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THE CHARACfERISTICS OF TITANIUM TETRACHLORIDE PLASMAS 
IN A TRANSFERR,ED-ARC SYSTEM 

J • 

by 

B. Tsantrizos 

1 

A .t.~~" t~:nSferre~ ':iI:~~ed w!th PIRs:.ga. conta!n!ngup 
to 20 percè'nt molar TiCl;-1 in 'Argon, hel!um( and argon/hy<}rogen mixtur.es. 
T1'Ii8 was achieved by replacirtg the comnbnly-used thoriated tungsten 
cathode -tip with a tantalum carbide tip. Thus, corrosive reactioriS at 
the cathode surface, which were shown to be the cause of the observed 
insta.biUty, were preven.t!ed. This allowed the characte-ristics of stable 
titanittm~ tetrachloricltt .plasmas in a transferred arc reactor to he 
investigated_ . J, ' 

furthermore, an investigation was conducted,,).nto the feasibiHty of 
coq.ecting titanium Metal frOID" the dissociated TiCb. Molecule in the 
plaemagas. The titanium œtal was' collected in a molten bath,-" I!!M,~l1 
also served as the anode in the transfe'rred arc ~.tem., 'l'hré, 'lIl1oBe 
ba~h compositions were used in tnis study. Two of them, nildlel,y atitanium 
and zirconium, were not able 'to reduce recombined titanium 'sul)'chforides 
in the bath. 'The third aluminum, was a re4\lcing bath. When 'aluminum 
was used; about 60 perc~nt of 811 titanium','fed' into .~he reactor was 
collected. .Jo ..' 

~ . 
Finally, ·phenomena occurring '01\ the surface of a thoriated tungsten 

cathode were studied in a transl.e,rted-.c reactor using' argon or hel1um 
aé t'he plasmaga&. "The effe:c't. ~Q.f cathode g~ometry on the ,rate and 
mec1ianis~~f ca-thode eroehm were iltYes,igated. lt waè shown that the 
surface temperature of flat-tip cathoaes operating ~n argon i. near the 
melting, point ,of tungsten. On the other hand, the surf.eee temperature 
of flat-tip cathodes operating "in hélium and pointed-tip cathode, 
operating in eith'er helium or argon are pea r' the boilint point of 
tungsten. ..So~ of the material vapourized from the cathode was 
redeposited J"6il the cathode surface, forming crystais whose morphology 
and composition depended on their distance from the arc root and the 
p18smagas composition. 
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Seing a' seeker of truth i8 not Just a mat ter of havibg the right 

'-
P, 

6 Ideas. It ls a journey of the whole person whlch I\':requires 
.1, 

./ 

Just the 

perfect ble.nd of tolerance, scepticism, and ~ef1ect ion. It la 

,discovery of a virgin world within as it may have existed prior to the 

alterations imposed by the ego • 

.. 
.-

'" -- seelter of trutb 
'-

.... ' 
J fo11ow no path . 

aIl paths lead where 

j 
~ruth la bere 

.. 
poem by: e.e. cummings 
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LES cARAcrtRISTIQUES D'UN PLSMA DE TETRACHLORURE DE TITANE ''l DANS UN ARC TRANSFI!Rt 

. par: 

P. Tsanl:1rizos-

/ 
RisDMf 

Un arc transf~ré d'excellente stabilité contenant jusqu'A 20 
pourcent de tetrachlorure de titane dans des plasmas d'argon d lhélium ou 
d'un mélange d'argon et d'hydrog~ne, a t1té obtenu en remplaçan~ )a 
pointe en tungstêne thori~ de la cathode par du carbure de tant81'e. 
Ceci a démontré que 1 'instabilit~ notoire en !présence du tungstl!ne était. 
due â' des r~actions' corrosives sur-'la surface de la ~athode. La 
stabilité ainsi obtenue a pérmis 1 'étude de~ caractéristiques de plasma 
de TiClt+" ~ 

Une investigation a aussi ~té conduite sur la faisabilité de 
récup~rer du titane métallique' A partir de' vapeur de TiCl.. dissociée 
dans un plasma d'argon, en utilisant des, bains de rOOtaux fondua comme 
anodes dans le systême. d'arc transféré. Des bains de titane ou ~de 
zirc~nium n'ont pas été capables de réduire les sous-chlorures de 

, titane. 'Un bain d'aluminium, d'un autre cOté, étant un bon réducteur, a 
réussi ~ collecter environ 60% du titane injecté dans,J.e réacteur. 

~ 

Finalement, les phéhom~nes ayant l1!,!u a la surface d'une cathode de 
tungstêne thorié ont été t1tudiés dans un rhcteur utll~ant des arcs 
transférés d'argon ou d 'h~l1um. L'étude a C surtout porté sur la 
géom~trie de la cathode et le taux et mécanisme d'érosion de cette 
derniêre. Il a ét~ démontr~ que la temp~rature d'une cathode au bout 
apl~ti opérant dans de 1 'argon ~tait proche.,4iu point ,de fusion du 
tungstêne, tandis que dans 1 'h~lium ou avec des bouts pointus dans 
l'argon ou 1 'h~l!um, la température étai t proche du point d 'ébu1l! tion. 
UI}C! partie du métal vaporisé au pied de l' a,rc ~tait redépod sur la 
surface de la cathode, for~ant des cristaux dont la morphologie et 
composition d4§p~daient de la distance du pied de .1' arc et de la naturè 
du gaz formant le' plasma. 
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GENERAL INTRODUCTION \ • 

INTRODUCTION ... 

lf1tanium .:ls truly a progQny ,of the 20th century, a structural metal 

of great potential with unique physico-ehemical and mechanieal 

1 ~ 

properties. lts high strength-to-weight ratio oHers ideal applications 

fn the aerospace industry, while its ouststanding corrosion resistance, 

parti'Cularly inorganic chlorides which attack stainless steel, offers 

distinct advantages for the fabrication of equipment for water 

desalination plants, the marine Industry, the production of ferri e and 

cupric chlorides, and the paper, plastics and de"tergent industries. 

'" 
Reviews of the applications of titanlum are given by Kane and Boyd 

~ 

(1981) 1 Farthing (1985), and Froes (1987). 

11 
The reserves of titaniferous OTes in the earth 'a \(:ru8t are quite 

considerable, making titanium potentlally,.Jone of the Most widespread 

commercial metals. lt ls the ninth most abundant element ln the 

lithosphere and accounts for 0.63 1. of the total. Of aIl structural 

metals only aluminum, lron and magnesium are mor~ common. 

Titartium-containing minerals such as ilmenite- (FeTi03) and rut 11e (Ti02) 

are found ln many parts of the world. includlng AustraUa, Norway, 

'" 
Canada, the U.S.A. and the U.S.S.R. (Energy. Mines and Resources Canada, 

1984). '" 

/, 
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Despite the Metal 's exceptional properties and relative abundance, 

the applications of titanium have been limited by th"e high processing 

cost and severe operating problems assoc1ated with !ts production. A 

brief look at the economics of producing titanium based on the cost of 

the ore and Intermedlate compounds 19 glven in Table YI. Over half of 
" 

the cast of tltanlum can be attributed ta the consolidation' of the 

sponge' into dense Metal. Only 3 % of the total cast ls attributable to 

the ore. Substantial reducdons in pt:.oductlon costs would dramatical1y 

Improve ~ titanium' s compet itiveness in areas _ ~here .1ts propertles would 

be deslrable and Increase its rate of consumption. Figure 1 gives 

comparative annual production ,rates of aluminum, magnesium and tltanium, 

on a semi-loglJrithmlc scale. As shown in the graph, the commerCial use' 

~ 
of tltanium has a relatively short history and is still in the growing 

stage, albeit at a much lower rate than lta two competitors. 

Most of the titanium metal produced today ia obta,ined by first 

chlorinating titanlum oxide (rutile) to titanium 'tetrachloride and tlitIen 

reducing the chloride to the metal. A simplified flowsheet of the 

proc~ss 18, shown in Figure 2. Titanium tetrachloride is made by the 

thermal chlorination of rutile in the presence of, carbon according to 

the equation: 

2Ti02 + 4C1 2 + 3C + 2TiCl.. + 2CO + C02 

(I1Fo • -45.6 kJ/mol at 1,OOO°C) 

. . 

, . 

, 
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TAIlLE 1. ECO~ICS OF 'l'ITANIOM PltODUCl'IOH 

•• 
"-

COMPOUND PRICE VALUE ,CONTAINED % OF TITANIUM 

(US$/kg) TITANIUr (US$/kg) METAL PRICE 

Ti02 (rutile ore) 

TiC14 (tech. b~k) 

Ti sponge (9'9.3%) 

Ti metal (comm. pure~ 

0.56 l 

0.66 2 

9.13 3 

3 21.45c-

" 

0.93 4 

2.61 12 

9.19 43 

21.45 100 

, 

Notes: 1 

- '1 . 2 

Effective: Sept. ,1986 Engineerlng-and Mining Jou;nal 
\ 

Effective: Oct. 1986 Chemical Marketing Reporter 

3 
, 

Effe~ive: Qct. 1986 American Metal Market 

J 

.0 
-4 
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FIGURE 1 

" 01lLD P1tODUCTIOH OF ALUHlBOK, ItAGHKSIUM AR]) TI~ARIUM 

.. 

loure. z n •• h1aa (198S) 
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. li'" ~,~ ..,,, ~ .'.J. ,' . 



• 

, 

o 

,'0-

.. 

~-Titanium 

1900 1920 1940 1980 1980 

YEAR 
) 

J 

, . 
• 

'. 



C' 
" 

-6-

) 

, FIGURE 2 

TITANlUH PI.ODUCTIOR - THE KROLL Pl.OCESS 
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The crude titanium tetrachioride (containing impurHies such as 

'silicon and carbon tetrachioride,. vanadium oxychloride, and' ferrf.c and 
'-, 

alumin\Jm chiorides) is first purified and thEln reduced to titanium metal 

using sodium or mBgnesium as a reducing agent. The sollim teluction. 

'-known as the ~ter process (Hunter, 19-10) occurs at a tempe rature of 

700°C according to the~equation: 

'DiC1 4 + 4Na + Ti + 4NaCI 

(6F O 
- -946 420 + 65.2T J/.mol, T in K) 

Both, the Hunter aftd the Kroll processes produce t1tànium sponge 
, . 

which must be first separated fr.om the respective chiorides and then 

consolidated to ita vaIuable dense metai forme TapIe II lista the \ 
~ . 

• production capàcity and method of titanium sponge production in some 
<' 

titanium-producing companies. An extensive review of the reser~s, uses 

and production of titanium is given by Barksdaie (1966). Further 

b(,''MCQUill'" and • 
details on the metallurgy of ti tanium i8 provided 

McQuil1an (1956). 

The cost and operati~g difficulties aS80ciated with both the Huntel' 

and 
~ T ~ 

the Kroll processes llave en~ouraged metaliurgist's to search for 

alternative 
.. ; 
methods of producing the meta!. Some of these meth'oas 

invol V)) the 
01 / 

direct reduction of titanium dioxide to the metal. Others 
, 

have propoaed an electrolytic proceS8 usi.ng à bath of fused salts ta 

reduce titanlum tetrachloride to titanium ~etal. 
" 

\. 

These processes and .. ~ ) 

Î , 

( 

, , 
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TABLE II. PRODUCTION CAPACITY OF TITANIDH SPONGB (tona/yr) 

r. 
<: JAPAN 

... Osaka Titanium 18 000 Mg Reduct ion - Vacuum Distillation 
Toho Titanium 12 000 Mg Reduction - Vacuum Distillation 
Nippon Soda 2 400 Na Reduct ion - Leaching 
Showa Titanum 2 000 Mg Reduction - Vacuum Distillation 

Total 34 400 

V. S. A. 

TIMET 14 500 Mg Reduction - Leaching 
RMI 8 600 Na Reduction - Leaching 
OREMET 4 100 Mg Reduction - He Sweeping 
International Titanium 3 600 Mg Reduction - Vacuum Distillation 
Teledyne Wah Chang 1 400 Mg Reduct ion - Vacuum Distillation 

'Iotal 32 200 

V. K. 

Deeside Titanium 5 000 Na Reduction - Leaching 

Total 5 000 ---

V.S.S.R. 45 000 Mg Reduction - ~acuum D~stillation 

CHINA 3 000 Details not known 
" 

'" llorld Total 1).9 600 

Source: ne.hi_ (1985). 
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) -
thorOU'IY others are reviewed by Barksdale (1966 ) and Ikeshima (1985). 

! 

"-
The most successful of these new proC'esses Is employed by Albany 

Titanium Inc. It produces t itanium sponge continously from ilmeni te, 
1 

us ing developed by \ Research Corp. (American Metal a process Occidental 

~ 

Market, 1983). The process -reacts Umeni te with ,sodium fluorosilicate 

to form sodium f luorot itanate whlch ls then reduced with alumlnum-zinc 

aUoy, producing titanium-zinc alloy,from which, by evaporating zinc, 

titanium sponge is obtained (Hard et al., 1983) 

o 

A process of particular interest to this study involves the direct 

reduction of TiCl 4 to the metsl in high temperature plasmas.· The basic 

idea in this iH"0cess is to thermally di'hociate the TiCl 4 Molecule into 

its monoatomic constituents and capture the titanium <before it can t 

recombine with the chlorine. An extensive review of efforts relative ta 

this process is given as background information in Part III (An 

Assessment of the Potential of Récovery Titanium Metal in the Molten 

Anode of a Transferred Titanium Tetrachloride Arc) of this thesis. 

The present thesis ie di vided into three main parts, each covering 

specifie areas of the study. Part 1 deais with the stability, 

voltage-current and energy distribution charaeteristies of transferred 
.0 

arc plasmas which uti lize mixtures of Ti Cl!. with hydrogen, argon an9 

helium as the plasmagas. Part II focuses on the thermal erosion 'bf a 

thoriated tungsten cathode in li transferred arc reactor whieh utilizer-

argon or helium as the plasmagas. Finally, par't III assesses the 
C;, 

.. 
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technical fea8ibility of producing titanium by dissociatlng the T~Cll+ 

molecule io a hot plasma and recovering the metal ln a molten bath 

.-
anod~.· Each of the three pa,rts 18 "self-standing" and includes the 

relevant sections of literature revlew, experimental result8, dlscuasid'n 

and cor ;lu810n8. The experlmental apparatus used in the study is common 

to a11 parts and i8 described fully in Part 1. A brief review of the 

chemistry of titanium and Hs halides i9 considered relevant and i9 thus 

included in Appendh 1. General reviews of 'plasma phenomena and plasma 

generating devices are éflso included àé back.ground information. 

PLASMA PHENOHENA ARD PLASMA DEVICES 

/ 
Def in! tion of Plasas , 

Matter can exist in nature in four different states: so li d, 

liquid, gas, and plasma. When enough energy Is added to agas, the 

kinetic energy of the molecules increases and molecular impacts become 

" 
so intense that dissociation into atoms occurs, followed ~y the 

separJitIon of one or more of the electrons in ~pecific orbits around the 

atom nucleus. When enough atome are thus io~zed, the f ree charges 

(ions and electrons) cause significant changes ln the physlcal 
oP 

prop.ertles of the p~rticular mat ter, and the gas is sa1d to have changed 

into the plasma state. Thus, a plasma is a mixture of positively 

fÎ 

. . 
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charged, negaçively. charged and neutral partieles. It iJs on the average 

neutral sinee the density of the positive charges is equal to that of 

the negative charges. , ... 

Up ta 99 percent of the matter in the universe e the plasma 

state, making plasma by far the Most ~ommon form of ma ter. It is also 

the Most energetic state. While a body requires only n average of 10-2 

1 

eV peI' particle ta change its state from solld to liq id or from liquid 

ta gas, it requires from 1 to 30 eV peI' partiele ta ch 
-' 

plasma (Kettani and Hoyaux, 1973). 

