

The latter one is a very successful approach 10 reducing the ero~\On rate, bccau\c 

it allows a better distribution of the heat transferred from the arc 10 the eIectrode and 

increases the heat transfer from the arc 10 the plasma gas. The ba!-.ic mechanr~m of 
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magnetic rotation is that the arc, which is a CUITent conductor, can b(' rotated by an 

external magnetic field. The Lorentz force acting on the arc is given by the following 

expression: 

FL = B Id (2-1) 

where 

FL = Lorentz force 

B = Extemal magnetic field strength 

1 = Arc CUITent 

d = J ength of the arc in the direction perpendicular to the motion. 

The aerodynamic drag force which holds back the arc is: 

Fd = 0.5 Cd D d pV 2 (2-2) 

where 

Cd = Aerodynamic drag coefficient 

D= Arc diameter 

p = Gas density in front of the arc 

v= Arc velocity 

In addition, if the emission of electrons from the cathode is difficult the arc is also 

retarded by a surface drag force, denoted S (Szente, 1986). Therefore, the following 

general expression can be obtained: 

(2-3) 

where m is the mass of the particles in plasma arc. 



l At steady state, the derivative of the velocity on right hand side of the ahovl' 

equation equals zero, that means: the arc velocity is a constant, so that the equation (2-.') 

can be written as 

(2-4) 

In our project the magnetic force was kept constant, and acrodynamic drag 

coefficient was assumed constant, which is known as a valid assumption for cylindcr in 

cross flow with Reynolds nnmber between 1000 and 12{XXX) (Perry and Chillon 1973). 

2.S Plasma Containing TiCI4 

The thennal reduction of TiC4 to Ti metal requires that thc TiCI4 molccule is 

dissociated in a plasma, The cost of Ti metal production was expected to be reduccd by 

a plasma dissociating process and therefore pla'imas containing TiCI4 have bccn studlcd 

since the 1960' s. 

By using a RF induction plasma torch, shown in Figure 2-3, in which thc wall 

of the confinement tube (28-mm i.d.) and inner tube (22-01m o.d.) wcre made of quartz, 

with 4-MHz frequency and lü-kW power supply Miller and Ayen invc~tigatcd thc 

feasibility of reduction of TiC4 in 1968. It was reported that TiCh couJd bc produccd 

from TiC4 with a very good yield, around 60-90%, by using hydrogcn with argon 

plasma. The temperature was up to 14000 K and the pressure was one atmo\phcrc. The 

efficiency of the energy transfer was about 60% or Jess depcnding 011 the featurc,," of ga\ 

flow and the properties of gases. 

However, plasma stability problems Hmited the TIC14 fced rate to a low value ~o 

that no more th an 1 mole percent of TiC4 in argon could be handled in thc torch. When 

TiC4 was injected into the plasma tail flame to alleviate stability prohlems, the qucnch 

ring was plugged with deposits and could not be operated for long pcrio<h of time. 
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Early in 1963 Hamish, Heymer and Schallus reported over 60% cOflversion of 

TiCLt to TiCh in the present of H2 in a high temperature arc torch, but the details of the 

torch were not given. 

By using a transferred-arc torch, shown in Figure 2-4, Tsantrizos reported that 

a stable transferred arc was produced with gases containing up to 20 mole percent of 

TiCLt in argon, helium and argon-helium mixture. When aluminium was used as 

reductant about 60% of ail titanium fed into the reactor was collected, and the related 

erosion results of cathodes are shown in Table 2-1. In his experiments tantalum carbide 

was used for the cathode tip instead of the commonly used thoriated tungsten cathode 

tip. Tsantrizos showed that a thoriated tungsten cathode would not provide stable 

operation, resulting in the increasing voltage fluctuation, shown in Figure 2-6. A 

thoriated tantalum carbide cathode resuIted in stable operation and small voltage 

variations, shown in Figure 2-7. AlI plasmas were operated by using identical 

conditions of 10-15 Umin main plasma gases with 6-25 g1min of TiCl4 gas at 200 A arc 

current. 

From the 1960's to the 1980's sorne other workers, such as Akashi, et. al 

(1977) Atamonov, et. al (1978) and Kikukawa, et. al (1983) investigated the possibility 

of forrning Ti metal from a mixture of TiCl4 and hydrogen introduced into the tail flame 

of a DC argon plasma torch. They did not feed the chloride into the current transferring 

region between cathode and anode. The electrode materials were not reported. Even so 

the concentrations of TiCI4 were extremely low and it was reported that stability of the 

arc was a major problem. 
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Table 2-1 Experimental Data on Cathode Erosion 

PlasmaGas ArcLength 

(L/min) (cm) 

1O-Ar 2.0 

10 - He 1.3 

10 - H2 2.0 

10 - H2 2.0 

5-Ar+ 2.0 

5 - H2 

15 - Ar+ 2.0 

15 - H2 

5- Ar+ 2.0 

5 - H2 

10- Ar 1.3 

Ref. Tsantrizos, 1988 

TiCI4 Feed ArcVoltage 

(g/min) (V) 

0.0 26 

0.0 34 

0.0 77 

20 72 

1.0 55 

5.0 67 

5.0 62 

12.5 54 

ErosiouRatc 

(mg/min) 

0.0 

0.0 

0.1 

120 

3.5 

13 

170 

210 

JO 
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CHAPTER 3. 

EXPERIMENTAL APPARATUS 

3.1 Introduction 

The equipment that was used in the experiments consists of the following main 

components: 

1. The OC-Plasma Torch (test chamber & electrodes); 

11. The Plasma Gas Feeding System; 

iii. The Exhaust Gas Treatment System 

iv. The Heating/Cooling System 

v. The Data Recording System; 

VI. The Power Supply 

Figure 3-1 is a schematic drawing of the overall experimental set-up. 

3.2 The OC-Plasma Arc Torch 

The reactor assembly, shown in Figure 3-2, is a modified version based on the 

Habelrih 's reaclor (1988) which was based on the original design of Szente (1986). The 

main characteristics of this reactor, such as dimension (internaI diameter and height of 

the chamber are 9.8 cm and 30 cm, respectively) and the design of coil (average DIA is 

about 34 cm and height is 23 ('m with 210 turns. The copper tubing covered with 

electrical tape and the coillayers separated by 0,25 mm thick mylar sheet for electrical 

insulation) of the reactor were not changed, and were described in the thesis of Habelrih 

(1990). The main modifications made in this study include the following: 
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A. The Configuration of the Electrodes 

The cooling tubing of the anode was designed as a dual tube construction (in and out 

at the one side of the reactor) in which the internai thinner tubing, made of brass, IS the 

inlet line and the space between two tubing waIls (outside tubing made of stainlcss sted 

#316, 9.53 mm 00, 1.14 mm wall thickness, and 43.2 cm long) is the outlct path. The 

inside tube was weIl centered and fixed to avoid nonunifoml flow and vibration of mller 

tubing, which would decrease the efficiency of the cooling. 

The anode tips were made of Cu, TaC+AI or Ta. The Cu tips were directly 

machined on the tubing, the other tips were machined to be small pointed rings mOllnted 

on the tubing, as shown in Figure 3-3. The external diameter and the height of the lip 

were about 20.1 mm and 10.2 mm, respectively. 

The cathodes were made of TaC and TaC+Al, respectively, as a cylindrical ring 

mounted in a copper holder, shown in Figure 3-3. The internaI diametcr of thc nng was 

24.1 mm and the height was about 10.2 mm. 

The purpose of this change was to fit a viewing window at the center of the 

bottom of the reactor, through which the behavior of the arc could he clearly obsecvcd, 

and also to ease the installation of the anode tip. 