-------J 
Plasrpas 1 have been conveniently c1assified into 

~ 
categories. The first is known as cold or low-pressure 

two broad 

plasm~s and 

includes the Towsend or dark discharge, whieh carries currents up to 

10-6 A, and glow discharge, which carries currents from 10 -6 A to 10- 1 

A (Howartsop, 1976). The second category ls known as the hot or thermal 

plasma wt1ich operates at or above atmospheric pressure and carries 

currents higher than one ampere. In these plasmas, local thermodynamic 

equil1brium (LTE) often exists among the electrons, atoms and ions, thus 

making it possible to characterize them in terms of transport and 

~nergy~temperature relationships. Thermal plasmas formed by electrical 

discharges typically have tempe ratures between 2 500 and 30 000 K and 

ionization levels greater th an 0.1 percent (Howartson, 1976). Thermal , 

" pldsmas, also known as arcs, have b6en used in a number of high-

temperature, chemical and metallurgical processes and they are the only 

. -, 

., 
t 
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ones relevant to this study. For this reason. aIl furthet diseuse ion 

will be restricted to th is type of plasma. 

1 

Klect;ric Features of Arc Plasll8s "'-.. ( 

When an elect rie cu rrent is to be passed bet,ee~lect'Ode, in 

'a gas, three processes must take place: 

" 
a. The current must be transfeied across the cathode-gas Junction. 

b. The current must be "conducted through the body Of the gas. For this 

to be possible, the l1ormal1y neutntl gas must be rendered conductlng 

by the introduction of charged carriers, or "by the)1r creation withln 

i t. or both. 

c. The current must be transferred aeross the gas-anode junc~ion. ,. 

In the electr1c arc. three distinct reg10ns can be recognlzed, 

~ eorreeponding to the three pro cesses listed above. A 8chemat le 
'". 

representat~n of the conventiona! arc displaying in 

voltage distribution along the length of the arc 18 shown 
\ 

addition the 

in Figure 'J. 

The three reg10ns are known as the cathode fâll. the anode' fall and the 

arc column. Phenomena relevant to the cathode and anode fall r,egions 

have been discussed respectively in Parts II 

thesis. Only sorne general characteristlcs of 

mentioned .ln this section. 

and II l of the present 

t1 
the arc co!umn will be 
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FlGURK 3 

SCHEMATIC JlEPRESENTATIOR OF THE ARC AND 

CHARACTERISTIC VOLTAGE DISTRIBUTION 

... 
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" The Arc Columl 

The arc èolumn constitutes the major compone nt of a transferred arc 

and 1t is the region best understood by the researchers in this field. 

Extensive reviews of the phenomena and parameters occuring in thé column 

can be found in the theses of Choi 0981~ and Mehmetoglu (1980). Aiso 

the texts by Somervllle (1959) and Hellun (1961) are very useful in 

explaining the basic concepts • 

/ 

.---IJ:!e arc column is hotter than the regions in the immedt'a;h t 
-----.,. 

neighbOUrho~ of the two etectrodes. The c"lumn conducts because of 
. \ 

the presence pf charge carriers of both signs within it. The 

comfPitiO;;-" ~ temperatur. of th. column are a function of the Mt 

ene gy input, the nature of the gas and the gas pressure. It is 
, 

importihlt to note that the n,umber densities of electrons "and posi.tive 
1/ 

\.J 
iO\ls must always be approximately equale The charge neutr~lity can be 

1 
explained by the fact that if a predominance of one charge ex1sted the 

whole column would be disrupted by the repulsive forces existing between 
"\ 

ch'arges of the same sign (Coulomb repulsion). Theref ore, in order to 

have electrostatic stability it is require~ that the arc column be 

uaai-neutral. 
. ... 

. "';' ;--.. ,,;-
. \.-:-.f 

The presence of quasi-neutrality does not mean" that electrons and 

ions .carry equal amounts of energy to the column. Although both 

electrons and 10ns fall through the the electrons do it 

.. 
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much more quickly /due to their 9maller masse The main c8rr~er, 

therefore, by whi'ch the external electrical supply feeds power to the 
. . 

arc column i9 th~ electron constituent of the plasma. Equation (l) 

expresses the arc-cur't'ent density (1.) as the sum of the electron 

current and ion current (Somerville, 1959.): 

J II 

(1) 

• 
r 

In the above equat ion ~ and .!!J. are the elect ron and ion number 

densities, respectively, and have typical values in the range of 10 12 -

101S/cC (Hellund, 1961). The magntitude of the charge of eicher 

electrons is ~ and :!J! and .!J. are the elect ron and - -or ifns ion drift 

velocities. respectively. Normally. the 10n drift, velodty i9 smaller 

by a factor of the\order of several hundreds <Somerville, 1959) than the 

drift velo<tity of electro~s. Thus, it can he seen that the current 18 

carried mainly by the electrons. 

• 
• 

The different components of the plasma, namely the Ilect rons, 

positive Ions and neutral molecu'les, are not in thermal equilibrium. 

The reason for this ls that the ions do not pick up energy from the 

field as readily as electrons due 'to their greater masse Hence, the 

electrons are always at the hlghest temperature i:n the arc plasma t the 

10ns are cooler and the neutral molecules are at the lowest 

temperature. The degree of departure from thermal equilibrium depends 

) 
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on the gas pressure and temperature. High pressure plasmas are normally 

close to' ideal equil1brium and the1r state ts denoted as "Local 

Thermodynamic Equil1brlu'm" or LTE. 

Pl .... Deviees 

1'" 
A number of reviews have been publ1shed on the different types of 

available, plasma-generatlng devices and their applicatIons. The 

interested reader ls referred to a thorough review publ1shed recently by 

the U.$. National Materlals Advisory Board (1985). In general 

thermal-plasma-generatlng devices have~ been divided Into three 
~ 

categories: the induction torch, the d.c. jet torch and the transferred 

arc. V~ations of these three devices have been used ln laboratories 

"" ... and ln l'ndustry. './ 

1. Tb. InduetloD Torc:h 

These types of plasma generators are electrodeless as compared to 

the d.c. torch and the transferred arc, where' the plasma operates 

between electrodes. , The energy 18 transferred to the gas from a hlgh ., 
frequency (1-10 Mhz) source by a coi!, resulting in an inductive 

coupllng between the electric and magnetic fields (Munz 1974). 

, -
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Most laboratory induction plasma torches consist of a multi-turn. 

water-cooled copper induction coU sur!ounding a quartz tube which 

contains the plasma. The quartz tube can he air or water-cooled. 

depending on the power at which the torch ls desJgned to operate. 

The absence of electrodes avoids co~amination of the plasma system 

from the possibly evapo!ating electrode material and permits the use of 

highly corrosive gases, such as chlorine, as the plasma constituent 

(Biceroglu, 1978). Since they were first described by Reed (1961). 

induction torches have found appltcations as light sources, in 

spheroidizatipn, crystal growing, and chemical synthesis. 
1 

A revlew 

paper by Eckert (1974) and a book by Baddour and Timmins (1967) describe 

a large number of such applications. The use of an induction torch in 

the production of an(argon 

tetrachloride was inVeS~gated 

, il. The d.c. Plaa .. Torch 

plasma containing percent titanium 

b'y Miller and Ayen (1969). 

The d. c. plasma torch consists o~ a conical t water-cooled cathode 
~ C 

surrounded by an annular water-cooled anode t which 18 terminated by a 

constricting nozzle. The arc is struck between the elect rodes and 

lonlzes the plasmagas which flows between the electrodes and extta 

through the nozzle as a high tempe rature jet. Th,e axial tempe ratures 

attalnable ln this type of torch can range between 9 000 and 30 000 K. 

r 
Î 
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Lewis and Gauvin (1973) found the temperature in the cane of an argon 

plasma, using a d.c. torch, to be about 13 000 K. The plasma flame from 

these torches is characterized bf very high velocities, steep velocity' 

-
and temperature gradients, and high turbulence, al though a long laminar 

flame can aIso be produced under cert~n bperating dJnditions. 

\ 
Hamblyn (1977), and Bokhari and Boulos (1980) give a "review of the 

different modifications made ta the basic d.c. torch in order to improve 

its efficiency and stability. 

~' 
Still, 

f 
a number 

Inherent ln this type of plasma-generating' devlce. 

of limitations are 

The high currents 

used~n the 

cont ri butlng 

d. c. torch cao cause a rapid erosion of the electrod~s, 

1 
cooslderably tô the total operating cost. Furthermore, due 

r 
to corrosion problems at the electrodes, ooly Inert gases such as argon, . , 

helium and nitrogen, or rj'lducing gases such as ammonia and h:tdrogen, can 

be used. Nonetheless, the d.c. plasma torch ls used extensiveiy" by 

industry for spraying, cu"ttiog and welding. 

In general, the d. c. torch is simple in const ruction, reliable in 

op'eration and !ts steep temperature gradient st the arc can be useful in 

" homogeneouB reactions where a rapid quench is requi red. In the M.cGUI 

Plasma Laboratoy, the d. c. plasma torch has been used for a number of 

studies on heat and momentum transfer to particles (Kubanek and Gauvin, 
~~ 

1968), (Lewis and Gauvin, 1973), (Katta and Gauvin, 1973). More 

recently, d.c. torches have been used at McGill to superheat steam which 

ln, turn was used either as the dryi.ng medium for the sprsy-drying of 
\ 

,-----_ .. ~._------~_._----
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non-heat-sensitive meterials (Amelot, 1983) or as S reactive medlU1D ln 

the gasiflcation of pest (Grosddler, 1982) and the hydrocracklng of 

hesvy oils (Kubanek, 1985). ~ .. 

f 

111. The Tranaferred Are 
!J 

The transferred arc differs from the d.c. torch in a number. of 

important ways. In this device, the arc is struck between twO wide1y 

separated electrodes. Host often the lar~est dissipation of ~nergy here 
'" 

le at the anode face. Therefore, if the anode ls made the work piece, 
,/ 

as it is in the case of metal cutting, or the reactant. as in th.,. esse 

of a pool of molten metal, the energy efficiency can he made qulte high • 

In the basic design of a transferred-arc system, a conical, cooled 

cathode Is closely surrounded by a conical nozzle. T~e plasma-formlng 

gas Is Injected through the gap between the nozzle and the cathode tip, . 
, a high velocity stream, into the arc column (Sheer et ",al., 1969)., 

The cathode tip is cooled internally throughC1 a water-cool1ng system and 

1 
externally by the injected gas through convection. This tends to 

minimize }D8terial losses from the cathode. This type of configuration . ..., 
ls known as the F1uld Convective Cathode (FCC). It wss a1so found that 

, '. 
the imposed el~.~tric field in 

~ 
diseharge resulting in a high , 
magnetic field. The plsslnagen 

the arc column crestes a continuous 

current flow which gives rise to a 

is drawn into the arc and forms a 
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i 
high-temperature, _high-ve lodty jet (Che so-called cathode jet) 

-, 
travelling alohg the arc axis, and impinging on the anode in relatively 

.. short arcs. The pressure gradient aroun,d the cathode can be calculated 

by the magneto-hydrodynamicptheories (MHD), $nd ls called the "Maecker 

Efofect" (Somerville, 1959). 

Sheer et al. (1974) in a la ter publication described a double 

shrounded FCC for the injection of reactive gas'es and for particles into 

the arc column. While non-reactive gases such as argon, he ~ium 

protect and cool 

and , 

nitrogen, are fed through the inner nozzle to the 

cathode, the reactive gues and/or particles are fed through the outer 

annulus. 
b 

Th~s technique would allow for the treatment of higlfiy 

reactlve gases such as titanium tetrachloride. However, sinee the 'gas 

in the outer shroud relies exclusively on the energy contained in the 

inner nozzle plasmagas to meet its thermal and chemieal energy 

requi rements , there is an upper 11 mit to the quantity of the outer 

shr6ud gas that ean be trellted in this manner. A qualitative assessment", 

of this limit for TiCl~ is presented in Part l. 

Transferred arcs are constricted by magnetic forces in the plasma 

column, reaulting in a smaH column diameter with steep axial and radial 

temperature, velocity and curt'ent density profiles. The characteristies 

of these arcs have been thoroughly investigated experimentally at MeGnl 

University (Mehmetoglu and Gauvin, 1983; Choi and Gauvin, 1982; 
. , 

Tsantrizoa and Gauvin, 1982) • Extensive modeling work has been 

... 1J.. ,_' __ ----LI ______ ~ -----'-
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'performécf at the University of Minnesota under the leadership of Prof. 

E. pfender' (Rsu and Pfender, 1984; Hsu et al., 1983; Dinulescu and 

Pfender, 1980). t 

(~ 

1 
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PAItT l 

STABILITY AND OPERATIHC CBAlACTEklSTICS OP A TITANIUK 

TETRACHLORIDE TRAHSFERRED-ARC 

• <'i 

, 
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ABSTRACT 

A new technique for producing stable transferred arcs which 

utilizes plasmagas (plasma-forming gas) containing high concentrations 

of titanium tatrachloride has been developed. lt involves replacing the 

commonly used thoriated tungsten cathode tip with a tantalum carbide 

tip. 

~ lt i9 shown that the instabilities observed by other investigators 

o 
, 

/ 

._-~--~--

at TiCl 4 concentrations in the plasmagas above one percent are caused by 

chemical reactions between the tungsten and the chloride at the cathode 

surface. By replacing; the tungsten with tantalum carbide such react~ 

are eliminated due to the exceptional stability of the carbide, even at .. 
the hlgh tempe ratures characterlstic of the cathode spot reglons. 

Stable transferred arcs were produced in a closed reactor using 

plasmagas containing vàrious concentrations of TiC1 4 ln argon, hellum or 

hydrogen • .-t\:TIC1 4 feed rates up to ~5 g/min were tested. The tota\c arc 

~oltage for a 2.S-cm arc, utilizlng 2S g/min TICl 4 and lSNTP L/min argon 

as the' plasmagas, and a TaC catho~e, was measured at about 73 V. The 

arc column voltage gradient was calculated from the increase in total 

arc voltage due to a 

this approach, the 

one-centimeter increase in arr 

column voltage gradie~~r 

length. 8ased on 

very short arcs 

(I to 3 cm) utilizing plasmag~s rtch in TIC14 Is about 12 V/cm. O-ther 

operating eharacterist les of TiCl lt -ri eh arcs, Includlng the energy 

.. 
J 

\ 



c -30-

"-./\ 

diBtrib(tlon and chemical reactions within the reactor are reported. 

Sorne operatlng data for arcs util1zing. various plasmagas compositions 

(e.g. Ar, He, N2 , H2 and NA 3 ) are also included for the purpose of 

comparison. 

1 

'--

c 
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IlACKGROmm INFORMATION 

• In the past three de cades , a lot of efforts have been expended on 

the development of plasma applications for chemical and metallurgical 

processing. Broadly, su.ch applications ca.n be c1assified as follows: 

~ 
1. Injection of thermal energy in high-temperature inorganic or orgenic 

reaction "system (e.g. direct Iron reduction, acetylene production, 

etc ). 

2 •. Recycling of iron, steel, strategie metal and super-alloy scrap. 

) 

3. Production of finely-divided (or aerosols) inorganic compounds. 

4. Reduction, oxidation. thermal decomposition and other reactions 

intended to produce metal1ic materials or synthetic mineraIs. 

For a review of these applications and research efforte one 1s referred 

to \papers by Szekely (1983), Gauvin and Choi (1983). Sheer et al. 

(1982). Maeke and Moore (1982) • Aubreton and Fauchais (1978). Sayce ' 

(1977), Hamblyn (1977), Rykal1n (1976) and Bonet (1976). A complete 

review of plasma applications was published recently by the U.S. 

National Mate'rials Advisory Board (1985). Only research efforts 

relevant to the redu~t1on of metal tet rahal1des are teviewed in this 

thesia. 
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The pl~sma reduction of metal tetrahalides has been investigated 

lately by numerous research teams' around the world. The two metals 

which have received most attention are zir,conium anéi titan!um. These 

two metals share sorne important characteristics that make them 

attractive candidates for plasma reduction. They are bath commercially 

produced fram the!r respective tetra-chlor!des. the!r market volume is 

expected ta !ncrease rapidly over the next few years and new 

applications for their ceram!cs. alloys and powders. products easily 

manufa,etured in plasma reactors, are increasingly becoming the focus of 

modern materlal science. 