B. The Extension of the Reactor 

In previous experiments done by Szente and Habelrih, the gases werc not 

strongly corrosive. The exhaust lines were made of rubber and plastic tubes which wcrc 

not acceptable for the extremely corrosive and toxic titanium tetrachlorioc.The whole 

exhaust system was modified for this work. Only stainless steel #316 provcd to he 

sui table for the gas at high temperature. In order to simphfy the arrangement of the Imc'i 

for rapid replacement of the test electrodes and for safe operation the four cxhall ... t hnc ... 

on the top flange of the reactor were changed to a single 9.53 mm 00 sidc line which i'\ 

mounted on the extension of the reactor, shown in Figure 3-2. 
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C. The Viewing Window 

The window on the bottom of the chamber was made of a 6.35 cm dWIlll'tl'1 and 

6.35 mm thick quartz glass which is O-ring sealed to prevent leakage of the gas. 

and attached with a screw ring 10 the lower flange for visual ohservallons of thl' an: 

D. The Relocation of the Optical Ftber 

In order to measure the velocity of the arc an orllCal fibel wa~ IIltlodUL'cd in .\ 

stainless tube into the chamber in both Szente's and Ilabclnh 's reaclors. l'hl' light 01 IhL' 

arc passed through the fiber out of the reactor and wa~ tran~forllled hy a tfiln"dlll'l'i \1110 

an electrical signal which can be shown on an oscilloscope. Bccal\~c (lI' the Vl'I)' IlIgh 

operating temperature and corrosive gas in the new cxperimenls, the IIlternallll!'.tallation 

of the optical fiber was not longer suitable, The big window made it pm~lh\c tn 11l0llnt 

the optical fiber outside of the reactor close to the wll1dow. 

E. Plasma Gas Feed Lines 

In order to feed the high temperatllre and corro~ive pla~ma ga ... c~, the ga ... inkl 

line was made of stainless steel which was arranged on one side on the bnttolll flangL' 

This line was trace heated by using four hcating tapc-; rated at SO() W cach. 

3.3 The Feeding System 

The feeding system consists of a cylindcr of Iiquid l1taniulll tctrachlondl' 

provided by Akzo Chernicals Ltd, a metering purnp ( model PlOT) made by het! Â 

Dungey Inc., and an \!vaporator heated with five cartndgc hcatcr ... (240V, 5()()W /ci\ch) 

which is used for vaporizing the liqllid of titanium tetrachloride into argon ga ... 
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Ali fixed gas feeding lines were made of #316 stainless steel, 6.35 mm OD, 

0.99 mm wall, and heated by using heating tapes far above the boiling point, 406 K, of 

the TiCI4 liquid to avoid the condensation of the gas. Actually in our experiments the gas 

was greatly superheated: the temperature of the evaporator was heated up to 623-773 K 

and the the temperature of the lines was elevated to 453-473 K. A pressure relief line 

and a unit (a bubbler) filled with silicone oïl were arranged to maintain the pressure in 

the TiCI4 cylinder slightly higher th an one atmosphere. The arrangement of the TiC4 

feeding system is shown in Figure 3-4. 

3.4 The Scrubbing System 

The scrubbing system was designed to clean the gases leaving the reactor before 

venting them to the atmosphere. These gases contain various toxic and corrosive 

chemicals, such as subchlorides, chlorine gas, and possibly oxychlorides. 

The scrubbing system consists of two plastic boules (4 Leach) and a plastic 

tower (10.2 cm ID x 122 cm high, volume 9 L), aIl of which contained 5-10% sodium 

hydroxide (NaOH) solution. 

i. The first boule contained only 0.8 L of NaOH solution so that the solution 

could not be sucked into the test chamber in the event of negative pressure caused by the 

extinction of the arc. Two bulkhead unions mounted on the top of the bottle served as 

the gas inlet and exhaust. 

ii. The second boule was similar to the first one but was filled with 3 L of the 

N aOH solution, and contained an inlet tube to le ad the gases below the scrubbing 

solution surface. 

iii. The tower contained 4.5 L of NaOH solution and about two hundred 13 mm 

diameter spherical plastic packing to ensure good gas-liquid contacting. 

The basic features of the scrubbing system are given in Figure 3-5. 
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3.5 The Heating/Cooling System 

The cooling system is similar to that used by Habelrih. This was originally a 

triethylene glycolloop system containing a 115 liter stirred tank heated up with a 6 kW 

immersion heater to a maximum temperature 393 K which is themlOslatically controlkd, 

and a manuaHy controlled water cooling coil (Habelrih 1990). 

The modification of the system was based on the consideration that the 

condensation of TiC4 (409 K) should be avoided so that the concentration of TiC\.1 in 

the plasma gas was precisely known. The cooling efficiency of triethylene glycol IS nol 

as good as that of water and, in addition, it is difficult to clean the glycol from the 

reactor and the electrode surface. It was finally decided to cool both clcctrodes with hot 

water at about 363 K. and to heat up the reactor wall and flanges with stcam at afOlind 

375 K. 

3.6 The Data Recording System 

The system includes the following equipment: 

1. Two flow meters for the cooling water of anode and cathode; 

11. One rotameter for argon gas and a metering pump for controlling of the now 

rate of TiC4 liquid; 

üi A set of thermocouples for measuring temperatures of the cooling watcr, 

steam and gases; 

iv. Two pressure gauges for measuring the pressures of mlet and outle! gas 

Hnes; 

v. An oscilloscope for observing the behavior of the arc and measuring the 

velocity of the arc; 

VI. A strip chart recorder for recording the voltage of the arc; 
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,1 vii. Two ammeters for monitoring the currents of the arc and the coil; 

viii. Two voltmeters for monitoring the voltage of the arc and coil. 

J 

3. 7 Power Supplies 

The power was provided to the arc either by a Thennal Dynamics rectifier model 

(TOC 1 A40) with a maximum power of 45 kW and a 320 V open circuit voltage or by 

an assembly of four Miller (SRH-444) rectifiers connected in series with a total open 

circuit voltage of 305 V and a maximum power output of 78.4 kW. The coil was 

powered by a Syntron rectifier model (POO63) with a maximum output voltage of 40 

volts. A control console was used to measure and adjust the current to the arc. The 

voltage of the arc was plotted on the strip chart recorder with a full scale accuracy of 

2.5V. 

3.8 The High Frequency Unit 

A Miller (HF 250-1) unit with a frequency of 10kHz was connected in series 

with the De power supply to initiate the breakdown of the arc gap. 

• 
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CHAPTER 4. 

EXPERIMENT AL PROCEDURE 

4. 1 Introduction 

The experimental procedure used in this study contains three parts summarizcd 

as follows: 

1. Preparation before tests 

2. Operating during tests 

3. Treatment after tests 

4.2 Preparation of Experiments 

A. Preparation of Electrodes 

The electrodes are the critical pans in our experiments, and the followll1g 

procedure was set up for their use. 

1. The electrodes, the cathode holder, and the anode tubing wcre dcancd 

with dry tissue paper and pressurized air; 

2. The sizes of both the cathode ring and the anode tip were mcasurcd, 

especially the inside diameter of the cathode ring and outside diameters of the anode tip 

to ensure the correct interelectrode spacing; 

3. The cathode ring and anode tip were weighed. The purpose of Ihis ~ICp 

was to get data of erosion rate of electrodes; 

4. The cathode ring and the anode tip were mounted onto the cathode holder 

and the anode tube, respectively. Electrodes should be mounted tightly to ensure as 

good an electrical contact as possible; 
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5. The lWO electrode assemblies were weighed again for reference; 

6. A thin layer of ceramic was pasted ooto the inside surface of the cathode 

holder and the outside surface of anode tubing to enSUTe that the arc strikes only the 

anode tip and the cathode ring; 

7. The ceramic pastes were dried in an oven at 100 oC for two hours. 

B. Cleaning Procedure of the System 

Because the TiCi4 gas is very corrosive the cleaning procedure was followed: 

1. The inside of the reactoT ehamber were thoroughly cIeaned and dried to 

remove residual powder of products from the last test; 

2. Ali feeding and scrubbing lines were cleaned and dried; 

3 The evaporator and the scrubbing boules and tower were cleaned and 

dried. 

C. Assembly Procedure 

1. The anode and the cathode holder were mounted into the reaetor. The 

anode tip was weIl centered; 

2. Ail "0" ring seais were properly ehecked to ensure they are in good 

condition; 

3. The reactor chamber was securely closed to avoid leakage; 

4. Ali lines were connected( feeding, scrubbing, cooling and electrical 

cables ). 

D. Pre-Check Procedure 

Il was ensured that the following units are in good condition: 

1. The main working gas supply (the cylinder, valves and gauges ); 

2. The TiCi4 feeding system ( the metering pump, valves and the cylinder); 

• 
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3. The evaporator and heating system ( themlocouples. h..!ating rods. 

heating tapes, the thermal meter and steam heating of chamber wall ); 

4. The electrical power supply ( the rectifier UllltS, connections, the control 

panel and meters ); 

5. The magnetic coil ( switch, connection and meters); 

6. The cooling system ( the water tank, the immersion heater, Illctcrs, 

connections ). 

4.3 Operation of Experiments 

A. Starting Procedure 

1. The heating system, including the evaporator, the gas line hcating tapes 

and the immersion heater for water was switched on; 

2. The system was evacuated to - 100 kPaG and then purgcd with argon 

gas; 

3. The cooling water supply for the reactor chamber and the magnetic coil 

was started; 

4. Steam was fcd to heat the wall of the reaClor up 10 about 375 K; 

5. The voltage to the coil was adjusted ta 38 V; 

6. The argon flow was adjusted to 15 L/min; 

7. The TiC4 liquid was prepumped about two minutes to fïll the tube 

leading to the evaporator. The pump was stopped just before the liquid reached the 

evaporator so that TiCl4 was av ail able immediately after starting the arc with argon. 

B. Operating of Tests 

1. The arc was ignited with the high frequency unit; 

2. The CUITent was adjusted to the desired value; 



3. The TiCl4liquid was fed according to the preset flow rate; 

4. The strip chart recorder and the oscilloscope were turned on; 

5. Any change in the pressure in the chamber was closely observed; 

6. The following data were measured: 

Voltage of the arc; 

Velocity of the arc; 

Flow rate of argon gas and TiC4 liquid, and cooling water; 

Temperature of gases, and inlet & oudet cooling water; 

Time of the running. 

4.4 Post-Treatmenls 

1. The whole system was purged with argon gas until the exhaust gas 

appeared c1ear; 

2. The reactor chamber was opened and the electrode assembly removed; 

3. The electrodes were c1eaned with water; 

4. The cathode ring and the anode tip were disassembled for weighing; 

5. A sample of solid reaction product was collected from the chamber and 

sealed it in a plastic bag immediately; 

6. The system was cleaned. 

47 



1 CHAPTER 5. 

PIONEERING ANALYSIS 

5.1 Thermodynamic Considerations 

A. Basic Thennodynamic Calculations 

The purpose of this study was to identify sorne suitable electrode matenab. 

which have negligible chemical reaction with titanium tetrachloride pla~l11a gas. A 

thennodynamic analysis of candidate materials was therefore conductcd. 

The calculations were carried out on the mainframe computer system of McGill 

University by using the F*A*C*T - Thermodynamics Analysis Program which IS a 

package of softwares including the REACTION and EQUILIBRIUM programs u~cd l1l 

our calculation. 

The first screening was to examine the free energy of reactions of materials wllh 

a high melting point and acceptable electrical conductivity, with TiCI4 to form chlondcs 

by using the REACTION program. This program computes the change\ 111 

thermodynamic state functions of a balanced chemical reactilJn, and Î<; lllllCh k~s 

expensive than the EQUILIBRIUM program. 

Generally, chcmical reactions to be considered can be exprcsscd as 

Candidate materials + TiC4 = Products (5-1) 

for aIl candidate materials, the Gibbs Free Energy changes were caJculated at 2000 K 

and a pressure of one atmosphere. If the free energy of the reaction IS much grcatcr than 

o it is reasonable to predict that the reaction will not occur spontancou<o,ly, mcaning the 

candidate material might be inert 10 TiCI4. However, il should be noted that the 
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moJecuJes ofC12 and the atoms of Cl would exist in the TiCl4 plasma gas due to 

dissociation and ionization of TiCI4; these were also considered as reactants. Table 5-1 

is a summary of the most successful results. 

The overall calculations of chemical reaction, based on the Data-Base of the 

mainframe computer system, covered most high melting compound .. of oxygen, 

chlorine. carbon, boron, and nitrogen, with elements of Group IIIB, IV 13, VB, VIB, 

VIIB, and VIII. 

Following this inexpensive initial analysis, the EQUILIBRIUM program was 

used to calculate the extent of reaction of the most successful candidates with TiC4 • CJ2 

and Cl according to the reactions given below 

R + TiCLt -+ (1 - a ) RClx + TiCly + a. R (5-2) 

(l-a)x 
R + Cl2 -+ (1 - a ) RClx + (l - 2 ) Cl2 + a R (5-3) 

R + Cl -+ (1 - (l) RClx + (1 - (l-a)x) Cl + Cl R (5-4) 

This program uses free energy minimization to detennine aU possible reaction produets 

for a specifie reactant stoichiometry, T, and P. The results are summarized in Table 5-2. 

The values of the table must be treated with caution since they are based on equilibrium 

and do not take into account the kinetics of the various reactions. The true situation is 

bound to be one of non-equilibrium because there are enormous thennal gradients 

between the plasma and the electrode. The three values of (1-a) given in Table 5-2 show 

the effeet of changing reaetion stoichiometry. The first column includes titanium and 

four chlorine atoms, the second two ehlorine atoms and the last only one chlorine atom. 
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Table 5-1. The Results of Chemic~lI Reaction Amtlysis 

- ---- -

Material Formula Melting l' l'iCI .. CI2 CI 

Name K -------------(2()()() K )------------
-- - --- --~ 

Tantalum Carbide TaC 4152 N Y Y 

Scandillm Oxide Se203 2500 N N N 

Tantalum Diboride TaB2 3373 N N N 

Aluminium 12-Boride AIB12 3373 N N N 

Silicon Carbide SiC 3200 N N N 

Ditungsten Carbide W2 C 3068 N N N 

Note: "N" means dG».O (> 100 kJ), no spontaneous rcaction, and 

"Y" means dG«.O « -100 kJ), reacl10n eould oecur. 

Table 5-2. The Rcsults of Equilibrium Analysis al 2000 K 

------ - -

Ma/.erial Formula Melting T. TiCI .. CI2 CI 

Name K ( l-a) (f-u) (1-(1.) 

-- - ~-----

Tantalum Carbide TaC 4152 0.00 0.50 () 25 

Scandium Oxide Se203 2500 0.00 0.00 () {)O 

Tantalum Diboride TaB2 3373 0.00 0.20 () 1 () 

Aluminium 12-Boride AIB12 3373 0.26 (>.052 lU>2() 

Silicon Carbide SiC 3200 0.33 067 

Ditllng~ten C:u-bide W2 C 306R 0.00 05 () 2 ') 

----- --- - -

Note: The values of I-a in the Table Îndicatc!>. the rcactivi tJc~ or the rnatenaJ.., 
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B. Conclusion 

From the above analysis it is known that in thennodynamic sense, even though 

the temperature in the calculations is only up to 2000 K and, while the temperature of a 

plasma arc will be much higher, we may predict that the following materials could be 

successful electrodes used in TiC4 plasma gas: 

1. TaC Tantalum Carbide 

iL TaB2 Tantalum Diboride 

iii. SC203 Scandium Oxide 

iv W 2 C Ditungsten Carbide 

However due to the limitations of lime and budget only the TaC was used in 

our experiments. 