The proposed plasma reduction pro cesses for the production of. 

silicon, zirconium and titanium are essent!ally the same. They aIl: 

begin by feedlng thelr respèctive tetrachlorides ln an argon or hYdrOgen\ 

arc. Within the arc t~é Molecule dissociates into atoms, ions and 

electrons. The me t.a 1 , or its subchlorides. must -then be collected on a 

target before it fully recombines with ,the chlorine. Hydrogen ls 

commonly used to assist the removal of chlorine. 

For the purpose of this study the reduction of metal tetrachlorides 

in a plasma reactor has been divided Into two sections: 

1. 

2. 

1 

1 
1 

Y 

·the dissociation of the- TiCl4 

the collection of the reduced products. 
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The first section consists of injecting the chloride molecule into 

the hot region of the plas~a where dissociation occurs, and i8 reviewed 

in the present Part. The collection of the p.roducts from the reduction 

~ of tetrachloride in plasma reactors is reviewed in Part III. 

• 

TBERKOD!!AMIC CONSIDERATIONS 

There are many direct applications of the information provlded by a 
1 

These ar~partlcularly thermodynamic analysis of any chemical reaction. 

useful in plasma processes and include: (1) the prediction of processlng 

temperatures required for maximum possible yield; (2) the determinatlon 

of any physical or transport propert i~ that may be requi red in an 

analysis; and (3) the concentrations and types of species produced by 

the reactions and avai18ble for recombination reactions in the quençhing 

process. 

At high tempe atures, chemical react ions generally proceed very 

rapidly, and the tim required to approach equilibrium may be very short 

even ~ared residence time in a plasma flow system. Thua, 

eqUilibri~ composi ions may very well be attained in the high-

temperature region of a plasma reactor. 

On the other hand, high-temperature chemistry can be quite complex, 

with unsuspected meta-stables, or other typee of species 
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participating in the reaction mechanisms. Nevertheless, equilibrium 

concentrations may be determined by the relative free energies of the 

possible system components. These free energies for high-temperature 

species are usually calcùlated from statistical mechanica::" relations. 

Thus energy levels s a function of temperature nrust be available from 

spectroscopie data each of the various species under consideration. 

Accurate data type are available for most molecular and atomic 

species (JANAF Thermochemical Tables, 1960; Kubaschewski et aL, 1956). 

Estimates may have to be made for certain unusual species. 

'" 

Equilibrium concentrations for various mixtures of titanium 

chlorides have been calculated by many researchers during the last two 

" decades. In 1969, Miller and Ayen described equilibrium calculations 

for three plasma systems: 

1. Ar-Ti-CI (72:1:4) 

2. Ar-Ti-CI-Mg (72:1:4:2) 

3. Ar-Ti-CI-H (72:1:4:4) 

The numbers in parentheses indicate the overall system atom ratios. 

These s,ystems were of interest ta Miller and Ayen for the study of the 

dec~mpos1tion of Ùtanium tetrachloride in an induction plasma torch. 

Argon appears in large proportion as it wa~ the working plasmagas. The 
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temperature range extended to 14 000 K an~ the pressure was 
") 

one 

atmosphere. The results of their calculations for the Ar-Ti-CI Syst~ 

are shown in \. 

Ten years later, Akashi and his coworkers (Akashi et al., 1977) 

made simnar calculations f,or a Ti-CI-H (1:4:9) system ln the 

t 
temperature range of 4 000-20 QOO K and at atmospheric pr~sure. 

• stud;ing-- the pOSSi~ility of formation of titanium r~ from a 

He WBS 

mixture 

of titanium tetrachloride' and hydrogen introduced into an argon plasma 

jet. Akashi 's calculations ignore the effects of the argon partial 

pressure in his system. 

l 
In 1974, Yean and Riter lltudied a simllar Utanium tetrachloride-

hYdrO~~ system. '-'hey produced species concentration curVes for a 

"" mixture of H2 and TiC14 (Ti-CI-H ratio 1:4:20) in the temperature range 

between 1 oo~ and 6 000 K and at à pressJfe of 0.01 atmosphere. They 

used th~ir data to demonstrate thel need for an extremely rapid 

preferential condensation of vapour p~ase titanium in the production of 

the metal from the plastna dissociation of ,TiC1 4 • However they did not 

explain the effects that hydrogen has on the system. 

The results from aIl three of the above studies show that titanium 

tetrachloride can he decomposed almost comphtely into titanium atoms, 

tit'8nium ion8'1 chlorine atoms and ions, and electrons at temperatures 

higher than 5 000 K. Typical tempe ratures in the hot region of an 
o 
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FIGURE 1 

EqUILIBtIUM GAS-PHASE COMPOSITION FOR THE 

SYSTEM Ar-Ti-Cl AT AtHOSPHERIC PRESSURE 

lJ 

Source: IUller aDcI Alea (1969) 

/ 
1 .. 
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l 
atmospheric pressure transferred arc are betw4n ~ 000 and 20 000 K, and 

specles are at thermodyn~c equl1ibri4m concentrations. Therefore, one 

May assume that any T1C1 4 Molecule entering the hot region of a 

t ransferred arc reactor will be ,w=on>-...L.<": dissociated. Unfortunate1y, 

no measu red da ta on species concent rat i s for 
"\. 

atmospheric pressure 
./ 

\ J 
tet rllchloride plasmas exist. Such which wou1d a1so 

provide information about the TiC1 4 arc temperature and transport 

properties have been impossible thus far for two reasons: 

1. The reduct ion of TiC1 4 produces titanium sutchlorides su ch as TiC1 3 

and TiCl 2 • These chlorides condense at r~latively rtigh tempe ratures 

:. (1 100 K for TiC1 3 and 1 300 K for TF 12) quickly covering aIl 
" 
1 

reactor surfaces and preventing tH.e use of conventional optiea1 

f ~ 
techniques for species concentration measurements. J 

2. Researehers have been unable to proàuee stable, highly-concentrated 
04 " 

tetrachloride plasmas. 
\ 
'. 

The latter of these 
L 

reasons is addressed in this study.' 

ARC STABILITY CONSIDERATIONS , 

\ 

/' 

There 19 very little information in the l1terature about the 

operating characteristics of tetrachloride plasmas. Ho~ever, from 
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published results it is obvious that researchers have thus ~ far been , 

unable to~produce stable tetrachloride plasmas at concentrations above 

one percent molar. 

Miller (968) studied the effects of introduclng sma11 quantities 

of-/litanium tet rachloride and hydrogen in a r. f. plasma torch operated 

with argon at one atmosphere pressure. Experimental coupl1ng 

efficiencies obtained for a 4-MHz torch operated with pur:e argon 

indicated that Ifbout 63 percent of the generator plate power was 

transferred to "'he p:J.psma. Efficiency appeared to be nearly independent 

of both the power level and the direction of the stabilizlng flow 

(vortex or coaxial). Furthermore, hydrogen addition showed little 

effect on the coupling efficle~cy. This, however, was not the case for 
\ 

TiCIl! addittion. Even additions as small as 0.5 percent molar reduced 

the coupling efficiency to less than 50 percent. When the Tt CIl! 

concentration was about one percent the coupling efficiency was lowered 

ta the -point where the power available (8-10 kW) cOl;lld not meet the 
t 

power needs of the plasma which extinguis~ itself. 

Miller noticed that the addition of TiCl 1t produced a very intense 

sky-blue radiation within the coU region and a long (12-30 cm) orange 

tail flame. He concluded that the Ti CIl! -containlng arc operated at 
~ 

significant ly Iower tempe ratures than the pure argon arc due to the 

lower ionlzatlon potential of the Ti atom (6.8 f!V for Ti compared to 

15.8 eV for Ad. He suggeated that the drop in coupl1ng efficiency 

\ 
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could be minimized if the characteristics of the power supply could be 

better matched with the electrical requirements of the plasma. Another 

option would have been to increase the avallable POWtr. Neither of 

these suggested solutions was actually attempted. 

'\ 
Others, such as Akashi et al. (1977) and Kikukawa et al. (1983) 

\ 
followed a different approaèh. They introduced the 'DiC14 in the taU 

flame of a d.c. torch using various mixtures of argon and hydrogen as 

the 61asmagas. This method avoids the presence- of the chloride- in the 

current transferring region (the region between the cathode and the 

anode) of the arc but limits the amounts of TiCl4 one can introduce in 

the reactor. 
\., .. 

The energy required to fully dissoc1ate a titanlum tetrachloride 

molecule ~an_ be calculated \ from data available in the Handbook of 

Chemistry and Physics a t about 1 717 kJ per mole. Furthermore, typical 

temperatures encountered in the ta1lflame of a d. c. torch operating in 

argon or hydrogen are around 10 000 K. After the introduction of TiCl 4 

into the tailflame the mixture of tetrachloride and plasmagas must be at 

! 
temperatures above 5 000 K to assure complete dissociation of the TiCl4 

Molecule. Since the heat capacity of the argon, hyd-rogen and tet ra-

chloride are about 21, 42 and 109 J/(mol.K) respectively (JANAF, 1965) 

one can estimate roughly that the màximum TiCll+ feed rate ls about 5 

;". percent molar in argon and 9 percent in hydrogen. Th~e are :rough 

limita based on an energy balance which assume no heat los ses and 

" 

\ 
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( 
ç. ) 

perfect mixing. Actual limits on Ti Cl .. - feed rate would be significantly 

lower. 

There is li t t le dOubt that the fundamental weakness of aIl previous 

studies has been the inability to produce a highly concentrated chloride 
~ 

plasma. In aIl studies described above the maximum sustainable 

concentration of tetrachlori~e in the plasmagas has been around one 

percent mo 1 a r. ~his concentra t i on la too sma \ 1 t 0 allow meani ngf ur 
conclusions regarding the operating characteristics of tat"rachloride 

plasmas or the technical feasibility of reduc1ng metal chlorides in 

plasma reactors. A method 0) produci ng highly concent rated chloride 

arcs is essential to progress in this field. 

An effort to produce highly concentrated or pure zirconium 

tetrachloride arcs waB lnitiated at McGill University in the early 

1980' s. Using a transferred:-arc reactor, various Investigators 

attempted to in je ct large amounts of ZrC1 4 vapour lnto the arc 

(Kyriacou, 1982 and SpiUotopoulos, 1983). Unfortunately, ln aIl cases 

the arc became' unstable and operation was terminated. Furthermore, the 

• ZrCl 4 feeding system used ln these studies was incapable of producing 

constant feed rates." As a result it was not possible to asse88 the 

critical feed rate at which the arc would become unstable. lt was 

concluded however that ZrCl .. arcs required significantly higher power 

and auggested that the concentration limite were detemlned by the power 

f 
limite of the rectifier (about 50 kW for both etudies). 
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The Btudy deBcri bed in this Part waB aimed at: 

( 

1. UnderBtanding· the causes for instability in highly-concentrated 

titanium tetrachloride transferred arcs. 

2. Producing stable, highly-concentrated tetrchloride arcs and studying 
/ 

their operating characteristics 

, 1 

c " 

), 
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EXPERIMENTAL 

• 
APPARATUS 

The apparatus that was used in -the experimental work consisted of 

the following main components: 

i. The Pow~r Supply, 

ii. The Transferred-Arc Reactor, 

iii. The Plasmagas Feeding System, and 

IVe The Exhaust Gas Treatment System. 

A schematic drawing of the overall set-up is·- shown in Figure 2. 

Descriptions of each of the main components follows. 

1. Power Supply 

The power was supplied to the arc by a Miller model SRS-1500F7 

silicon diode rectifier capable of provldlng 8 maximum powe"r of 70 kW. 

lt had a drooping volt-ampere curve and could he operated ln the open 

circuit voltage range of 100-400 volts. ln th!s 8tudy, the 400-volt 
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FIGURE 2 

SClŒMATIC DllAVING OF APPARATUS 
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op'en circuit was used. The power output from the rectifier could be 

adjusted through a range of arc currents, up to 1500 amperes, bY,a 

rheo8tat located on the control panel of the power supply. 

A Hil'ler, model HF-15-1, high-freq\Jency arc starter and a 2.2-0hm 

Ohmite resistor were used to initiate the b~eakdown of the arc gap. The 

arc was first ignited between the cathode ~ip and the nozzle (see Figure ., 
4), which in this case served as an auxiliary anode, and then 

Î'transferred to the primary anode. The nozzle W8S g,rounded through the 

2.2-0hm resistor which provided the resistance necessary to assure the 

arc 'e transfer •• Once the arc had been transferred to the primary anode, 

a swÙch was used to disconect the nozzle from the ground. Once 

disconected, the nozzle floated at a voltage between that: of the cathode 

and of the anode. 
1 

11. The Tranaferred-Are &eactor 

The transfer~ed-arc reactor" that was used in this study consisted 

of three main components: 

(a) the anode assembly, 

(b) the cathode and nozzle assembUes, and 

, . 
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(c) the main reactor body. 

1 
Each of these components was completêly separate from the others. Thu8 

extensive modification of any one component was possible without 

requiring alterations to the others. The three components were attached 

together using high pressure quick release clamps. 

(a) The anode assembly shown schematically in Figure 3, consiated of 

the anode base, the cooling system, the anode plate holder,and the anode 

plate. The anode base was used to adjust the protrusion of the anode by 

fltting cylindlcal rings of known thickness on top of each other. The 

gas exhaust system and elect rie lead to the power supply were st tached 

to the anode base. The cooling system was fitted on top of the anode 

base and was deslgned to provide maximum coollng at the anode spot 

region (center of the anode plate) while maintaining a high cooling 

~ater velocity throughout the anode surface. The anode plate holder was 

f!tted on top of the r,0ling system and a flat, circulaI' copper plate 

, (anode plate) was attac~E!id to !t using six equally spaced screws. This 

allowed for frequent replacement of the anode plate which could be 

eas11y cut from a commercially available prate. For the purpose of 

identHying the effect the anode material had on arc operation, the 

copper plate was replaced by a molybdenum plate ln some experiments. 

(b) The cathode and nozzle assembl1es, shown schematlcally in Figure 

4, consisted ~f the noule base, the noz;le assembly, and the cathode 
'a 
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(c) the main reactor body. 

~--~ 

.J' Each of these components was completely separate from the others. Thus 

extensive modification of any one compone nt was possible without 

requiring alterations to the others. The three components were attached 

togefher using high presure quick release clamps. 

(a) The anode assembly sh<1Wn schematically in Figure 3, consisted of 

the anode base, the cooling system, the anode plate holder,and the anode 

plate. The anode base was used to adjust the protrusion of the anode by 

fitting cylindical 

gas exhaust system 

to the anode base. 

rings of known t:l~e~s 

and electric lea~ 0 the 

The cooling system was 

on top of ·each other. The 

power supply were attached 

fitted on top of the anode 
Il 

base and was designed to provide maximum cooling at the anode spot 

region (center of the anode plate) while maintaining a high cooling 

water velocity throughout the anode surface. The anode plate holder w~ 

fitted on top of the cooling system and a fIat, circular copper plate 

(anode plate) was att!ched to it using six equally spaced screws. This 

'" J'/ 1 a~lowed for frequent Yeplacement of the anode plate which could be 

easi eut from a commercially avaUable plate. For the purpose of 
, 

i ntifying the effect the anode mater1al had on arc operation, the 
\ 

copper plate W8B replaced by a molybdenùm plate in some experiments. 

(b) The cathode and nozzle assemblies, shown schematically in Figure 

4, cona18ted of the no~z1e base, the nozde assembly, and the cathode 

" 
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FIGURE 3 

SClŒKATIC DIAWIBG or AJiODE ASSEKBLY 
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FIGURE 4 

SClŒMATIC DRAVING OF CATHODE AND' HO~ZLt ASS)!MBLIES 

-
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assembly. The nozzle base was used to adjust the protrusion of the 

nozzle and to seal-off the top of the reactor. It was float i ng at the 

same electrical potential as the nozzle. This avoided accidenta l 

"sparking" between the nozzle and the base. A window was installed on 

the nozzle base to a110w direct viewing of the anode '8 surface during 

operation. 
.#. 

The water-cooled nozz le assembly surrounded the cathode and 

served as an auxiliary anode ~ring arc ignition. The main plasmagas 

flowed in the gap between 1 the nozzle and the cathode assembi ies. Two 
1 

"0" rings between the nozzle assembly and i~ base allowed one to adjust 

the height of the cathode without leakage between the reactor 's inside 

and outside environments. The bottoni plate of the nozzle assembly was 

r-
fitted' with a molybdenum ring which allowed close control of the 

nozzle's diameter and minimized damage during arc ignition. 