5.2 Preliminary Experiments 

A. Preparation of Pure TaC Cathode Rings 

The TaC cathode rings, schematically shown in Figure 3-3, were prepared by 

Dr. K. Shanker of the Department of Mining and Metallurgical Engineering, McGill 

University, from TaC powder made by Hermann C. Starck Berlin. The composition of 

the powder is shown in Table 5-3 and the basic process flow chan of making the 

cathode ring is presented in Figure 5-1. The rings in different stages (from powder to a 

machined ring in four stages) are shown in Figure 5-2. Through the analysis of the 

SEM it is found that the microstructure of the cathode ring is porous, as shown in 

Figure 5-3; depending on the time of sintering the density of the rings is in the range of 

40-80% of the theoretical value. 
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Table 5-3 The Composition of TaC powder 

Contents Concentration (%) 

------------------------------------- ---

Source: 

C total 

Cfree 

Ca 

Fe 

Nb 

Si 

TI 

6.18 

0.05 

0.001 

0.003 

0.10 

0.001 

0.001 

Hennann C. Starck Berlin GmbH +Co. KG (23 Fcb., 1990) 
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TaC Powder 

Die Press (U niaxial Loading) in Mould 

Sintered in Argon 

2000C 1/2 h 

or 1900 C 3/4 h 

Machining TaC Cathode Ring 

Density: 40-80 % 

Figure 5-1 The Flow Chart of Fabricating TaC Cathode Ring 
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Figure 5-3 The Microstructure of the Rings (SEM) 



B. Experimental Conditions 

In order to clearly identify the behavior of the c1ectrodc matcnal - TaC III tlll' 

plasma toreh, it was necessary at the begil1lung to lise operating l'ondltions wlllch allo\\ 

stable and reprodllcible operation of the experiments. The l'Ondition~ ",lllCh :11 t' 

summarized in Table 5-4 were used succcssflllly by bOlh S)'t'Iltc ( 19X6) and Ilaheh 1 Il 

(1988), so they were used in this stlldy. 

The installation of the cathode ring and the anode tlp IS shown 111 Figure ,. ~ III 

which it is seen that the ring was l110unted in a copper holdcr. ('l'ramll' matcrtill wllh 

high electrical resistance, callcd 909 Hi-resi:-.tance CeramlL' i\dhe..,lvc, lllil'lllllllll 

operat1l1g temperature is 1800 K, made by COlltrolllL'~ ('orp, WilS lI..,cd 10 l'OVl'1 thl' 

internaI copper surface of the holder for l!1sulatlon, and the whole anode luhe, l':\l'l'ptthe 

working tip made of TaC+i\1 or Ta, (Cu tip wa~ an lIltcgral palt of the tuhe) wa.., i11..,,) 

covered with the same ceramic 

The dIstance between the anode tip and the m!cmal ~lIrtill'l; of the cathode llIlg 

was 4 mm which avoids the effects of cathode Jet~ whlle givlIlg il rcasonahly low :lIl' 

voltages. 

C. Results of Experiments 

Using the sintered TaC cathodes and coppcr an()dc~, Il/ne cxpenmcllh \Vell' 

carried out under the conditIons of Tahle 5-4. The IOllge~t one ran only lIve Illlllllte.., 

The serious in~tab!IIty of the arc voltage and the fluctuation of the arc vcloclly call"'l'd tlll' 

stopping of these experiments, 

After the experiments it wa~ clcarly ohscrved that the cathode nng wa-; l'Iadt:d 

and fractured, as ~hown in FIgure 5-4 and Figure 5-5. The mterna) ..,urrace of Ihe fIl1V

had melted WhlCh indicated that the operat1l1g tempcrature wa.., dellnitcly over <1) ,') K, 

the melting point of TaC. The dIrection" of crackrng ~eel1led malllly circumfcrclltlill ilncl 

axial. The longer the te~t ran, the more ~evcre wa.., the crackIng 
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Table 5-4 The Experimental Conditions 

Variables Specification 

Main Plasma gas Argon Purity 99.998 % 

Gas Flow Rate 15-20 Umin T=293 K 

Arc Current 100 A 

Pressure 1.1 Atm 

Magnetic Field 1000 Gauss 

Coolant Cold water 

Rate of Cooling Water 15-20 Umin Cathode 

10-15 Umin Anode 

4 Umin Reactor Walls 

Degree of Vacuum - 100 kPa + 5 min Purging with Ar. 
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It was very c1ear that thennal shock and poor thennal conductivity causcù the 

failure of the cathode ring. Increasing of rate of cooling made no differcnce. ln order 10 

minimize the shock, a graphite coating was put onto the working surface of the cathode 

ring to delay the changing of temperature gradient. This did not improve the situation. 

Figure 5-4 The Photographs of a Cathode Ring and a Copper 

Anode Arter Testing 
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The Fractured Parts of a Pure TaC Cathode Ring 
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5.3 Basic Failure Analysis 

From the alx)Ve results it was realized that no matter how the elcctrodes are couled, tlll:rc 

always exists a very sharp temperature gradient close to the working surface reglon of 

the electrodes where serious stress-strain fields will be produt'Cd. These may cause the 

crack and failure of electr<xks. The plasma temperature can not be rcduccd if an arc IS to 

be maintained. 

A. Temperature Cycling and Gradient 

In order to analyze the reasons of the thermal failure, the temperature field in the 

body of electrodes should be examined first; This can be expresscd in polar coordinates 

for our electrode ring, shown in Figure 3-3, as follows 

(5-5) 

where T is temperature, t is time, q is heat generation per unit volume and unit time, 1( is 

the thermal conductivity, a is the thennal diffusivity and r, <1> and z are coordinatcs of li 

point of the object in polar coordinales. 

Obviously, the biggest difficulty of solving the equation (5-5) is that in our 

plasma torch the temperature field is a strong function of lime and po~itlon. On one ~Ide 

of the electrode ring there is cold cooling water clo~e to rOO111 tempcrature and on the 

other side, the working surface of the ring, the temperature I~ c1evatcd by the pla~llla arc 

to thousands of degrees. The thickness of the ring is only around 10 mnJ.Thc applted 

external magnetic field drives the arc running along the ,>urface wlth high rotalJona) 

velocity (about 200 cycles per ~econd), and at the '>pot of the arc mot, the tempcratun.: 

can be over 10,000 K. It was demon!)trated 111 the wurk of other rc~can.:her~ 

(Szente, 1986 and Habelnh, 1988) that the re~t of the ~urfacc 1'> 4UICk1y cookd down by 
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passing gas and heat conduction to colder part of the ring. Therefore it is clearly 

indicated that there exists a very sharp temperature gradient and a severe temperature 

cycling at the sUlface of electrodes in the plasma torch. 

B. Thenno-Mechanical Failure of the Electrode Ring 

ft is known that the temperature and stress-strain fields in a solid medium are (in 

general) coupled. If it is assumed that the temperature field is independent of time the 

temperature field is determined from equation (5-5). For preliminary estimation of stress 

distribution on the cathode ring in the elastic range (this is reasonable for most brittle 

materials and TaC is very brittle) it may be found that the stress distribution in the 

cathode ring caused by the temperature gradient can be expressed, in polar coordinates, 

as 

O"r = UT2 E (r2 -rI 1'2 (T - To}r dr _1' (T - To}r dr) 
r t1 -rI q q (5-6) 

0"41 = UT2 E (r: + t11'2 (T - To}r dr _1' {T - To}r dr - (T - Toh2) 
r r2 - t1 TI TI (5-7) 

where O"r 0"$ are stresses in radial and tangential directions, respectively, E is Young's 

modulus, uT is the coefficient of thermal expansion and To is an initial temperature. 

From the equation (5-7) it is seen that 0"$ is a strong function of temperature T(r, 

$, z, t). Especially at r = rI Le. at the internaI surface, the second tenn on the right side 

of the (5-7) is zero and the first term will be relatively small because of rapid reduction 

of temperature away [rom the working surface inside of the ring. In order to clearly see 

the relation between stress and temperature the following approximate expression may 

he given: 
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0111 "" - aT E (T - T 0) (5-S) 

which means when T sharply increases and is much greater than the initial To. and therc 

exist very high compressive stresses at the thin surface layer. As aQ increases up to 

yield limits with T plastic deformation for most ductile material WIll rdcase the a~~ 

towards a new equilibrium of forces. If this equilibrium can not be maintained due to the 

continued increasing ofT and crlll, the material will fail. Of course, when the tcmpcrature 

is extremely high (under the melting J'0int of the electrode materials) the above equaliolls 

should be corrected by considering thermal plasticity accordîng to the physical anu 

mechanical properties of the materials 

C. Conclusion 

After the above qualitative discussion we have the following conclusions: 

i. Pure TaC electrodes are so britlle that they can not endure the thcnnal 

shock of plasma arc. 

iL TaC material can not be used for plasma electrodes, unless a mClhou 

could be found to control the gradient of temperature in the body of elcctrodcs. 

especially close to the working surface, to acceptable levels. 

lll. A technique must be found to change the properties of this kmd of 

electrode material, making il more ductile and able to withstand thermal shock. Work 

was thus started on composite TaC+AI electrodes which were much more ductik. 

Reactions between the aluminium and the TiCI4 could rcsult 111 contamlllauon of the 

products in a titanium producing process, however such contamination wou Id not be a 

seriou" problem, since aluminium is a common alloying clement for titanium. 

• 
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CHAPTER 6. 
EXPERIMENTS WITH TaC+AI ELECTRODES 

6. J Preparation or TaC+AI Electrodes 

A. Fabrication of TaC+Al Electrodes 

As mentioned in the previous chapter, the thenno~mechanical properties of TaC 

electrodes were modified by infiltrating these with aluminium. The basic process shown 

in Figure 5-1 was modified to that shown in Figure 6-1. 

B. The Properties of TaC+AI Materia! 

The basic mechanical properties of TaC+AI material, measured by Noranda 

Technology Center, are listed in Table 6-1. 

The new material is no longer brittle, indicated by the large elongation, but rather 

ductile like aluminium, and easily machinable. 

The micrograph of the new material is shown in Figure 6-2, in whkh the black 

areas are complete1y full of aluminium. Comparing Figure 6-2 to Figure 5-4, even 

though the scales are slightly different, it may be noted wat infiltrating of alununium has 

greatly changed the microstructure of the material. The TaC particles have increased 

considerably in size, they have been packed densely and uniformly, and have acquired 

extremely regular shapes. 



TaC Powder 

J 

Die Press (Uniaxial Loading) ~ 

1 

Sintered in Argon 

2000 Oc 1/2 h 

or 1900 Oc 3/4 h 

1 

Placed in graphite mould with pure Al 

Purity of Al 99.99% + 

~--Jr-------

In fil trated 

1500 Oc 1/2 h 

in Argon 

'------r--------

1 

Machining TaC +AI Electrod~l 

.. 
Figure 6-1 The Flow Chart of TaC+AI Electrodes Fahrication 
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Table 6·1 The Properties of TaC+AI Material 

Ceramic Volume Fraction 55% 

Electrical ResistiviLy 9.6 x 10-6 il cm 

Thermal Diffusivity 0.275 cm/sec al291 K 

Yield Strength (0.1 %) 80 Mpa 

Ultimate Tensile Strength 435 Mpa 

Maximum Elongation 9% 

Ultimate Compressive Strength 600 Mpa 

Hardness (RockweH A, 60 kg) 53 

.... 

1 
Figure 6·2 The Micrograph of a TaC+AI Electrode 



J 6.2 TaC+AI Electrodes in Argon Plasma Gas 

A. Results 

In order to demonstrate the basic behavior of the newly devcloped matcrial 

TaC+Al, sorne preliminary experiments were carried out wllh pure algon gas which 

would be used to dilute the TiCI4. The experimental comhtinns were ll' .. ted 111 Tahle (l-2 

In these expenments the anodes were normally copper. Tlm wa~ a temporal y cholel' 

bec au se copper is not suitable for TiCi4 gas. Thercfore 111 TIC14 expenment'\. both anode 

tips and cathode rings were made of TaC+AI. The results are shown 111 Table 6-3 Thl' 

photograph of the cathode ring and anode up (the ~mall plCce) of Te~t No <)OO-l alter a 

test of more than one hour is shown in Figure 6-3 The Illlcrostflleturc of thl' lathode 

ring of Test No. 8906 after one hour of operation IS ~hown in Figure 6-·1. 111 whil'h thl' 

left si de part is an unaffected region close to the out~ide ~urfal'e of the catlHxll' JIng: the 

right side part is taken from a zone close to the worklllg ~urface, ~trol1gly affcetcd Ily the 

arc. 

B. Discussion 

The voltage responses of the plasma arc gencratcd wlth the new eketr odc~ WCI e 

very stable throughout the expenments as was the arc currcnl. The average voltage 

changed sornewhat from run to run, po~sibly due to change~ from elcctrode to electn ){k 

and the differences in the gas flow rate. The diffcrence ... in the velocHy of the arc W.l'" 

partially because of changes in electrode compo~iuon and dcn ... ity and the change\ of 

gas density. However, it can be seen from Table 6-3 that the average em ... ion rale ... of the 

cathode rings were acccptably low. lt was found rhat the crmlOn rate., an; qUJte \en"'ltlvc 

to electrode density. It is noted that the cathode ring of Tc ... t No 9001 had a IllllCh lower 

density, i.e. more aluminium. Thl!> would give more AI in the are a\ vapor ([hu ... 
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reducing the voltage) and wou Id also suggest a higher erosion rate because Al is much 

easier to melt and vaporize than TaC. 

From Figure 6-3 and Figure 6-4 it can he seen that the microstructure of the material 

stIll remained relauvely uniform, ev en though the surface was very rough due to local 

melting causcd by the attack of the arc. Finally the tests demonstrated stable operation 

for more than one hour giving a good deal of confidence in this new material. 

Table 6-2 

No. Gas Flow R Gas T 

8904 

8906 

9(0) 

9004 

9028 

(L/min) 

14.00 

15.00 

8.12 

8.12 

15.43 

(C) 

297 

298 

298 

298 

297 

Experimental Conditions for TaC+AI 

Electrodes in Argon Plasma 

p 

(atm) 

1.00 

1.00 

1.07 

1.07 

1.07 

Current 

(A) 

100 

100 

100 

100 

100 

B 

(G) 

1000 

1000 

1000 

1000 

1000 

Watcr 

(L/min) 

Anode Cathode 

8.71 

8.71 

7.57 

7.57 

7.57 

10.6 

10.6 

13.2 

13.2 

13.2 
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Table 6-3 The Rcsults of TnC+AI Cnthodc Rin~s in A,,~ol1 Gas 

------- --

No. Density Voltage Vclocity El"Osiol1 Raie Ti nu.' 

(g/cm3) (V) (mIs) 

.. _------

8904 (63%TaC)* 25 

8906 (65%TaC)* 26 

9001 5.760 23 13.X5 

9004 7.013 24 

9026 7.053 30 13.57 

9027 6.914 29 13.57 

9028 6.909 25 }62X 

* The density in g/cm l wa~ not mcasurcd; 

The data not available 

(Jlg/C) (min) 

5 

60 

4 Jl) ·tt) 

1.31 (li 

15 

6 l 

155 30 2 
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Figure 6-3 The Photograph of a Ring and a Tip After a One Hour Test 

1 

l Figure 6-4 The Microstructure of TaC+AI After a One Hour Test 
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6.3 TaC+AI Electrodes in TiCI4 + Argon Plasma Gascs 

A. Experimental Conditions 

According to the experience of the above pioneering and prc1inunary c:\pcnlllcnt~ 

the following experimental conditions were used for the aIl expcril1lcnts \Vith 'l'iCI, -1 

argon plasma gases: 

Table 6-4 Operating Conditions for TiCI" + Argon Plasma Gascs 

Arc CUITent = 100 A 

Flow rate of argon = 15 Ilmin 

Magnetic Field = 1000 Gauss 

Pressure in reactor = 1 - LI atm 

Flow rate of cooling 

Cathode = 13.2 UmlJ1 

Anode = 7.57 Umm 

Temp. of cooling water = 35X-363 K 

-- --.---.-

B. The Features of the Arc Voltage 

A great de al of attention was paid to the arc voltage and lt~ ~tablllly ~ince thi ... 

determines not only the stability of the plasma arc but IS a good indicator of the bdlavlOf 

of the arc root at the electrode surface. 

More than twenty expenments were done to lIlve:-.ugatc the behavlOf 01 the arc 

voltage. The results corresponding to different TiC14 concentration~ arc ~ummarllcd in 

Table 6-5. as follows 
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Table 6·5 The Arc Voltage vs TiCI4 Concentration 

No. Concentration of TiCI4 Average Voltage Time 

(Volume %) (V) (min) 

9028 0.0 25 30.2 

9006 2.5 35 6.5 

9025 5.0 40 20.0 

9012 8.0 45 4.5 

9024 10.0 46 20.0 

9023 14.3 50 20.5 

9027 20.0 55 2.6 

9027 30.1 62 4.0 

The voltage - concentration data of Table 6-5 have been plotted in Figure 6-5 in 

which the solid line curve presents the fit expression. Il is shown that the voltage of the 

arc appears to increase as a quadratic function (the correlation coefficient R2 = 0.96) of 

the concentration of TiCI4. This increase can be explained by the fact that the 

decomposition of more TiCl4 requires additional energy and thus increases the arc 

voltage. 