The hea rt oL the cathode assembly 18 a water-cooled conlcai cathode 

tip. The tip of the CO,'le was eut fIat ta a diameter of 0.2 cm in an 

effort to increase the aree of the cathode spot region and thus minimize 

cathode erosion. The cath'1de tip was attached to the cathode assembly 

through the use of a Htting ring (seé 1nsert in Figure 4). The fitting 

ring would screw on the asse'Dbly and press the tip firmly sgainst 1t. 

This arrangement allowed both che easy replacement of the cathode tip 

and the possibil1ty of using a variety of cathode tip materials. The 

shape of the cane could also be easi1y varied based on this 

arrangement. 

surface of 

The cathode ~ position in 

the nozzle could be adjusted 

/-. 
rel~r to the bottom 

uslng the electr1cally 
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insulating screw on the top of the cathode assembly. 

(c) The main reactor body was important in sealing the sys tem and in 

providing measuring and observat ion ports. The reactor body used in 

this study is shown in Figure 5. It consisted of a water-cooled 

cylinder 12 cm in diameter and 12 cm in height open at bath e~s to 

acc~modate the cathode and anode assemblies. It inc1uded six measuring 

ports and one vlewlng wi ndow. The measuring ports were spaced one 

centimeter apart between two and seven centimeters from the top of the 

resctor and were one centimeter in diameter each. They were used to 

messure presirure and tempe ratures inside the reactor. 

The viewing window wes rectangular, 5.0 cm in height and 1 .. 5 cm in 

width. It wes kept c1ean using two meehenisms: ) 
./ 

1. A molybdenum sc reen that c10sed the window from the arc and,. ~pened 
101.

1
/ j 

2. 

lt only temporarily for an observation, and 

injection of argon between the screen' and the windo~~ to maintain a 

~~ositive pressure behind 

prevented ~ctor gases from coming 

cooled the metal sereen. 

the metal screen. This both 

in contact with the window and 

A similar set of cleaning mechanisms were used on the window at tached to 

f 
the nozzle base (shown in Figure 4). 

r 
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FIGURE 5 

SCHEMATIC OUWING OF HAIN 1l.EACTOR BOO' 
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Iii. The Plssaagss Feeding Systea 

The capacity ta feed a variety of gases into the transferred arc 

system was required for this study. The gss feeding. system used 

provided volumetrically-controlled flows of four gases (one purge gas. 

two plasma-forming gases (plasmagas) and the t itanium tet rachloride) 

into the reactor. 

~ The purge gae wa. argon. rte flow rate wee controlled through • 

gas rotameter (see Figure 2) with a capacity of 30 L/min. This gas was 

--S used to purge the apparatus from oxygen and nitrogen thus preventing 

contamination of the reactants, and to maintain the viewing window and 

instrumentation ports dean from condensing chlorides. Ourlng arc 

operation, the total purge gasflowrate to the reactor ports and windows 

)1as 3 L/min. 
,J 

.. 
Two plasmagases, not including the t i tanium tet rachloride, cou Id be .. .. 

fed to the plasma reactor simultaneously. The flow rates of both gases 

were controlled by two independent gas rotameters. The avallability of 

• 
two plasmagas feed Unes was essential to this study. SOrne experiments 

required the Plesence of both an ~nert gas and a reducing gas (e. g. 

hydrogen) in the reactor, while others required an easily-!onized gas 

(e.g. arggn) for arc ignition and a more energetic gas (e.g. hel1um) 

during arc operation. 

l, 
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The main plaslD8gas could be preheated to 400 0 C using an 

elect rlcally-heated copper tube. The tube was filled with coppe-r 

turnings (a materiàl like steel wool) in order to increase the heat 

transfer area and the gas velocity. The preheater also purified the 

plasmaga8 through the oxidtltlon of copper. The copper turnings were 

replaced periodically. 

The titanium tetrachloride feeding system consisted of a 3-L 

tetrachloride reservoir, a Masterflex tubing pump using a 14-size Viton 

tube capable of delivering exact amounts of liquid at flowrates up to, 21 

mL/min, and an enclosed hot plate. The tet rachloride was pumped cold 

from the reservoir to the hot plate through the pump at the desired feed 

rate. lt was vapourized instantly on the hot plate 's surface thus 

a110wing exact cont roI of the gas feed rate to the reactor. A small 

amount (about 1 L/min) of plasmagas was also fed to the hot plate to 

( 

assure th~~ a11 tetrachloride vapour was quickly delivered to the 
r: 

reactor. The addition of the plasmagas increased the total volumetric 

flowrate through the inclosed hot plate vapourizer, ,thus reducing the 

TiCll+ residence time in the vapourizer. AH plasmagas feed lines to the 

reactor were heated to avoid condensation. 

iY. The Ix!lauet Ga. Treatlleut Sr.tea 

The gases le~ving' the plasma reactor inelude a variety of 

( 

,. 
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subchlorides, oxychlorides, Cl2 and HCl (whenever H2 was used in the 

plasmagas ). These mUdIy toxic and corrosIve compounds had to be 

removed prior to venting the gas to the atmosphere. The exhaus t gas 

treatment system inciuded a condenser and two gas scrubbing reservoi rs 

in series. The condenser was connected directly to the exhaust port of 

the anode base and was used to cool the exhaust gas and condense the 

sub-chiorides and oxychiorides. The CI 2 (or HCI) was removed ln the gas 
</1 

scrubbers uslng a 10 percent molar sodium hydroxide solut ion. 

EXPER.IMENTAL Pl.OœDURE 

Prior to aIl the experlments conducted in this study, the reactor 

system was thoroughly cleaned and the electrode spacing wa8 adjusted to 

the desired value. The reactor was then sealed gas-tight and was purged 

for 15 minutes with argon. The arc was ignited first between the 

cathode and the' nozzle, which also served as an auxiliary anode for this 

purpose, and then transferred to the primary anode. Pure argon was used 

as the plasmagas during arc ignition. Following ignition, the nozzle 

was disconnected from the ground (positive lead of _d.c. current), the 

current was adjusted to 200 A and the maIn plasmagss composition was 

Introduced at tha desired flowrate. Finally, the TICl~ was fed into the 

vapourizer and consequently into the plasmagas at' the desired feedrate. 

The total arc vbltage and current were measu?ed contlnuously 
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through the use of a two-channel SÊRVOGOR 460 recorder. Photographs of 
1 

the src were tâken through the qeactor window by briefty opening the 

molybdenum sereen and permltting temporary viewing access to the arc 

column. The photographs were taken with a 35mm SLR Nikon camera, using 

a 135mm-lens at shutter speeds of 1/2000 of a second and lens apertures 

of f-16 to f-32. A 2x gray lens fUter and a 64 ASA film provided 

acceptable quality photog~ap~s. 

The operating variables, ipeluding the arc eurrent, the arc length, 

and the plasmagas (es) and TiCl it feedrates were held constant throughout 

the duration of an experiment. Thus, eaeh data point shown in this 

study represents a complete experiment. To some degree, this was 
p 

ç­

necessltated by the rapid deterioration of the water-cooled anode 
, 

plate. The anode plate material was consumed tprough lts reaetlon with 

chlorlne from the d!ssociated TiCl1t molecules. The chloripes formed on 

the anode surface, having relatively low bOil\ng points, would 

vapourtze, resulting in the perforation of the anode dise and the 

interruption of the experiment. To avoid such problems the maximum 

duration of each experiment was l1mited to about 8 minutes. lt was felt 

that such short run durations did not assure that steady state could be 

reached for more than one set of operating conditions. A new anode 

plate Wss used for each experiment. 
f; 

At the end of each run the TiCl lt feed W8S terminated first and the 

reactor W8S purged tes. During this tUle the arc 

~ 

" 
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was maintained at relatl vely low currents (about 100 A) using argon as 

the plasmagas. Then, the arc was extlngulshed and the reactor was 
• 

purged with argon l'or another 20 minutes. Finally, the reactor and the 

TiC14 feed system were opened, cleaned and prepared for the next 

experiment. 

DISCUSSION AND RESULIS 

The factors influencing the stability and operating characteristics 

of highly-concentrated titanium tetrachloride transferred arcs are 

desc·ribed in this section. 

Arc Stability Characterlatics 

The factors that determine the stabllity of a transferred arc are 

not completely understood. What ls known, however, is that arc 

Instabil1ty is due to the inabll1ty of elect rons to psss from the 

cathode to the anode in a contlnuous fashion. This May be csused by 

phenomena occurring within the arc column, st the surface of the 

electrodes, or at the power supply system. 

o 

_. __ .. _~~----~-~ 



,. 
p ~ 

< 

-61-

1. Power Supply Stabtlity 

The power supply system used in this study, when operated at 400 

volts open circuit voltage, could easi1y provide currents of 200 to 300. 

amperes at arc voltages up to 200 volts. Power demands higher th an that 

could not be met and resulted in t-he extinction of the arc. Having set 

these upper limits on the available current and voltage for the titanium 

tetrachloride arc, the arc's stBbility W8S studied based on two factors: 

1. the power demands of the arc column, and 

2. electrode phenomena. 

Another potential cause of electrical instability may be due to the 

power supply load Hne 's inabiUty to intercept the arc characteristic 

voltage-current Une. This situation, which is explained in detail by 

Hoyaux (1968), is primarily observed in arcs with falling 

characteristlcs (i.e. voltage drops with increase in current). Since 

high current, atmospheric pressure arcs tend to e'xib~Sing or flat 

characteristic, this potential source of instab~y was not examined 

any fur':her. 

\ 
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ii. Arc Colu.n Characteristics 

The powe r req u 1 red to susta!n a stable arc d.C: a great 

extent on the compositIon of the plasmagas. 

balance at the arc center, Lowke (1979) derived th 

for calculating the total arc voltage for a short argon plasma column: 

cr 

where ~ Is the enthalpy of the gas ln J!g, .! 18 the arc length in cm, 

~ Is the electrical conductlvity in (Ohm cm)-l, .I!. 18 the permeabl1ity 

and is equal to 0.126 dyne/A2 , 10 i8 the current dens1ty in A/cm2 , 

e.. i8 the gas densi ty in gl cm 3 and .!. is the arc current in A. Lowke's 

equJ1tion is somewhat eurioue in that it ie neither dimensionally sound 

nor doee it inelude terme relevant to the eleetrode fa11 regions. 

Nonetheless, lt does provide important qualitative informatIon regarding 

" , the major factors influencing the voltage of the arc column. 

For a tirst approximation of the are's energy requirements one may 

claim that fluctuations ln 811 variables to the 1/4 power have Httle 

effect on the voltage and can thus be assumed constant. Ramakrishnan 

and Nuon (1980), for example, calculated the arc eolumn voltage of a 

200-A argon arc for current densities between 2xl03 and 32xl03 A/cm2 • 

The results showed arc column voltage variations of about 2 percent. 
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Similar results were obtained experimentally by Choi and Gauvin (1982) 

and Tsantrizos and Gauvin (1982) for argon and nitrogen arcs 

respectlvely due to current variations between 100 and 400 A. 

Consequently, the Lowke equation can be simplified to the form: 

/ 
with 1itt1e error intro~ From thi. equation one may conclude that 

for a glven arc length and arc cu\rent, the power requirements of a 

stable transferred arc system depend primarily ob the ratio of the 

plasmagas' enthalpy and eleetrieal conductivity. 

The enthalpy of a plasma ineludes the kinetic energy of the 

partieles, eonsisting of translational and excitationsl energy. and its 

ehemieal energy, consisting of dissociation and ionization energy. On 

the other hand, the eieetrical conductivity of a plasma is primarily 

influenced by the plasmagas' ionization potential. This i8 qui be 

obvious sinee a plasma must contain suffieient ionized speeies to 

conduct electricity and its degree of ionlzation 19 a funetlon of 

temperature and ionization potential. 

By calculating the ratio between enthalpy and eleet rieal 

conductlvlty, one could therefore assess the relative value of the arc 
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column voltage for various plasmagases. Thus, argon, ni t rogen and 

hydrogen which have comparable ionlzation potentials 05.8, 14.5 and 

~13.6 eV respectively) have about the same electrical conductivity (about 

30 (Ohm cm)-l at 10 000 K) and thelr respective arc column voltage ls 
, 
proportional to the square niât of thei r enthalpy. Argon, ,,1 th no 

enthc11py and arc cOlumnloltag'e, dissociation energy has the lowest 

whereas hydrogen wlth the highest dissociation energy exhlbits • the 

highest voltage. Ramakrishnan 'and Nuon (1980) gi ve the arc column 

voltage gradient for argon, nitrogen and hydrogen as 6, 9 and 10 V/(!{D 

",-l'especti velYe One should note that in the conventional units for 

enthalpy (1. e. J Imo!) nit rogen' s dlssociat Ion energy ls higher than 

hydrogen (95xl0 3 and 44xl0 3
) respectively. However the Lowke equatlon 

uses J/g for enthalpy uni ts, result lng in a higher value for hydrogen 

than nitrogen due to the former's lower molecular masse 

Helium, just as argon, is monoatomlc and therefore 

dissociation energy. Rowever, !ts higher voltage gradient (about 30 

percent higher than argon) can be explained partly by its higher 

ionization potential (24.5 eV) which results in a low electrical 

conductivity (about 5 (Ohm cm)-l at la 000 K). 

A preliminary investigation was conducted in an effort to measure 

experiD!entally the arc column voltage gradients of various plasmagas 

: compositions in the present transferred arc reactor. Pure argon, hellum 

nitrogen, hydrogen and ammonia were tested. AlI experiments used a 
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" plasmagas flow rate of 15 L/min and an arc current of 200 A. The arc 

column voltage gradIents were calculated based on the difference in 

total arc voltage between a 2-cm and a ]-cm arc. 
~ 

The measured arc 
" 

column voltage gradients for Ar, He, N2 , H2 and NH3 were S, 8, 12, 14 

and 15 respectlvel/. 

The effect of mixing t1tanium t6!trachloride into the plasmas is 

twofold. Tltanium tet rachloride Is polyatomic and must therefore be 

C) 
complet~ly dissociated in the arc. This Increases the plasma's enthalpy 

and therefore the arc column's voltage. One should note however, that 

the dissociatIon energy of 1iCl4 is relatively small (about 9 kJ/g) 

compared to that of gases su ch as hydrogen and nitrogen (218 kJ/g and 34 

kJ/g respectively). 

Furthermore, both titan(um and to a lesser extent chlorine have 

lower Ionlzation potentials than argon (6.8 eV for Ti and 13.0 eV for Cl 

" 
compared with 15.8 eV for Ar). Therefore, their introduction into the 

arc should result in an increase pf the plasma Ys electric conductivity 

thus minlmizing the increase in the arc column voltage gradient caused 

by the enthalpy factor. This effect can be seen, for example, in the 

data provided by Ramakrishnan and Nuon (1980) on the properties of arcs 

in n!trogen and nitrogen-copper vapour mixtures. -. At 200 A arc current 
< 

the arc colùmn voltage gradient for pure nitrogen was about 9 V/cm 
_ J 

,whereas for l~ 'p,ercent Cu vapour in N2 the. voltage gradient fell to 8 

V/cm. For equi-molar feed ratio of Cu. v~pour and N2 the voltage 

" 
/ j 
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gradient was only 5 V/cm. Copper. l1ke tltanium. has a low ionlzatlon 

potential (7.7 eV) and i5 able to Increase the nltrogen's electrlcal 

conductlvity. 

Based on this analysis it seems unlikely that instablllty ln the 

operation of titanium tet rachloride arcs is caused by excess ive ene rgy 

demands within the arc column. Experimental data on the present system 

yrif ied this hypothesis. Figure 6 shows the total arc voltage for 

various concentrations of TiC1 4 in 1.3-cm and 2. 3-cm argon arcs. From 

this Figure, lt can be seen that although the total arc voltage 

increases quite rBpidly with concentration, the voltage gradient wlthin 

the arc column increases far slower. For example. the total voltage for 

a pure 1.3-cm argon arc is 24 V and increases to 29 V for a 2.3-cm arc. 