The crosses in Figure 6-5, named "Continuous" are the result of a single run in 

which the concentration of TiC4 was changed in a stepwise fashion (such as Run 9076 

and 9027). The triangles represent the results of the runs which were conducted at single 

fixed concentrations of TiCI4. 
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Figure 6-5 Average Arc Voltage vs Concentration of TiCI4 
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The reproducibility of the experirnents was also investigated and t'le results of 

average voltages for runs at a concentration 14.3% TiCI4 are listed in Table 6-6. These 

value~ are obtained by averaging peak to peak value of voltage over the tirne of the 

experimcnts. The reproducibIlity of voltage appears quite good. 

FIgure 6-6 shows that the short terrn average plasma voltages as a function of the 

operating time and iiiu~tra!es that even at tirne scales at which the concentration should 

have achleved steady state (after about a rninute) the average voltage still increases. This 

phenomenon could be interpreted as due to the deterioration of the electrodes in which 

the surface quality of the electrodes and the width of the gap between the electrodes were 

changed. 

No. 

9015 

9013 

900R 

9023 

Table 6-6 Reproducibility of the Arc Voltage 

Concentration.TiCl4 

(Volume %) 

14.3 

14.3 

14.0 

14.3 

Average Voltage 

(V) 

48 

48 

46.5 

50.0 

Time 

(min) 

4.0 

6.0 

10.0 

20.5 

• 
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Figure 6-6 The FeattiTe of Average Voltage vs Operating Time 
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The typical evolution of the arc voltage with the operating time is shown in the 

strip chart recording of Figure 6-7 for the test numbered as 9023. In this figure the 

concentration of TiCl4 was 14.3 %. When TiC14 vapor was first fed to the main argon 

tlow, the composition of plasma gases changed rapidly and for the first few seconds it 

was not uniform. The voltage showed a short tluctuating phase, and the actllat length of 

this fluctuating phase depended mainly on the mixing process between TiC4 and argon 

(sometime more than one minute). Once the mixing process was completed and the 

composition of plasma gases became uniform again the arc voltage appeared to be much 

more stable; then the range of fluctuation was only about 1 - 4 V while the operating 

voltage was 35 - 62 V. The level of fluctuations was greatest at the lowest TiC14 

concentration due to the pulsing nature of the peristal tic pump at low flow rates. 

In summary, the above results show that stable plasma arcs were produced with 

up to 30 % concentration of TiC4 in argon gas. 

C. Weight Loss and Erosion Rate 

In order to characterize the deterioration of electrodes working in TiCl4 + argon 

plasma gases the weight loss and average erosion rate of the electrodes were measured. 

The results are summarized in Table 6-7. It should be noted that in all experiments the 

arc was ignited first in pure argon and then TiCI4 gas was fed into the reactor; this was 

done for ease of arc ignition. In the calculation of the weight los5 and the erosion rate the 

influence of this short period of argon running was suhtracted by rneasuring the rime of 

Ihis period and using experimental erosion data of the pure argon experiments. The 

results in Table 6-7 are the corrected results . 
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No. 

9006 

9007 

9022 

9019 

9016 

9025 
if 

01. 9012 

9020 

9018 

9014 

9021 

9024 

9015 

9013 

9008 

9023 

Table 6·7 Weight loss and Erosion Rate of Electrodes 

Concentration 

TiC'4 

(Volume %) 

2.51 

2.51 

5.12 

4.99 

5.02 

5.16 

8.00 

10.01 

10.00 

10.00 

10.10 

10.13 

14.31 

14.30 

14.31 

14.31 

Time 

(sec) 

330 

390 

240 

360 

600 

1200 

270 

250 

365 

600 

645 

1200 

240 

360 

600 

1230 

Weight Loss Erosion Rate 

(g) (Ilg/C ) 

Cathode Anode Cathode Anode 

0.41 0.42 9.37 11.45 

0.31 0.08 7.20 1.76 

0.50 0.89 20.82 37.05 

0.68 0.28 18.83 7.85 

0.76 0.55 12.59 9.17 

1.79 2.10 14.71 17.39* 

0.43 0.45 14.64 16.33 

0.58 0.72 23.25 28.89 

0.80 0.48 21.83 13.15 

1.10 0.84 18.27 14.01 

1.64 3.16 23.51 45.45* 

1.94 4.96 16.05 41.29* 

0.71 0.42 29.31 17.44 

1.00 0.36 27.72 10.05 

1.52 1.45 25.12 24.06 

3.07 0.89 24.89 7.24 

The material of the anode used is pure tantalum instead of TaC+Al. 
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In this section attention will be only p:ud to the behavior of the: TaC-t At 

cathodes, even though sorne data for anodes are listed in Table 6-7. The hl'havinr of the: 

anodes will he presented in a huer sectlon. 

Table 6-7 shows that 

i) The weight loss of the TaC+Al cathode is a fum:tion of both operating 

time and concentration of T1C14, as shown in Figure 6-8 and Figure 6-9. 'l'hl' wClght 

loss appears, in Figure 6-8, to be a lin\!af function of time with diffcrl'Ilt stope:s due: to 

different concentrations ofTiC~ gas. The fitting expressions can he wnttl'Il as 

WLI43 =0.06766 + 2.4525x lO-3 t 

WLlO =0.03874 + 1.9334x1O-3 t 

WLs =0.06929 + 1.4152x 10-3 t 

R2 = 0.992 

R2 = 0959 

(6-1 ) 

(6-2) 

(6-_1 ) 

where the subscripts of WL (Weight Loss) indicate the concentration of TICLI and I~ 1\ 

correlation coefficient; the units of weighl 10ss and lime arc gI':. and s, n:':.pl'ClIwty. 

The derivauves of the above three cquations will glvc the applOxim:ltt:ty 

const:mt erosion rates corresponding to the different concentration of TiCLI ga\: 

dWir143 = 2.4525 x 10-3 (gis) (6-4) 

dWLlO = 1.9334 x 10-1 (gis) 
dt (6-5) 

dWLs = 1.4152 x 10-3 (gis) 
«()-(» dt 
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Furtherrnore, if the above three expressions (6-4), (6-5), and (6-6) are 

dlvidcd by the value of the current which is fixed as 100 A in aIl experirnents, the three 

approximale erosion rates can be expressed in Ilg/C, as follows 

ERJ43 = dW;14 3 = 24.525 

ERIO = dWLlO = 19.334 
dt 

ERs = dWLs = 14.152 
. dt 

( Ilg/C ) 

(~g/C) 

(~g/C) 

(6-7) 

(6-8) 

(6-9) 

where C rneans Coulomb and Ilg means micro gram, the subscripts of ER (Erosion 

Rate) represent the concentrations of TiC14. 

These mean erosion rates are quite close to the erosion rates ca1culated from 

i:-rlividual experirnents if the runs were relatively long. 

Figure 6-9 shows that the weight loss of the TaC+AI cathode is a linear 

function of the concentrations of TiCI4, and that for different running periods of 

experirnents the expression is different. 

ii) Although the rneasured erosion rate computed in Table 6-7 is not an 

instantancous value but the average value over a run, sorne use can still be made of the 

d:lIa, which seern consistent with the analysis of the weight loss. It is also observed 

from Figure 6-10 that this average rate approaches a constant value, in other words, IS 

independcrII of operation time, for each concentration of TiC~ but is initially higher. 

The initial higher rate may be attributed to chemical rcaction at regions of high initial 

aluminium concentration at the electrode surface but not necessarily at the arc roOf. It 

may also be a result of the initial arc instability due to the initial unsteady flow rate of 

TiClt inlo the system. This is corroborated by the initial portion of the arc voltage versus 

time curves shown in Figure 6-7. 
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iii) A cross plot of the mean erosion rate data versus the TiCl4 concentration 

wi th time as a parameter is gi ven in Figure 6-11. For the short time runs, the erosion 

nJtes versus the concentrations are a quite non-linear function, shown by the equations 

(A) and (B) 10 Figure 6-11, whereas for long lime runs, which are more characteristic of 

steady state operation, the CUlVes becomes linear, indicated by the equation (D) in Figure 

6-11. As mentloned above, the behavlOr of erosion rate in a short time run wus strongly 

affected by the mitial instability of TiC14 flow rate. 

D. Arc Yclocity 

The mcasured data on mean arc velocity as a function of TiCl4 concentration at 

constant magneuc field are summarized in Table 6-8 and have been plotted in Figure 6-

12. The veloclty of Run 9028 has not becn plotted for the reasons discussedbelow. The 

vel()Çitie~ show more scatter than the voltage data because velocity data could only be 

Laken dunng the initial portion of the runs when the window was suU clear of ~olid 

reaction produC1S. 

FIgure 6-12 shows that the arc velocity is about 13 mis in pure argon. The 

veloclly increases and then decreases as the titanium tetrachloride concentration 

increases. The low initial velocity may be associated with surface drag at the cathode as 

was found by Szente (1988) for pure argon and hehum on copper cathodes. Once 

concentrations of more than a few hundred ppm of a contaminant are present in argon, 

the surface drag is reduced and the arc behavior is detemlined pnmarily by the bulk gas 

through which the arc passes and not by surface effects. The hlgh velocity of Run 9028, 

in Table 6-3, may be due to slight contamination of the argon by TiCl4 in that run. This 

would reduce surface drag and permit a high arc velocity. Because of the operational 

limits of the titanium tetrachloride feeder, no experiments could be done to investigate 

the arc behavlOr al very low titanium tetrachloride concentrations. 



Figure 6-11 Erosion Rate as a Function of TiCI4 Concentration al Different Times 
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9017 
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9020 

9012 

9022 

9016 
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Tuble 6-8 Tht': Arc Velocities in Different Conditions 

Concentration (%) 

TiCI4 

14.31 

14.31 

14.30 

10.00 

10.01 

8.00 

5.12 

5.02 

2.51 

0.0 

0.0 

0.0 

Max 

12.07 

7.60 

9.10 

15.08 

12.41 

18.97 

18.99 

16.79 

43.21 

15.02 

15.08 

15.08 

Velocities (mIs) 

Min Mean 

10.56 11.31 

7.60 7.60 

6.04 7.57 

15.08 15.08 

12.41 12.41 

15.18 17.08 

15.19 17.09 

16.79 16.79 

21.61 32.41 

12.67 13.85 

12.06 13.57 

12.06 13.57 

Time 

(sec) 

125 

600 

360 

365 

250 

270 

240 

600 

390 

2940 

900 

380 

85 
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Figure 6-13 is a logarithmic plot of arc velocity versus TiCl4 concentration 

mcluding only concentrations hlgher than 2.5%, i.e. under conditions where surface 

drag is expected to be small and independent of concentration. The least squares 

regres!.lon of velocity on concentration gives: 

Vel = 59.35 y,O 694 (6-10) 

where Vel is the arc velocity in mis and y is the titanium tetrachloride concentration in 

mole fraction. 

A lheorctlcal analysis based on a balance of the Lorentz and drag forces and 

ncgltgiblc surface drag, expressed in equations (2-1), (2-2) and (2-4), gives: 

Vel Cl p.O.5 (6-11) 

The density of the gas in the reactor between the electrodes will be a function of its 

titanium tetrachloride concentration. The TiC4 affects the density in two different ways; 

it directly affects the density because of the higher molecular weight of TiC14 but it also 

causes an increase in the arc voltage. This would tend to heat the gas and cause a 

reduction in the density. If it is assumed that the arc efficiency does not change with 

changing concentration, then the variation of overall gas density with TiCl4 molar 

concentration c.m be computed from heat balance and molecular weight consideration as: 

p a. y0.45 (6-12) 

where y is the molar concentration of TiCI4. This is approximately true over a wide 

range of torch efficiencies, i.e. from 20% to 40% which is expected to be the case here. 

If we combine equation (6-11) and (6-12) we can obtain: 

Vel a. y.O.225 (6-13) 



Figure 6-13 Arc Velo city as a Function of TiCI4 Concnetration 
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which suggest~ that the velocity should decrease as the concentration of TiC4 increases. 

The model assumes no chemical reaction in the arc which certainly not the case in this 

work. If there wa!l reaction, the arc would heat the gas to a lower temperature than 

predicted since the decomposition of TiC4 is endothennic. This suggests that the gas 

density would decrease more strongly with inereasing of TiC4 concentration than is 

predicted by equation (6-12) meaning that the velocity should decrease more rapidly than 

prcdictcd by equation (6-13). The experimentally determined dependence of arc velocity 

on TiCI4 given in equation (6-10) above suggests that there was considerable reaction, 

and thus quenching of the gas, as was observed. 

The photographs of the arc in TiCl4 (see Figure 6-21 below) corroborate these 

interpretations sinee the arc was short and perpendicular to the two electrode surfaces; 

this is exactly what would be expected if surface drag on the cathode was negligible. 

E. Effeet of Arc Velocity on Erosion Rate 

Because the arc velocily changes as the concentration of TiC4 is changed, it is 

difficuIt to unamblguously separate the effects of concentration and velocity on the 

erosion rate. Figure 6-14 is a logarithmic plot of erosion rate versus arc velocity. The arc 

velocities have becn taken from averaging the values at every different concentration of 

TiC14 to smooth the sealter inherent in the velocity measuremt:nts. The data are 

correlated as: 

E = 155.02 Yel-O•819 (6-14) 

where E is the erosion rate in ~g/c. This agrees rather weIl with the experimental value 

obtaincd for copper erosion in nitrogen by Szente at relatively high velocities, i.e. 

(6-15) 
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In Szente's case there was no chemiral reaction ta cause the eroslon which \\':1'\ 

caused simply by the insufficient removal of heat from the cathode ~lIrfarC'. The 11IC''ol'1ll 

analysis would suggest that even in the chcmically aggrcssivC' atlllosphcn: of TICi l, 

erosion rates are still primarily controlled by heat transfcr and that thc cftl:ct of tllallium 

tetrachloride concentratIOn is primarily to modlfy the arc velol'Îty. 

F. SEM Analysis 

The Examination of the microstructure of TaC+Al mate rial after tests \Ven: 

conducted with SEM (Scanning Electron Microscope). Figure 6-15 of the cathode lI1~idC' 

surface (where the arc struck) and Figure 6-16 of the cathode ollt~ide surfan: 

(unaffected) show thm the microstructure of the matcpal wa~ not Vi~lbly changcd by thl' 

arc. In Figure 6-17 picked up close to the working surface of the ~athode for lUI! ()O 14, 

on the left, the upper and lower maps which were supposed to bc hlack-wlllte matchcd 

for unused electrodes show sorne porous spots (unmatchcd In blacl-..-write) IIHllcating 

that aluminium has been removed. This impIies that alumil1lum wa~ prcfcrelltwlly 

consumed or evaporated at least initially. This dlfferencc in the cro:-'lon ratc!-> 01 

aluminium and tantalum carbide and their variatIOns wlth timc coultl bc two of the 

reasons responsible for the fluctuation of velocity and the scattcr III the mt;asurcd rrosion 

rates. 

In addition, il can be clearly seen in Figure 6-18 that sorne dcposit!-> cOlltaining 

titanium existed on the cathode surface, which is cùnfimlcd in the compo~lti()nal 

analysis, as shown in Figure 6-19. 
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Figure 6-18 The Deposits of Titanium on the Cathode Surface 
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G. The BehavlOr of the Anodes 

Anode tips made of copper, tantalum and TaC+Al \vcrc used lTl tlm rescan:h t\" 

was nOled in the section Oll equipmcnt, the copper anodes fOl1llcd an inrcgral pan orthe 

anode tube and so were cooled very well They could not, however, he uscd with l'lei l 

plasma gas because of the reactlvity of copper with thls chlondc. 