Therefore the measured voltage gradient in the arc column 19 about 5 

V/cm. By comparison. the total arc voltage for the plasmagas containing 

• 25 g/min TiC14 in 10 L/min argon (about 18 g/min Ar) is 57 V for the 

1.3-cm arc and increases to 69 V for the 2.3-cm arc for a voltage 

gradient in the arc column of 12 vi cm. Thus, the addit ion of 25 g/min of 

TiCl 4 increased the arc column voltage gradlel}.t;l by only 7 V/cm. 

• The total arc voltage includes the arc column voltage and the two 

,lectrode fall \Toltages of the transferred are system. Sinee the total 
/ <t, 

voltage for the 1.3-cm arc lncreased by 33 V w'hen the TiCI.. wa. 

introdueed into the argon arc (from 24 V for purê Ar to 57 V for 25 

glmin TiCl4 in Ar) and the are column volta,{ increased by only 7 VI cm, 

, / 

.1 

" 
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FIGURE 6 

VARIATIONS IN TOTAL AIlC VOLTAGE DUE Ta THE INTR.ODUcnON 

OF TITABIUH TETRAœLORIDE INTO AN ARGON AIlC 

Fixed Operating Parameters 

Arc Current - 200 A 

Argon Flowrate • 10 L/min 

( 
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~iil~ ~'~~ 



> .. 
W 
CJ 
CC 
t-... 
0 
> 
CJ 
a: 

" 

o 

, " 
10_ ~ i f q!:' r .. 

~ \ 
\. 

... 

80r-------------------------~ 

70 

60 -+-
ôb 

10~~~~~~~~~~~~~~ 

o 4 8 12 18 20 24 28 

TiCI4 FEED RA TE, g/mln 

\, 

, 



( 

( 

Cf, 

-69-

one may conclude that the majority of the total arc voltage increase for 

the TiCllf containing arcs (around 24 V at 25 g/min TiCllf feedrate) is 

due to phenomena occurrlng at the electrodes. 

The effects of TiCllf feed rate on arc voltage for various plasmagas 

compositions are shown in Figure 7. At high TiCllf concentration there 

was l1ttle variation Introduced ln the arc's total voltage when argon 

was replaced by bellum. The voltage for pure hel1um was signlficantly 

higher than pure argon (34 V for He and 24 V for Ar). Howev~, at TiCl .. 

1 feed rates higher than 5 g/min the voltage difference between the two 

gases had mostly disappeared. The reason for this phenomenon may be due 

to the characteristlcs of the two inert gasee. As explained earller, 

argon and helium have about the same enth~lpy but very different 

lonization potentials. When TiCl .. ie introduced into the plasmagas It 

provides a source of easlly ionizable species, primarily Ti. The 

'" concentration of electrons, dissociated from the Ti+ ions, controls the 

eleètrical conductivity of the plasma thus eliminating the significance 

of helium's higher ionization potential. 

The experlmental data presented in Figures 6 and 7 s.how the total , , 

arc voltage for a transferred arc between a thoriated;' tungsten cathode 
1 

• 1 
and a copper water-cool.ed anode ~fter two minutes of ,rc operation. In 

fact. the voltage, increased constantl~ with time untn the arc would 

become completely un:table and extinguish lteelf. 1 Va"riations of arc 
1 

voltage with operat!ng t!me' for arcs utilizing T1Ci .. -r!ch argon. hel1um 

1 

1 
1 

/ 

,) 

( 

( 
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FIGURE 7 

VAltIATIONS IN TOTA! ARC VOLTAGE DUE TO THE INTRODUCTION OP TITANIUH 
! 

TETRACBLORIDE INTO ARCS UTILIZING VAltIOUS ~GAS COMPOSITIONS \ 

Fixed Operating Parameters 

Arc Current - 200 A 

Main-Plasmagas Flowrate • 10 L/min 
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or hydrogen plasmagas are shown in Figure 8. In this Figure, the error 

bars are a measure of the voltage noise. The two-minute voltage W8S 

assumed to mark the interface between two sources of voltage increase. 

Dudng the first minute or two, depending on the TiCl lt feed rate, the 

voltage increased primarlly due to increases in TiCllt concentration in 

the plasmagas feed. lt would take about that ong for the TiCl lt feed 

system to reach eq~1i bHum 

composition of the plasmagas 

ln voltage is explained best 

Titanium tetrachloride 

operation. After this start-up time, the 
JI 

remained cons~nt and any further increases 

by Phen~ occurring~~~ the electrodes. 
/J/ 

.il 

'. 

vapour was aIso adde to plasmagas 

containing pure hydrogen or equi-molar mixtures of hydrogen and argon, 

as shown in Figure 7. The case of pure hydrogen Is of particular 

interest since the addition of TiCl it resulted in a small reductlon in 

the total arc voltage after two minutes of operation. As shown ln 

Figure 8, witnin 30 seconds from the time the TICl .. was tirst fed to the 
~ 

TiClit vapourizer, the arc voltage was reduced to 64 V from Its initial 

value of 77 V for pure H2. After that the voltage started increea1ng 

again and eventuallt reached values higher than 85 V. The initial 

reduction ln the voltage, although relatively smaH considerlng that the ( -

voltage noise for both pure H:;Jo. and TiCl4 r1ch plasmagas was between 2 
\ 

and 16 V, may suggest that the energy requi rements for the TICllt arc 

column are lower than those for H2, owing tf) a lower energy of 

ionization. lt 18 likely that the initial voltage drop 18 due to 

changes occuring within the arc column, whereas subsequent increeses ere 



FIGURE 8 

VOLTAGE VARIATIONS VITH TIME lOlt TiCl~ -JUCH Des 

USING A THORIATED TUNGSTEN CATHODE 

Operating Parameters 

Une A Line B Une C 

Main Plasmagas He Ar H2 

M,in PLasmagas FLowrate, L/min 10 10 10 

TiCllt FeedTate, s/min 6 25 25 

Arc Current, A 200 2<10 200 

Arc Length, cm 1.3 1.3 2.0 
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the result of electrode deterioration. 

1 
\ 
'--..-

These results are consistent 

with data provided earl1er for the arc column voltage gradient of pure 

hydrogen (14 V/cm) and nPIt rich plasmagas (12 V/cm). They may also 

explain the small reduction in the~total arc voltage resulting from the 

introduction of TiCl lt into an H2 arc as shown in Figure 7 • 

. ~11. Electrode Pheno.ena 

The transferred arc system used in this study utilized an electron 

emittlng surface (cathode), an electrlcally conductive medium (arc 
\ 

column) and an electron receiving surface (anode). The total arc 

voltage was the sum of the voltage drops occurring in the cathode 

attachment region (cathode fall), in the arc column and in the anode 

attachment region (anode faU). Of these three. regions, the cathode 

fall is the \DOst crucial in determining the operatlng stability of the 

plasma and contributes slgnificantly to the total power requirments. 

Consequently, lt la withln this region that the source of instability of 

the TiC14 rlch plasmas was investigated. 

lt was observed that whenever TiC14 was Introduced into the 

plasmagas t tfte cathode deter!orated rapidly, and both the total arc 
" . 

voltage and the voltage noise increas,ad with operating time and Tiela. 

concentration. AU of these observations can be explained by phenomena 

occurrlng at the cathode surface. 

, , 
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Cathode deterioration can be either due to thermal erosion or 

chemical corrosion. Thermal erosion is ~used by high temperatures 

typical of the transferred arcfs cathode spot (arc attachment areat. 

The temperature of the cathode spot can be calculat~d using the 

Richardson-Dushman equation: 

(3) 

where .JJ:, i9 the 1 current density, ! ia the cathode material'e 
. 

thermionic work function in eV, and A 18 a theoretical ,constant (1.20 

A/(mm2.K2 ) whose experimental value is sensitive to surface conditions, 

particularly to surface films, ~ is Boltzmann 's constant and T is the 

temperature at the cathode surface, in K. 
;' 

The cathode spot temperature for plasmas utilizing inert plasmagae 

is near or above the melting tempe rature of the cathode Materiel. For 

thoriated tungsten the cathode spot temperature may be between 3 000 and 

5 000 K resulting inGminimum thermal erosion. However, shou1d for some 

reason the thoria, which plays a crucial role in reducing the thermionlc 

work function and operating temperature, he depleted, thermal erosion 

would increase rapidly. 

" . 

Exceptionally high cathode deterioration rates, such a8 'those 

observed in this study, usually imply the presence of a chemlcal 

\ 
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reaction on the cathode's surface. Considertng the high cathode spot 

temperatures one May expect that providing favourable thermodynamic 

conditions, reactions at the cathode's surface would occur very 

rapidly. Furthermore, some of the products, such as oxides and 

chlorides, would have boiling temperatures lower than the cathode spot 

'temperature and would instantly vapout"ize upon formation whlle others, 

such as metals, carbides and nitrides, would have high boUing points 

and coul~ remain on the cathode 's surface. 

Consequently, cathode dJterioration may occur based on one or aIl 

of the following mechanlsms: 

1. chemica1 reactions between the plasmagas and the emitter (commonlY 
( 

Th02) can Increase the cathode's work function resu1ting in 

increas~d thermal erosion, 

2. chemical reactions between the plasmagas and the base metal , 

(comm1n1Y tungsten) resultlng in the formation of products with low 

boiling points and an unstable, retreating cathode surface, and 

3.. chemical reactionS between the plasmagas and the cathode material 

resultlng in t'he formation of high boiHng point products (~uch as 

titanlulD metal) which condense on the cathode's surface preventing 

electron emission and effectivly suffocating the arc • 

\ 
,1 :. , .... 
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Any of these mechanisms would result in excessive cathode deterioration, 

unstable arc pperatlon and Increased cathode fal~ voltage. 

Experimental results of the degree of cathode deterloratlon, 

measured in terms of mass 10ss of the cathode mate rial, are shown ln 

Table 1. Ali arcs operated st an arc current of 200 A. Pure argon or 

.. 
helium arcs showed no measurable cathode deterloration whereas pure 

hydrogen arcs exibited relatively small yet measurab1e mass 10s9 (about 

0.1 mg/min). However, as soon as TiCl4 was injected into the arc the 

cathode deterloratlon became extensive with measured losses as hlgh as 

0.21 g/mln for highly concentrated TiCl 4 arcs. These high deterloratlon 

rates suggest that the cathode material Is reacting with TiCl .. based on 

one or more of the mechanisms outl1ned above. 

It should be noted that the cathode deterioration rates shown ln 

Table l represent values calculated by dlviding the total weight loss of 

the cathode by the operating tlme of the TICI,. arc t usually about i 8 

minutes. There is no basis for the impl1ed assumption that the 

deterioration rate is constant throughout the rune Hence t the values in 

Table 1 shquld be used only to demonstrate the fact that rapid cathode 

deterioration results from the presence of TiCl,. in the plasmagas and 

that the degree of deterioration 18 a strong furtction of the TiCl,. 

concent rAtion. 

o 
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TABLE 1. THORIATED TUNGSTEN CATHODE DETERIORATION DATA 

PLASMAGAS 

(L/min) 

10-Ar 

10-He 

10-H2 

10-H2 

5-Ar + 

5-H2 

15-Ar + 

15-H2 

5-Ar + 

5-H2 

IO-Ar 

ARC LENGTH 

(cm) 

2.0 

1.3 

2.0 

2.0 

2.0 

2.0 

2.0 

1.3 

TiC1 4 FEED 

(g/min) 

o 

o 

o 

20 

1 

5 

5 

12.5 

ARC VOLTAGE 

CV) 

26 

34 

77 

72 

55 

67 

62 

54 

CATH. DETER IOR. 

(mg/min) 

0.0 

0.0 

0.1 

120 

3. 5 

1'3 

170 

210 

J 
~-
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Furthermore, data presented in Figure 8 show that the voltage 

nolse, represented in Figure 8 by the error bars, ls constantly 

Increasing durl.ng the duration of each rune This suggests that the 

reaction mechanism has a cummulative effect on the cathode surface. 

AS8um!ng that the reaction rates are very fast, a safe assumptton 

cons!dering the hlgh cathode spot temperature, the first two mechanisms 

are not 'kely to produce a cumulative ~effect. Since a11 products 

formed in these mechanlsms vapourize and leave the cathode surface, the 

surface would rema!n de an and reach a steady-state composition desp!te 

its rapid deterloratlon. In essence the transferred arc system would 

function much ln the same way as those systems which utilize a 

( consumable cathode. 

Suspectlng the third mechanlsm, the surface of a cathode tip was 

examlned before and after a run. Using an Electron Scan'ling Microscope 

(JOEL JSM-35CF), photographs of the surface were taken of a new cathode, 

of one that had been used ln an argon arc and of one that had been used 

ln a TiC14 rich argon arc. The microscope used images from a Secondary 

Electron Detector for these photographs. The results are shown in 

Figure 9. While the surface destructlbn of the pure argon-operated 

cathode was minimum, the TiC14-rlch (25 g/min in 10 L/min Ar) plasmagas 

had caused extensive corrosion. After operating the TiC1 4 arc for on1y 

8 minutes, chemical corrosion had consumed the cathode material up to 3 

mm in depth. On one side of the cathode' s surface a smal1 (about 1 mm) 

(. protruslon appeared (the black area in Figure 9-d). This protruston was 



. , 
\ 

o -81-

FIGURE 9 

PHOTOGRAPHS OF THE CATHODE' 5 SURFACE . 

. -
9-a. new unused cathode 

9-b. cathode after lO-mlnute operation r 
~. 

uslng pure argon plasmagas 

" 
9-c. cathode after 8-minute operation 

using TiC1 4 -rich plasmagas 
.-

9-d. t i tanium concentration map 

o 
, . 
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present on the cathode surface after each T1Cll+ run and 1s beUeved to 

designate the location of the cathode spot st the terminatlon of the 

rune 

The composition of the cathode surface was examined usl;tg an Energy 

Dispers&ve X-Ray Mapping method. The resultlng titanium concentration 

map 18 also shown in Figure 9. lt was discovered that the éntlre 

surface outside the protruston was covered with tltanium metal. The 

protrus1on itself cons1sted of tungsten. There wa8 no evidence of 

chlorlne or thoria anywhere on the surface. In the map shawn in Figure 

9-d, the light areas indicate the presence of titanlum, whereas only 

tungsten was found in the darker areas. 

The photographie and chemical analyses of the cathode surface, when 

combined Wtth results presented earl1er on arc voltage, 
G 

and cathode deterl~ratlon, suggest an answer to 

responsible' for" arc instability in TiCl .. -r!ch plasmas. 

voltage noise 
~ 

the mechanis~' 

Tungsten and 

thoria react wirh TiC14 to form tungsten chlorides, thor.lum c:hlorldes , 
... 

and oxychlorides and titanium. The chlorldes and oxychlorides vapourize 

from the cathode Instantly, whereas the tltanium metal condenses on the 

s.urface forming a blanket able to suppress electron emission. In the 

hottest region of the cathdde, namely the èatho.de S'pot, the tltanlum 

~a'pourizes and moiten tungsten mainla'1~8 electron emhsion. Eve,ntually, 

the blanket of condenslng tltanium becomes thick enough to suffocate the 

cathode spot and extinguish Yhe arc. 

,. 
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• 
From the above analysis it became clear that it would not be 

possible to produce a stable TiC1 4 arc using thoriated tungsten as' the , 
i 

/. cathode lllfterial and a sea rch W8S in! t iated for a replacement. The 

properties considered importa!lt in the selection of a cathode material 
, 
were· its thermionic work function, ite reactivity with TiC14 at high 

temperatures and its melting and boiling points. A number of ,materials 

were evaluated hased on these properties. The result of the evaluation,' 

are shown in Table II. ~ 

The chemical reactivity was assesed u'sing the F.A.C.T. 

" 'program in the McGill computer library. This program 1s 

yUilibriUm 

designed to 

calculate the equilibrium concentration of aIl possible. products 
.) 

containing the chemical species of the reactants based on minimizing the 

system's total (ree energy of formation. The reactivit{ coefticient a" 

shown in Table II' represents the fraction of the origtnal cathode 

"-
material reacting with TiC14 to form chlorides or oxychlorides at 

equllibrium. It le calculated based on the equation: ". 