First TaC+Al and finally, pure Ta \Vere used as the anode materials Neither 

proved entlrely satisfactory bet:ause of the way III which thc~c anode tlp" \\'l'I\.' 

constructed and mounted on the anode holding tube. Since the tips wcre only pIC'S l'li 

onto the anode tube, the thennal contact between the anode tIp and the tube wa" not very 

good. The heating of the tip" by the arc ~trikJng causee! them 10 cxpand and Ihus fllllhl'I 

decreased the cooling efflciency. Quite the oPPo'tite wa~ truc of the cathode nng~,. SlIleC 

these rings were mounted within the cathode holdcr, any expansion l/1crea'icd Ihl' 

tightness of the fit and reduced the thermal contact re"i<;tance The evcntual rC'tult is that 

the anode t1pS ran very hot leading 10 rapld cvaporatloll of al UflllTl Il If Tl III Ihe ca<,c 01 the 

composite electrodes and rapid attack of the tantallltll at the higher tempcrallllc .... 

Although tantalum is re~istant to chlorine at low temperatllre Il I~ not 111er! 

The removal of al umlllllln1 hy evaporation lcarl tn thc fOrJnatlol1 of a very hllttk 

TaC anode tIp. This was essentially Inert to the utanium tellachlorldc pla\mil bill 

eventually failed by thermal stress and cracking A photograph of a crackcd anode 1"

given in Figure 6-20. The material had lm.t the ~ilvery appcarance of the origInal 

TaC+AI and reverted to the dark brown color of the TaC. Becau"e the !Ir'> tcndcd tn 

crack relatively large piece could fall off during operation; thi ... expl,l1n<; the mllch grealer 

scatter in the erosion measlirement<; of the anode ... repol1cd 1 n Tahle h-7. 

The much hlgher operating temperature of an anode tip, compared ln the cilll!O<!l' 

ring, is shown 111 the photograph of the arc and electrode<; ln Figure fi-21 cre,t No 

9027). In thL ~~~re, the anode is seen to be muetl brighter (the bright ring) than the 

cathode which is relauvely weil cooled. Similar photograph\ of an argon arc hetwcen 
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copper elcctrodcs al ways show the anode completely dark while the cathode shows a 

~ingle hot spot at the arc root. 

ln the Iype of plasma torches contemplated for use in any tita:1ium production 

process, the cathodic erosion is always much more severe than the anodic erosion. Both 

electrodes wou Id be in the form of an internally mounted rings and thus both could be 

weil cooled. lt may thus be conc1udcd that the anornalously high anode erosions 

observed in this work are simply an arufact of the geometry and design chosen. The 

composlte TaC+AI material should then be quite suitable as an anode material. Even 

tantalum might be suitable as an anode material provided that it is directly cooled and 

th us kept at temperatures where il is not attacked by the chlorine. 

Il. Conclusions 

i) The use of TaC+AI ("' ;l,L: odes allowed the generation of stable plasmas in 

TiCl4 concentrations up to 30%. This limit was dictated by the temperature limitatiùns of 

the cooling system (to avoid condensation of the TiC14 gas) and the capacity of the 

feedmg system but not the characteristics of the plasma. Operating voltage ranged from 

35 to 62 volts for an arc gap of 4 mm and fluctuations in the voltage were in the range of 

1-4 volts once the feedmg system stabllized. The plasma CUITent was extremely stable. 

li) The cathode erosion rates II1creas~d with increasing concentration of TiCl4 

gas. This muy have becn because the arc veloclty decreased due to gas density increases 

WhlCh accompanies the 1I1crease in TiCl4 concentration. The highest measured rates were 

Jess than 30 microgr:ul1s/C for a concentration of about 15%. 



Figure 6-20 A Tanfalum Carbidc Anode Tip Aftcr Testing 

Figure 6-21 A Phofograph of the Arc in TiCJ4 Ga~ 
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CHAPTER 7. 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

An experimentaI inve~tigation was ca.ried out to identify a suitable electrode 

matcrial for the pla~ma trcatment of titamum tetrachloride and to determme the behavior 

of the arc and the performance of the electrodes. 

A DC plasma lorch was modified and used for the study Experimental 

technique~ were developed to work with the highly corrosive and toxie TieLt. 

Expcriments were carried out at 100 A, u~ing a magne tic field of 1000 Gaw,I) tn rotale 

the arc. The pre~<;ure in the torch was kept cC'nstant at 1 - 1.1 atm and the tempcrature of 

the cool:ng water for electrodcs was kept in the range of 35R - 363 K to avoid 

conden~ation of TICl4 III the rcariOL The Dow rate of argon was fixcd at 15 Lfmm and 

gaseous TICI4 wa~) addcd to this The arc volt:lge, veloclty and electrode ero'lion rate 

wcre rnea~lIrcd a~ a fllnctÎon of TieLt concentration and test duratIon. 

Pure !\lIllered TaC wa~ IIlltially tned as electrode matenal, This crackcd withm 

seconds of operation even In pure argon due to thcnnal ~hock. It was determined that 

this bnttle cerar111C wllh relatively poor thermal conductlvity could not be used. A 

composIte matcnal, TaC+Al was Identlficd as a suecessfuI electrode matcrial. Porous 

tantaillm carblde mfiltratcd with Ails ductile and has a much highcr thermal conductivity 

than the porous TaC al one and ~o can resist thermal ~hock for a prolonged time. 

Stable De pla~ma arc was prodllced WIth TICl4 concentrations at up to 30 

percent molar TICI4 in argon tor up to 20 minutes. The arc voltage wlth 4 mm 

interclectrode gap were in the range of 35-62 V with fluctuations III the range 1-4 V. 

lhgher concentratIOns of TICI4 were not used due to the limitatIons of the feeding 
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system and the need 10 keep the coolcd elcctflxie ... ahove the tic\\' pom! PI' the TICl l 'l'hl' 

stable behavlOr of the arc at 30 % TICl4 suggests that .1 pure 'l'ICI 1 plasma I~ fca'\lbk 

provided that a hlgher temperature cooling loop 1" used, 

Arc velocttle~ were about 1 ~ m/~ tn pure argon: the y 1!1l'Ie,I\l'd :1\ Tlt 'II \\'.h 

added In 10w concentratlofl and Ihen decrea ... cd wlth wcrca"lrlg T1CI 1 eOIK'Cnl! aIl- \11, t Ile 

latter effect can be attributed to ch:mges in gas den<;1IY, After an 1I1111al penod of h Ighl" 

erosion, the ero"ion rates werc lIldependent of nlllntng tllne EWI,lon rate~ illL'Il':I\t'd 

with increasing TICL~ concentration, The nighe..,t ll1ea\ured value ... were ahout .~() p ~C ;11 

Anode ero,ion rates \Vere higher but \vere an arll Licl or the genmetry and de·.lgll 

of the anode~ lI<;ed ln thls work Anode ero..,lon II, 1101 comldcred t() he a m;lj()J pll1hklll 

ln an industna! torch, 

7.2 Rccommcndations 

According to experience accun1ulated III thl\ expenmcntal \tuely 11 1.., fOlllld that III 

order to develop a stable and reproducible pla ... ma torch for IlHlllWliIl prodllct Ion ()I 

titanium the behavlor of the clectrodes IS a cnl1cal factor The proposee! Ta('-I 1\1, ()I 

some simtlar mixture of TaC whlch ha .. slmdar thermo-mcchanlcal propcrtIC~, cOllld he 

acceptable materials for electrodes of a OC pla<;ma torch, 1 lowever the followmg a"pem 

should be consldered' 

1) The imttal poro<;lty of the TaC and the alUI11lntlllll Infïltratlon prou.:durc 1l111,1 

be carefully controlled to produce electrode matcnal<; of rcltahlc pcrfomwncc. 

li) The deSign of the electrode cooling sy<;tem 1<; crucial to the ~lIccc",'..flil 

production of pure TiCI4 pla<.,mas Condcn<;ation mu..,t he aWlI(kd hlll al the 'iamL: tllll\' 

the electrodes must be cooled a<; weil a, po<;slble 
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