R + TiC14 + a~Clx + TiCly + (l-a)R (4 ) 

The above equation does not represent evehts occurrtng on the , 

cathode sUrface. 1t sJmply provides a method of evaluatlng 'the relat~ve 

reacUvity of 'different materials 

c:oeffiC'lent can have catastrophic 

. ' 

to TiCl4 • However, even a amali 

/ 
consequences aince the reactlons ~ ,. 

/ >,'" 



- , . .,,- ... 

(" 
o -85-

TABLE II. CBEMICAL RUCT!VITY or HATERlALS TO TITANIUM TETRACHLORIDE , 

1 

ç . ~) .. - ., ~ 

MATE,JUAL 

, 
• 1 

'. . RE'f\CTIVITY. a M. P. B. P~' q, 

2 000 K 4 ~OO K (K) (K) (eV) 

..,'" W 0.175 0.640 3 680 5 930 ~ .4.5 
\ 

Ta 0.189 0.002 3 270 5 700 4.3 , -
> 

1 -,' 

Nb 0.180 . 0.070 2 740 5 015 4.0 -.... 
Mo 0.000 0.150 2 890 4 885 4.2 • 

" , 
~ 

.. 
Th02 0.154 0.790 3 490 4 670 3.3 

Zr?2 t.OQO ~ 1.000 2 970 5 270 3.6 

, 1 
"- Pi 

wc 0.005 0.547 3 140 6 270 4 __ 5 
, 

~ .. 

TaC 0.000 0.000 4 150 5 770 3.8 

NbC , .' 0.069 0.022 3 770 4~ 

M0-2 C 0.000 0.080 2 960 4.6 
'lt 

TiG '0.074 1.000 - 3 410 5 090 -4.3 
• 

0 ZrC 0.994 1.000 ' ,3 810 5 370 3.6 

t 

: 
( .... 

.J ~ , 
.. , < ~ l \ 

" ;1: ~ 
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proceed very rapidly ,at high tempe ratures and there i8 a cons.tant supply 

of fresh TiC1 4 at the cathode~' For th:J,.,s reason, TaC· ~as chls.en as the 

preferred cathode material. Along with 1ts' cOlDplete resistance to 

TiC1 4 , tantalum carbide offers a relatively low ther'inionic 'Hork function 

and ita melt~ng -and boi1ing points compare weIl whh those of tungsten • 

• Thorla playe a crucial role in lowering the work function of 

conventional cathodes. Not only it has a low work function of ita own, 
~ 

but :Ln 8ma11 concentrations it can lower the work function of the 

. ' 
cathode even be10w the value of either compone.ot. Matskevich q968), 

for example,'·measured the work function of thoriated tungsten at 3.15 eV 

cpmpared to measuredl work functions of 4.55 eV for tungsten and 3;3 eV 

for thoria. Not knowing the effect of thoria on tantalum carbide 

cathodes it was decided that both thoriated (-l r. Th02) and pure -TaC 

catnode should be tested. . -

f, 
The results of using .the thoriated TaC cathode on arc voltage as a 

function of Ume are shown in Figure 10. Indeed- th~ new catho~e 

material was highly successful in stabilizing both the arc vol tage and 
L 

the voltage noise. The remaining voltage noise, indicated in Figure 10 

by the error bars, is probably caused ,?y fluctuations in the TiCl 4 

feec:$. The TiCl .. feed system consisted of pumpf.ng the reactant iq its 
, 

l:lquld form onto a hot plate where it in,l3tantly vap0';9't.:d. The 

periataltlc nature of the pump would therefore _ introduce unavoiaable , , 

\ fluctuations 
\ 

ln the plasmagas composition. Not suprisingly, such 
, . 

.1' 

.» 
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FIGuRE 10 

AR~ VOLTAGE VnU.TIONS VITH TIME POR TiCl,,-IlIai ARœ 

VRICH UTILIZE A THORIATKD TANTALUM CARBIDE CATHODE 
\ 

J 

operatlng~ameter8 

Llne A Line 1:\ 

Main. Plasmagas Ar Ar 

Main Pl asmagas Flowrate, ]Jmln 15 15 

. " 
Ti Cl .. Feedrate, g/min 7 25 

Arc Current, A 200 200 
.,J 

Arc Length, 2:5 2.5 cm 
.' 
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fluctuations were minimized at higher TIC1 4 feed rates when the 

freque'ncy of the peristalses increased.. lt is for this reason that the 

voltage noise shown ln Figt1re 10 decreases at higher TiCl ... feed rates. 

There was little difference between the operation of thor1ated and 

of pure TaC cat~des operatlng in TiC1 4 rich plasmagas: This may be 
]) , 

explained by the fact that thoria 19 rapidly coosumed at A the cathode 

surf\ce through !ta resction with TiCl ... and la thus unable to cont rlbute 

to electron emission. There waSt however. a more noticable' difference 

when the tw,? tips were operated in pu re argon plasmagas. For a 2. 5-cm 

long arc operatlng at 200 A current and 15 L/min argon g., f1owra~e, the .... 

thoriated TaC cathode produced an arc voltage of 32-35 V. 
, ~ 

Uode t' . the 

same con~itioos the i,.ure TaC cathode produc~d an arc voltage of about 38 

V. Furthermore. the cathode spot area of the pure TaC tip appeared 

fused., indicatlng operating tel!!perat~ res above the melting point of TaC 

(4 150 K). No fused;tpot appeared in the thorlated TaC cathode. 

The deterioration rates for both thoriated and pure tantalum 

l 
either in carbide cathodes operating pure ~rgon or ln Ti Cl .. "r1ch 

plasmagas are shown ln Table III. The deterlÔration of the TaC cathodes 

was generally higher than that of tungsten fn inert atmospheres. 

However, in the presence of XiC14 the deterioratlon of TaC was much 
, . . 

lower than that l)bserved with tungsten. Furthermore, the deterioration 

rate of TaC in the presence of TiCI.. waa not significantly different 

th,n tts rate in inert atOlOspheres, 8uggesting the absence of chemical 

" !' 
il 

." 

" 

.. 
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TABLE III. TANTALDtf CARBIDE CATHODE DETERIORATION DATA 

PLASMAGAS ARC LENGTH TiCLIj FEED ARC VOLTAGE THOR lA CATH. DETERIOR. 

(L/min) (cm) (g/min) (V) ( %) (mg/min) 

15-Ar 2.5 o 34 0.8 

15-Ar 2.5 16 69 8 

lS-Ar 2.5 25 71 2 

-, 

, 
lS-Ar 2.5 0 38 0 8 

<) 4 3-Ar 2.5 25 77 0 

.. 

J 

, 
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corros,ion. 

The cathode deterioration rates, shown in Table III, for thoriated 

TaC cathodes opera t 1 ng wi th pure argon plasmagas were lower than those 

for pure TaC cathodes (0.8 mg/min compared to 8 mg/mio). However, these 

oumbers lPBY include large errors due to the poor structural propertles 

of the available TaC and thoriated TaC cathode tlp,," The density of the 

avallable rods, from which cathode tips were made, was ooly about 75 

percent of the material's theoretical density. At this low density, the 

tips fracture quite easily and it is imposible ~o distinguish between 

deterloration resultlng from plasllla phenomena and mass loss due t9 

o simple attrition or fracture. Denser TaC cathode tips are required if 

such tips are to be used extensively with halide plasmagas. 

Operating CharacteriatiC! of Titaniu. Tetrachloride Arce 

Some important operating characteristics of t rBns f)rred titanium 

1 -tetrachloride arcs ~re described in this section. All data presented 

\ 

here are for atmospheric pressure arcs operat ing at an arc curr~nt of 

200 A. Only relatively short arc lengths (less than 3 cm) we're used ln 

this study. 

r 

o 
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1. General Observations 

The introduction of TiC1 4 sign1ficantly changed the appearance of 

the j tiansferred arc. In fact, the appearanc~ of the T1C1 4 containing 

arc was completely different from that of any arc utilizing a pure 

plasmagas. The arc columne of pure p,lasmas (i.e. plasmagae ~ consisting 

of a single element, stamic or molecularV. appesr visually homogeneous, 

their color being determined by the spectrum of the plasmagas. Thus the 

luminous part of the argon arc column appeara white in Hs entirety, 

Just as the luminous part of the hydrogen arc column appears red in its 

entirety. However, the introduction of T1C1 4 into ~~e plasmagae reeulte 

in an non-homogeneous arc column. While the central region of the arc 

column maintained ite pre-TiC14 -inj ect ion appearance, a luminoue light 
( ..... 

blue eheath formed on the outaide. As the concentration of TiC14 # 

increased, the central region shrunk, allowing the sheath region to 

expand towards the core. Arc column photographs of various plas~as are 

" 'shawn in Figure Il. 

The Most likely reason for ~he appearance of tRè eheath in­
If 

TiCl lt -containing arcs ia the strong temperature and concentration 
"-

gradients with~ the arc column. Despi te .. thelr homogeneous appearance 

arc columns are not at a uniform temperature, their central region being 

significantly hotter than the periphery. Kt0ng r~dial gradients of 

velocity and species concentration also exist. For example, Mehmetoglu ... 

and Gauvin (1983) measured the telllperature at var10us locations with1n 

" 



\ 

o -93-

Î 

FIGURE Il 

PHOTOGRAPHS OF TRANSFERltED ARC 

Il-a. equi-molar Ar-H2 mixture 

ll-b. 5 g/min TiC1 4 in Ar-H2 equi-molar mixture 

0perating Parameters , 

Arc Length • 2.5 cm 

Arc Current • 200 A 

.., - \ ~ 

Plasmagas F1owu'te • 30 J../mLn 
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an argon arc column. They reported temperatures around 18 000 l{ near 

the cathode tip, 13 000 K in the center of the arc column and 3 cm below .. 
the cathode. and ooly 9 000 K at the periphery of the luminous region • 

. 
While the work of Mehmetoglu and Gauvin did not deal with diffusion .. 

phe~omena in transferred arcs, the theories of thermal diffusion in arcs ~ 

containing mixed plasmagases are deacribed by Vacquie (1984). Baaed on 

such theories, plasmagas mixtures containing an atomic gas A (e.g. Ar) 

and B molecular gas B (e.g. TiC1 4 ) result in arcs which operate with an 

increase in the concent ration of A in the center of the column, and an 

increase in the concent ration of B in the colder per1pheral region. 

Furthermore, plasmas containing atoms with different ionizat ion 

potentill (e.g. Ti, Cl, and Ar have ionization potentials of 6.8, 13.0, 

and 15.8 eV, respectively) operate with ah increase of the spectes with 

the highest ionization potential in the central region of the column. 

J 

is introduced into the plasmagas, the overall 

temperature of the arc column begins to drop"due to the lower ionization 
. 
potential of the Ti atome At the same time, thermal diffusion results 

in high concentrations of Ti+ ions, and non-dissociated titan~um 

subchlorides in the peripheral region of the arc column. However, while 

t.he concen,tration of TiCI,. 18 still low, the current cannat he carrled 

by the electrons contributed.by the Ti alone. Therefore, the arc column 

tèmperature must remain high enough to aS8ure that at lesst 80me of thé 

main plasmagas becomes ionized. Consequently, the central region of the 
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arc colurnn, which is highly concentrated with the ionized and atomic 
\~ 

II constituents of the main plasmagas (e.g. Ar), appears the sarne as ft did 

prior to the injection of TiCl it • On the other hand, the periphery 

becomes too co1d to ionize the main plasmagas and contains on1y the 

charged sp~cies contributed by the Ti atoms. It is these concentration 

and temperature gradients 'that result in the formation of the sheath ln 

TiCl it containing arcs. 

As the TiC1 4 concent ration in the p1asmagas increases, more and 

more easily ionizab1e Ti atoms become available, the electrical 

conductivity continues to increase, and the overall temperature of the 

" arc column continues to drop. Hence the central luminous region shrinks , 

as increasingly smaller volume of the column iB hot enough to ionize the 

. 
m~in plasmagas. FinaIly, when the Ti concentration is high enough to 

provide aIl the current carriers needed, t.he central region disappears 

and the arc column becomea once again homogeneous in appea!ance, 

char8cterized throughout... by a light blue colour. 

Based on this analysis, the formation of a sheath should not be a 

unique cha-racteristic of TiCl4 containing arcs but rather should occur • 

whenever the plasmagas éontains constituents with significantly 

different ion{zation potential. This was verified experimentally 

through the op~ratlon of transfer~d arcs containing varlous mixtures of 

argon and helium (ionization potential of He • 24.5 eV) in the 

plasmagas. 

\~ , 
, . 
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• 
When smali amounts of Ar are introduced into .~ He arc 8 sheath la 

formed much in the same manner observed through the introduction pf 

small amounts of TiCI 4 • Helium plasmas, ch~Tacterlzed by a bright peach 

color, are much holter than Ar plasmas due ta helium's high ionization 

potentia!. Thus, the introduction of Ar re~ults in a drop in the arc 

column temperatur;e see.n by the formation of the white sheath, 

characteristic of Ar ion1zation, in the column's periphery. When the 

molar concentration of argon in the plasmagss reaches 15 percent, only a 

\ very thin peach-coloured core region, extending from the anode to the 

cathode, still appéars. When the Ar concentration exceeds 15 percent 

molar the peach luminous region retreats to. the vicinity of the cathode 

'f0t and is barely noticeable at Ar concentrations higher than 50 

~ 

percent molar. 

Assuml~ng the above analysis to be correct, i'P may be possible to 

make some qualitative speculatlons about the temperature of TiC1 4 -

containing arcs. From the 'work of Mehmetoglu and Gauv(n we know that 

the lowest temperature at which an argon arc Is still luminous ls ,about 

9 000 K. Thus, in 'a plasma utilizing Ar as the main plasmagas, the 

contour dividing the central region from the sheath la probably st 

a round 9 000 K. Everything .within the central region would be st a 

higher temperature, just as everything within the sheath would be st a 

temperature lower than 9 000 K. The lonization of chlorine from, the 
~ 

TiCl~ molecule or the introduction of hydrogen in the main pissmagas are 

Blely to have on1y a relatively smaH effect ainee the ionization 

1 
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p.otential of Cl and H are roughly t!te same as that of Ar. 

Unfortunately, such speculations cannot be verified since no direct 

temperature measurements were made in this study. 

II. Power Requlre.ents of Transferred Tltanlu. Tetrachloride Arcs 

The power required to operate a transferred titanium tetrachloride 

arc is di rectly proportionsl to the total arc voltage of TiCl 4 plasmas. 

Sorne arc voltage data for arcs utilizing TiC14 -ri ch plasmagas have been • 
siven previously in the Arc Column Characteristics section. Additional 

, information for stable TiCl4 arcs (i. e. arcs using TaC cathode tips) are 

provided here. 

The change in total arc voltage due to the introduction of TICl4 in 

the plasmagas is shown in Figure 12. For a 2.5-cm long transferred arc 
1 

utilizing lS L/min'ôf pure argon as the plasmagas, a thoriated tantalum 

carbide cathode and a water-cooled molybdenum anode, the measured arc 
1 • 

voLtage was ~4 V. As 'TiCI4 ls, introduced to the plasmagas the voltage 

Increases quickly. At a TiC14 feed rate of 16 s/min the voltage reaches 
9 

a value of about 68 V. A TiC14 feed rate of 16 glmin in 15 L/lDin of Ar 
6 

corresponds to a molar TiCl4 ,concentration of about 12.5 percent. 

, 
Fu_ther Increases in TiCI .. feed rate caused little changes in the 

arc '1 voltage. ThuI,' lt appears that the power requ'lrements of argon 
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PI6BRE--12 

TOTAL VOLTAGE OP TRABSFElUÎED ARCS USING TiCl~ -RICH PLASHAGAS 

AND À THOltIATED TAN'l'ALUM CAlBIDE CA:rsODE 

A 

Operating Parameters 

Arc Length - 2.5 cm . 

Arc Current - 20~ A 

Argon Plas.agas F10w,ate \- 15 

,0 , 
L/ini n 

o 

", 
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.. 
plasmas containing 1lIOre than 12. S percent molar TiCl .. are charact.erized 

1 r 
4Iii 

more by the properties of TiC1 .. than those of Ar. Unfortunately, the 

experimental apparatus used in this study dld not allow for TiC1 .. feed 

rates much. higher than 2S g/min. Therefore, it was not possible to test 

the above hypothesis by further increasing the TiCl.. feed rate. 

Instead, --it was decided' that the effect of inc'r'easing the plasmagas 

chloride concentration above 12 percent could be evaluated by keeping 
.. 

~he TiCl.. feed rate constant at its maximum permisible value and 

reducing the argon flowrate. The results of these experiments are shown 

'in Figure 13. ~ 

Using a 2.S-cm long arc, a TaC cathode and ~ Mo water-cooled anode, ,. 
the total arc voltage was meàsured for plasmagas compositions containing 

2S glmin of TiCl .. and decreasing flowrates of argon. At the maximum Ar , 
\, 

flowrate (23 L/min) for line B the Tiel .. concentration was Just under 12 

percent molar. At t'he minimum Ar flowrate (3, L/min) the TiC1 4 plasmagas 

concentration was about 50 percent molar. Further decreases in the 

~ 1 "' 
argon flowrate were not attempted because the transferred arc system 

'" used in this study was unable to maintain stable operation st total 
Il ~ .... 

plasmagas flowrstes lower than 5 L/min. ThiSjinst8bil1ty st very low 

plesmagas flow rates was also observed in pure, Ar plasmas uslng 

thoriated tungsten cathodes. Experimentally measured variations in 

total arc voltage due to chang~s in plasmagas flowrate for pure argon, .., 
arcs are also presented in Figure 13 CLine A) for the purpose of 

comparison. 

( 
1 
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FIGURE 13 

) 
TOTAL VOLTAGE OF TiCl~-RICH ARCS USING A TANTALUM CARaIDE CATHODE 

.. 

Operating Parameters 

Line A Une B f 

l 

Main Plasmagas Ar Ar ) 

, 
TiCl~ Feedrate, g/min o 25 

Arc Current, A 200 200 

Arc Length, cm . 2. 5 

·c 
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From the results slJown ln Figure 12, one may conc1ude that the , 
total arc voltage of highly concentrsted TiC1 4 plasmQs increases on1y 

sllg~ly st TICl 4 plasmagas concentrations above 12 percent. A 

,plasma~s contalnlng 23 L/min Ar and 25 g/min TICl q (TiC1 q concentration 

• 12 % molarJ operated at an 

flowrate was reduced to 3 L/mln 

ar.c voltage ·of 68 V. When the ~gon 

(TiC11t concentration - 50 % molar) the 

vo1ta,ge Increased only ta 77 V. This incresse ln voltage Is small when 

compared to voltage Increases obaerved at 10wer TiC1 q concentrations­

(see Figure 12), and may he attrfbuted ta either an increase i'] tr. 
arc 's enthalpy dr to electrode phenomena. lt was !Tot possible from the 

results of this study to .s~parate voltage incresses caused by electr~de 

phenomena from those caused by changes in the arc column cOmposit1ion and 

• 
total plasmagas flowrate. 

The reasons for the apparent ability of TiCl q to domlnate the 

charact.rhtica of the arc, eve: ot relatively jow ""lar .oncentrations, 

were not investigated. However, the observat~~ that variations in the 
., 

. total arc vol,tage are not proportional -to the concentration in the 

plasmagas lIIixtur~ 18 not unusual. 0 For examllle, the total voltage of a 
~ 1 ~ 

2-em pure helium transferred arc operating st a current of 200 A and L 

atmo~pherlc pressure, between a copper water-cooled anode and a 

thoriated tungsten cathode, is about 40 V. Under the same conditions a 
. 

pure argon are's total voltage is ~bout 25 V. However, an arc utllizing 

, p 

an ~ui-molar plasmagas composition of Ar and He, and the- same total gas 
'YI p' 

~ 
flowrate. has a voltage of 27 V, only 2 V hlgher than that of pure Ar. A 

\ 

.. 
________________ ............. _______ O'-~ ____ _<...~._..L__'__~'_"._'_', ••• '. " 
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plasma containing 10 percent molar argon in helium haB a voltage 

approximately half way between that of pure Ar and pure He. 

From the results shown earlier (Figure 6) the arc column voltage 

gradient for arcs utilizing pure argon and TiC1 4 -rich (25 g/min ln 10 

L/min Ar) plasmagas are 5 V/cm and 12 V/cm, respectively. Vsing these 

results, and assuming that the voltage gradi,nt in the arc column ia 

constant throughout the length of the arc, one may calculate the column 

voltage for a 2.5-cm arc at about 13 V for pure Ar and 30 V for the 

TiCl4 -rich arc. From results sh.owo in Figure 13 the total arc voltage 

of pure Ar plasmas (10 L/min flowrate) 18 35 V compared to 73 V for 

TiC14 -rich plasmas (10 L!min Ar + 25 g!,min TiCl 4 ). By aubt ract Ing the 

l 
column voltage from the total arc voltage, the electrode fall voltage 

can be calculated at 22 V ior pure Ar and 43 V for TiC1 4 -rlch plasmas. 

These electrode fall voltages apply only to the above mentioned arcs 

operating between a tantalum carbide cathode and a water-cooled 

molybdenum ano~e. 

Since the !\node fal1 voltage has been shown to be very small 

(Dinulescu and Pfender, 1980) It ls likely that these calculated 

, electrode fall voltages represent the cathode fall. Caut ion must be 

exerclsed ln using these resu1ts since the data shown ln Flgur~ 6 were 

obtained using a thoriated tungsten cathode, where88 the results shown 
~j 

o in Figure 13 were obtalned uslng' a TaC cathode. Small amounts of 
\ . 

tungsten chlorides and thbria have entered the plasma 
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in experiments uèing Th02 -w cathodes and may have affected the arc .. 
column voltage gradient. 

\ 
\ 

For the purpose of compJrison, the cathode fall p6tential was 
~ 

est imated for a va riety of plasmagas compositions. Us ing the present 

experlmental set-up, the total arc voltage for 2-cm and 3-cm transferred 

arcs were measured utllizlng 15 L/min of Ar, He, N2 , H2 or NH3 as the 

plasmagas. AlI arcs were operated at an arc current of 200 A between a 

thoriated tungsten cathode and a molybdenum 'ijlter-cooled anode. Using 

the results from these experiments and the calculation methodology 

outl1ned in the above paragraphs the cathode fall voltagê for Ar, He, 

N2 , H2 , and NH 3 were estimated at is V, 24 V, 27 V, 49 V, and 29 V 

respectively. Hyd rogen, which exhibited the 
~ 

highest cathode fall 

voltage, was also the plasmagas to show the highest cathode erosion. 

The cathode fall values reported here are considerably hig'her than 

those commonly reported in l1terature. For example, in his review paper 

on arc elect rode phenomena, Guile (1971) reports voltdge drops at the 

cathode of 8 V to 20 V for atmospheric pressure arcs. However, in the 

same paper the anode fa11 voltage for such arcs is reported to ~e 

between 10 V and 20 V. In the present analysis the .canode fall voltage 

is assumed to be very smaIl, based on the results of Dinulescu rafla 

Pfender (1980), and the total m~asured elect rode voltage drop Is as.sumed 

ta he occurrlng at the cathoâe. 

, 
st 

-, 
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Ui. Energy Distribution within the Trauferred Arc ReactoT 

The total arc power distribution within a closed transferred arc 

reactor be described by the following energy balance: 

v x l - Pa + Pr + Pn + Pc + Pg + Pnb + Pl + Pab 

where the sum of the power transferred to the anode Pa. the reactor wall 
~ 

Pr. the nozz le 
\ 

assembly Po, the cathode assembly Pc, the exit ing \' 

plasma-gas iS.. the nozzle base Pnb. the electric insulator !!.. and (the 

anode base Pab ls equal to the total power input to the arc. 

To measure the ,unt of the input power transferred to the varlous 

components wlthln t reactor, thermocouples were placed strateglcally 

in tlfe cooling water circuits. The inlet and outlet water tempe ratures 

from each secti.on were measured using six K-type thermocouples connected 

to a Thermo Electric model Elph 4 digital temperature indicator through 

. 
a 12-point rotary selector. The resolution of the indicator was O.l°C. 

Four calibrated rotameters were used to monitor the cool1ng water's 

flowrate in various sections of the transferred arc react~ The four 

water cooled sections were the anode, the reactor wall, the nozzl.~ 

assembly, and the cathode assembly. " 

The nozzle' base, the elect ric insulator, and the anode base were 

not water cooled. AlI energy input to these sections was transferred 

- ' 

,j 
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1 
through conduction to surrounding water cooled sections (see Figure 5) 

or through natural convection to the ambient gas. The input energy to 

the nozzle and anode bases was relatively' small since- neither of these 

sections received any radiation directly from the arc. The re we re no 

measurements made of the en,ergy recei ved by the non-cooled sections of 

the reactor. 

Furthermore, the temperature of the gas inside the reactor and 

consequently the energy t~ansferred to the exhaust gas was obtained by 

inserti,ng a thermocouple into the reactor, nesr the gas exit port, 

through one of the openings provided in the reactor wall. Through such 

measurements it was concluded that the energy <l0ntent of the exiting gas 

represented only a smaU fraction of the total power inptrt, typtcally 

less than 0.5 percent for pure argon and 1.5 percent for TiCl lt -rich 

plasma, and can be el1minated from Equation (5) without introducing a 

sign1ficant error. 
( 

As su ch , Equat ion (5) was reduced to 

v x l - Pt - Pa + Pr + Pn + Pc (6) 

In order to calculate the energy transferred to the variolls 

~sec.tions of the reactor, it was assumed that, at steady state, the 

énergy removed by the cdoling water was equal to the energy received by - . 

c 
the section' being coolad. U'ing, this .~,umPtlon. the amou.t of aner~ 
receoi ved by each section can he calculated from the simple expressi0l'!: 

'. 

\ 
., 

t 
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Py • Fy x Il x Cp x (Tou t - Ti n) y ~ (7) 

measured 
1 

coollng water 
l 

flowrate 
,.& 

to compone nt :t. ln 

cm3 /ser;., and .e. and ~ are the water density and heat capacity, assumed 

constant with values of 1.~ g/cm3 and 4.18 .t!(g.K), respectively • 

• The results from the energy distribution calculations are shown in 

Table IV. The per,cent of the input power transferred' to the v41rious 

components, 'II, of the reactor system can be calculated by dividfng bath 

sides of Equation (6) by the total power input to the arc and 

multiplying by .. 100. The amount of power' transferred to the cathode 

remalned appr.oxi~ately constant for a11 experiments at about 0.3 - 0.4 

~ 

This represented between 3 and 5 p"'ercent of the total input power 
~ 

to the reàctor. The measured values for Pc are not include'd in Table 

IV. 

Experimental Runs 104-106 utilized a thoriated tungsten cathode and 

~ a 2-cm arc length, whereas Runs 1-8-1 and I-S-2 utl1ized a thoriated TaC 

cathode, and Runs 1-8-7 to 1-S-9 a pure TaC cathode. All arcs of the 

I-S s~ies were 2.5-cm long, and a11 experiments shawn in Table IV 
\ 

operated at an arc current of 200 A. The cumulative error, representing 

the difference between the sum of the power dissipated to each 

water-cooled component and the total input power, wa8 less th an seven 

percent of total power Pt • The source(s) of 4hls error may be ~ither 
'( 

due to the simplification of Equàtlon (5) or due to systematlc error. in 

the data. 

( 
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TABLE IV. POWER DISTRIBUTION FOIt TiCl~ -RICH TIWISFERRED-ARCS 

POWER DISTRIBUTION 
RUN GAS TiC14 ARC 
NO. FLOW FEED' Pt Pa na Pr nr Pn nn DIAMETER 

(L/min) (g/min) (kW) (kW) CO (kW) '( %) (kW) 0:) (mm) 

(for runs with arc current - 200 A, arc length .. 2.0 cm, 

) 
cathode • Th02-W) .. 

104-1 Ar-15 0 5.2 3.8 73 0.7 13 0.6 12 7.0 
" \ 

104-2 Ar-30 0 5.6 3.9 70 0.9 16 0.6 11 7.6 \ 
\ 

, 106-2 Ar-3D 6 9.6 5.0 52 2.0 21 2.2 23 7.6 

105-3 H2-30 0 15.4 12.5 81 0.9 6 1.0 6 4.8 

10-5-4 Ar-lS 0 11.4 9.3 82 1. 1 10 0.9 7 5.2 

H2-15 

105-5 Ar-15 6 12.8 9.4 73 1.5 12 1.4 11 7.1 

H2-15 

J (for runs with • 200 A, length - TaC) arc current arc - 2.5 cm, cathode 

I-S-1 Ar-l~ 0 7.2 5.6 78 1.0 14 0.9 13 

I-S-2 Ar-15 16 13.4 7.8 58 2.3 17 2.9 22 

1-S-7 Ar-23 0 7.2 5.1 7l 1.1 15 0.7 10 
~ \ 

1-S-8 ~r"'23 25 13.6 7.6 56 2.7 20 2.4 18 

1-8-9 ·Ar- 8 25 14.8 7.6 51 3.0 20 3.1 21 

.... 

\ 

) "î , " 



Ir-

o 

0' 

c 

-111-. 

By comparing the results in Table IV for arcs operating with pure 

argon plasmagas to those with a TiCl lt rich p1asmagas, sorne interestlng' 

'" observations emerge. It appears that the introduction of TiCl lt lavors 

the transfer of energy to the reactor wall and nozzle assembly over the 

anode. In Run I-S-1 (Ar only), for e)camp1e, the total power input to 

the arc was 7~ 2 kW. Of this power 78 percent went to the anode, 14 

percent radiated to the reactor wall and 13 percent to the nozzle 

• 
assembly., Run I-S-2 by comparisof\, which utilized the ume operating 

conditions but a TiC14 -rich plasmagas, used almost twice the total power 

input due to its higher arc voltage. Yet the ènergy transferred to .the 

anode increased on1y by 40 percent, whereas the energy transferred to 

the r~or--wall and t'lo~zle assembly increased by 130 and 2'20 percent 

respeètive1y. Similar observations can be made by camparing Run I-S-7 to 

Run I-S-8, Run 104-2 to Run 106-2, and Run 105-4 to Run 105-5. On the, 

average, in arcs operating with TiCl4 -rich arg~n p1asmagas about 20 

percent of of the total energy input to the reactor was transferred to 

each of the reactor wall ahd the nozz1ê assembly. 

The relative increase of energy transferred to the reactor wall and 

nozzle assembly -for TiCl lt arcs may be explained by a numbe'r of factors. 

TiCllt has a much higher enthalpy than argon a9 it leaves the anode 

surface. Not only the hest capadty of TiC1 4 • Is higher than thst of 

argon, the gas leaving the arc carries wlth it large amounts of chemical 

energy utilized in 

Once outside the 

the vapourization and 

.rc, t~ture 
dissociation of the Molecule. 

of the gas drops rapidly, 

i 4 

l 
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resulting in .. reeom~natlon reactions and the release of energy to the 

. 
8urrounding walls. Furthermore, TiClit recombines at relatively low 

temper'atures which assures that much of the recombination energy is 

released away from the anode and closer to the nozzle assembly and 

'reactor wall. At the end of each TiC14 run a11 exposed surfaces on the 

nozzle assembly and reactor wal~ were covered with a film of various 

titanium chloride powders. 

A brief analysis was made on the energ>y distribution w!thin the 

reactor used in this study for a variety of plasmaga-ees. The results of 

this analysis for Ar,-He, N2, and H2 are shown in Table V. From these 

results it appears that helium and hydrogen exi bit smaller arc diameters 

than argon and n!trogen respectively, and transfer more of the input 

e,!e rgy to the anode. The relat ionship between arc diameter and energy 
! 

dis t ri but ion should\_ he obvious. The Ar and N2 arcs can transfer more 

energy by fadiation due to their larger radiating volumes. Since oost 

of the energy transfer to the reactor wall and nozzle assembly is 

through r~ation, the energy distribution in the reactor depends 

strongly on arc diameter. .. 

. 
The arc diameter of TIClit -rich arcs (see Table IV) ls much larger 

. .. 
than the diameter of H2 arcs and roughly .e<ltl.8l to that of Ar arcs. In . , 
essence TiC14 rich arcs exibit both the highest heat capacity and the 

largest arc d,iameter. tt is, therefore, not surpris!ng that such arcs 

would also exhibit the highest energy transfer ta the surroundings • 
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TABLE 1,. POWER. DISTRIBUTION IR TRARSPEUED Alle UACIOa'" * 

POWER DISTRl~UTION 
RUN PLAS~ ARC ARC 
Nd. GAS LENGTH Pt Pa na ·.Pr l'Ir Pn Tln DIAMETER .. 

" (cm) (kW) (kW) (%) (kW) (%) (kW) (%) (mm) 
> ,., 

110-2 Ar . 2 5..,6 4. 2~ 75 0.7 13 0.6 11 7.2 
, 

( 

110-3 He 2 8.0 7.0 88 0.6 8 0.3 4 ;;; 
110-4 N2 2 10.2 7.9 77 1.0 10 0.9 9 5.1 

0 
110-5 H2 \ 

"2 15.4 13.7 89 0.8 5 0.8 5 4.7 
~ 

110-6 Ar 3 6.6 4.2 64 1.2 18 0.7 11 .. 
\ 

" 

110-7 He 3 9.6 8.1 84 0.9 9 0.3 .. 3 

3 12.6 9.2 73 1.9 15 1.0 8 

!, 

3 18.2 15.0 82 1.5 8 0.9 5 

* For a11 experiment8 ln th!s Table, arc current • 200 A, plasmagas 

o flowrate • 15 L/min, cathode • Th02 - W, Cu. 
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Since there 18 no informatio.n available ory the emissivity or operating -temperature of Ti Cl". rich plasmas, it la not possible to calculate 

radiative transfer directly. 

Iv. Che~cal Reactions in a Transferred Titaniu. Tetrachloride Are 

Reaetor 

No deta1led analys1s of the chemlcal reactions occurrlng in the 
....... 

transferred arc reactor wes made in this study. However, general 

observations made during the operation of the system allowed for 

Of verification of results ,,~revioûsly reported in l1terature. 

particular Interest to the present observations are the results reported 

by Miller and Ayen (1969), who studied the reduction of TiCI". in a 

radio-frequency torch. They showed that TiCl3' CS;" he produced, when 

hydrogen 19 introduced 8S the reducing agent, while in the absence of 

hydroget\ there was no appreciable reduction of the TiCI". Molecule • 

The observations from the present study verify the results reported 

by Miller an4 Ayen. ln experiments utUizlng argon or helium as the 

main plasmag8s, the exhaust gas W8S rich in TiCI4, as evident by the 

accumulation of TiCI". l1quld in a flask located at tbeP bottom of the 

condenser (see Figure 2). Inside, the reactor was covered by" a thin, 

powdery layer of titanlum subchlorldes,. oxides and oxychlorides. 

<"' Unfortunately, ln the present set up it was not possible to determine 

1 

/ 
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how Il1lIch of the materiai cov~ing the reactor walls wu formed during 
# 1 

the experiment and how much wa! formed Iater, while the reactor WBS 

opened for inspection and c1eaning. lt is reasonable to expect that 
. 

some of the recombined TiCll+ wou Id condense on the water-cooled reactor 
1 

walls and remain there as a thin film until the reactor was opened. At 

that point, ft wouid react quickly with the moisture in the ambient air 

to form at least part of the observed powder. 

The amount of TiCl.. collected from the exhaust gas was roughly the 

same for both argon and helium runs, and, st flow rates of 25 g/mi n, 
:, 

represented a~u~ ~ percent of the total TiC1 4 fed to the reactor. The ,.. 

remaining 30 percent may be sttributed' to the production of reduced 

compounds, losses through reactions with contaminants in the reactor and 

the plasmagas, and lossesl in the exhaust gas purification system. lt 

should be pointed out that the exhsust gas ente ring the caustic scrubber 

(see Figure 2) contained significant amounts of TiCl4 8S evident by the 

formation of titanlum oxides in the scrubber. 

In experiments which ·cont8in.~d hydrogen in the plasmag8s, no TiCI .. 

" l1quid was collected after the condenser. Furthermore, the insldè 

reactor walls were covered with a thick layer og dark violet powder. 

Based on X-ray difraction analysis the titanium-to-chlorine ratio ln the 

powder was determined to be about 1:2.7, indicating that the majority of 

the chloride was TiCl 3 The rema1(\ing powder probably conshted of 

oxides ,and oxychlorides farmed due ta the presence of contamlnante ln 

,) 
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the resctor and the plasmagas. 

Some of the contamination occurred after the completion of the 

experiment whlle the reactor was be1ng opened for inspecÜon. This 

8uggests that at least sorne of the TiCI~ molecules had fulÎy recombined, 

sin~ TiC1 3 does not decompose spontaneously in ambient air. Some fully 

recombined TiCl 1t may have 8lso left the system in the exhaust gas. lt 

was not possible to me8sure the IYield of TiC1 3 in the present set-up. 

CONCLUS lORS .. 

A number of important operating characteristics ot transferred arcs , 

Utili~ng titaniu~ tetrachloride-rich pl8smagas were experimentally 

". 
stud1ed. The results from the study sugges~ the ffllowing: 

1. Transferred arc reactors employing thoriated tungeten as the cathode' 

forming ~aterl,l are not st-able when utilizing TiCl lt -rich-

plasmagas. The source of ,instability appears to be the chemical 

reactions occurring at the cathode surface between the plasmagas and 

the cathode material. These reactio\!l8 result not only in the 

deterioration of the cathode but 8180 in the "suffocation" of the 

electron emiss-ion process by thè formation of a Uquid titanium film 

on the emitting surface. 

t 

l' 

.. 
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2. Stable TiCl" transferred arcs can be maintained if the commonly-used .. 
thoriated tungsten cathode is replaced by a tantaium carbide 

cathode. Tantalum .,rbi~ does not react with the chloride in the 

plasmagas, has a relatively low thermiol)ic worle. funet,ion and very 

high mel ting and boiling temperatures. The introduction of small 

amounts of thoria in the TaC cathode did not signiflcant-ly influence 

the operation of TiCl 4 -rich arcs t though lt did lower the cathode 

spot temperature in argon arcs. 

-
../ , 

3. The introduction of TiC14 into the plasmagas of a transferred arc 

.. 

• 
res,ults in the formation of a luminous light blue sheath around t,pe 

plasma column. It appears that the temperature withiI'\ the sheath ia 

high enough to allow the ionization of Ti atoms yet loI.' enough to 

prevent the ionization of the atoms in -'the main plasmagas. 

Diffusion may also' be contributing in concentrating titanium 10ns 

and chIo rides wl thin the sheath. The 

region and of the eooler sheath depend 

" 
in the'plasmagas • 

. 
diameters of the hot ce.nt raI 

.f. ' on the concentration of TiC1 4 

4. The total arc' ~tage of a 2-cm arc utllizing TiC1 4 -rich plasmagas 

", is roughly twice that of a similar arc utilizing pure argon as the 
" 

,~ 

plasmagas. Some of the increase in voltage can be attrlbuted to the 

higher arc column voltage gradient (abottt 7 V/cm higher) for 

TICl it -rich plasmagas compared to the gradient for Ar arcs. The 

\ 

measured arc column voltage gradient for TiCl 4 arce 18 about the 

, 
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1 

ssme as that of pure nitrogen arcs. Most of the increased voltage 

requirements in TiCl 4 arcs, 'however, are .due to a sharp increase in 

the cathode fall potential • .. 
s. When TiC14 is introduced Into an argon plasma the voltage increases 

quickly until a Ti94 molar concentration of about 12 percent ls 

reached. Further increases in TiLl... feed rate or in TiC1 4 

concentration have a much smaUer effect on the arc's voltage. 
\. -
( 

6. The introduction of TiC1 4 into the plas~agas decreases the fraction 

of the total Input power transferred to the anode and increases 

energy transfer to the reactor wall and nozzle assembly. 

7. The arc column diameter of TiCl lt -rich plasmas i8 about the same as 

that of argon and significantly larger than that of nitrogen, helium 

and hydrogen. 

8. It la possible to produce TiC13 through the reductlon of TiCI ... with 

hydrogen in a transferred arc reactor. In t,he absence of hydrogen 

sorne reduction occurs, but the amount of TICl 3 condenslng on the 

eactor walls is much smaller. '. 
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PART II 

CATHODE DETERIORATION PHENOKENA IN 

A TRAHSFERRED-ARC REACTOR 
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ABSTRACT 

Phenomena occurring on the surface of a thorlated tungsten cathode 

operating ln a t"ransferred-arc reactor were Investigated. The effects 
. 

of cathode geometry (pointed-tip vs. flat-tip) and plasmagas composition 

(argon vs. helium) on the rate and mechanisms of cathode eroslon were 

studied experlmentally by examining the morphology of the surface before 

and after runs of prespecified duration. Results from the study showed 

that on flat-tip cathodes operatlng" in argon, thoria migrated through 

the tungsten matrix and concentrated on the surface. In longer duration 

runs, the thoria was consumed from the surface, resulting ln extensive 

melting of the tungsten and the subsequent release from the surface of 

molten 
1 t 

tung~en nodules. The surface temperatures of polnted-tip 

cathodes operatlng in either argon or hel1um and flat-tip cathodes 

operatlng ln hellum were higher than the bo1l1ng point of thoria and 

'- substantlal vapourlzatlon of cathode material, bath tharia and tungsten, 

was observed. Sorne of the vapourized material redeposlted on the 

cathode surface, forming erystals whose morphology and composition 

depended on thelr distance from the arc root and the plasmaga8 

composition. This redeposition mechanism resulted in relatively 10w 

erosion rates despite the extensive vapourlzatiol\- of cathode uterial. 

In )the case of pointed-tlp cathodes operated in argon, a urge molten 
'~ 

tungsten sphere was formed and subsequently released from the tip. The 

release of this sphere, whlch typically occurred after 40 minutes of 

operation, was responsible foc IIIOst of the eroslon observed ln theu 



( 

cathodes. On1y ph~nomena occurring during the first hour of operation 

were Investlgated in this 8tudy. 

, 

1 1 
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BA<XGROURD INFORMATIOH. 

,/ 
Electrode lifetime has long been recognized as one of the most 

important considerations affect ing the viabi li ty of 

Rapid electrode deterioration can diminish thè value 

from an economic and a technical point of view. Consequently, 

parameters such as the frequency of reactor "down-t ime" for elect rode 

replacement, the cost of electrodes, process instabilitles due to poor 

electrode performance, and the contamination of products with materlals 

emitted from the electrodes, are crucial in determinlng the ultimate 

success of plasma technology ln general and that of the transferred arc 

reactor in partlcular. 

Early recognit Ion of the importance of elect rode phenomena has 

provided incentive for much résearch ln thls field during the past fi ft y 
~ 

years. Y~t, despite this intensive effort, the phenomena occurrlng at 

the electrodes, and espec1ally the cathode, remaln for the most part 

unexplained. In 1971, A. E. Guile, who has been one of the leaders ln 

this field, publ1shed a review of arc-electrode phenomena in whlch he 

stated that "elect rode erosion remains ~ of 

problJms ••• " and "even 1 when cathode material 

the least understood arc 

and arrangement normally 

giving acceptable level of erosion have been found, large differences in 

eroslon rates can sometimes develop with apparently Identlcal operat lng 

conditions. " Guile's statements are 8S true today 8S, they were 

seventeen yea~s ago. 

( 
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MEClWfISMS OP CATRODIe ELEcrROR EMISSIOR 
~ 

The lack of a comprehensive theory for the cathode phenomena of an 

arc is partly due to the apparent existence of basically different 

me9hanisms of electron emission for different types of arcs is partly 

due to the absence of a rellable body of empirical experimental data on 

which a quantitative theory could be based. Reliable data on cathode 

current ,densitles 7d on cathode voltage drops are 

making verification of existing models impossible. 

largely missing, 
. 

The problems. in 

determining the current density, for example, ,e in the fact e~t so 

far no direct measurements, e.g. wirh probes, ha~been made and there 

are no techniques so far available for doing so with the required degree 

of accuracy. 

The techniques presently aval1able for determining the cathode 

current density rely pr1marUy on indirect methods. Such methods may 

consist of either measuring photographically the Bize of the visible 

cathode root (spot) and calcu·lating the area of attachment by assuming 

that the optiçal root i9 equal to the electrical one, or determining the 

area of the root based on the magnitude of molten metal tracks left on 

the cathode in magnetically rotated arcs. Either of these two 

techniques offers highly questionable résults. Errors may be introduced 

dudng the transition from an optical to an elect rical root diameter, 

the molten tracks may be more repres~ntative of the thermal conductivity 

of the cathode lDaterial and of the time of contact, and the 
, 

current 
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density may not be uniform throughout the root- area. 

Despite the obvious shortcomings in our understanding of cathode 

phenomena, sorne theories have been developed and used with Borne succees 

to explain empirically-attained data. Most of them begin by assuming a 
'J 

,1 
mechanism of electron emission and assessing the state of the cathode 

surface during such emission. Finnkeinburg and Maecker (1956) described ft 

the three tradl t lonally-proposed mechanisms of ca thodic elect ron 

emission as follows: 

1. For sufficiently high temperatures at the cathode surface and low 

field strength, the currertt can be carried excluslvely by electrona 

which have been thermal1y emitted from the cathode. This method of 

electron emisslon ls common1y referred to as "thermlonic em!sslon" 

and ls characterized by cathode surface temperatures above 3 500 K 

and current densitles of around 103 ta 104 A/cm 2• On1y refractory 

materlals such as tungsten and carbon have high enough bol1ing 

points ta al10w for thermlonic emlssion. 

2. For a sufficiently high field strength in front of the cathode 

surface, emission can occur at re1atlvely low temperatures (be1ow 3 

000 K), with the cathode material releasing electrons whose energy 

fa below tje Fermi level. This mechanism is commonly referred to as 

"field emisslon" and i8 characterized by current densitie8 higher 

than 106 A/cm2 • Non-refractory tmaterials such as copper and 
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alumlnum are used ln field-emitting cathodes. 

A third possibility liS that, near the cathode surface, the arc'~ 

~urrent ia carrled exclusively or chlefly by positive ions. In th~1 

case the cathode surface must be at sufficiently high temperature ta 

permit the release of the required ion current density. 

Todar, moet workers ln the field agree that none of the three 

" traditional theories Is solely responsible for electron emission in real 

c 

arcs. In general, one deals with a cQmbination of thermal and field 

emiasions while a ama1ler ionic component is a1so active. In fact, 

researchers such as Murphy and Cood (1956) provlded 

the deve10pment of a unified emission theory 

early attem~ts. st 

by extendin~ the 

Richardson-Dushman Equation, which describes the current density for 

thermionic emission, and the Fowler-Nordheim Equation, which i6 used in 

field emission, to the regions of temperature and field strength ln 

between the two (i.e. the transition region). However, despi te such 

efforts, there doea not yet exist an acceptable unified theory on 

electron emiaslon, promptlng, some to c1aim d\at there ia no su ch thing 

88 a typlcal cathode spot mechanism, while others argue that the cathode 

spot mechanism ls the same for any metal (Guile and Juttner, 1980). 

Despite the apparent differences between those who 8uggest the 

existence of thermionic, field and ionie emisslons and those who search 

for a singular electron emission mechanism, a11 theoretlcal 

• 
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considerationll on cathode phenomena are based on certain macro8copic 

properties of the cathode surface (e. g. work funct ion, tempe rature , 

thermal conductiV~Y. etc.). Hidden ln these theories is the assumption 

that one can diS1ngUiSh sharply between--: a soUd or liquid cathode 

surface and the plasma state just ahead of H. Loeb (1939) was the 
• 

tirst, ta point out that in view of the extraordinary concentration of 
, ~~ 

power in the cathode spots of high cathodic current density arcs, the ... 
apt>lication of such macroscopic concepta and data 1s ext reme.ly 

questionable. Loeb used as an example an arc wh~ cathodic current\ 

density is 106 AI cm2 
1 in which 10 percent of the current was carried by 

Ions. Under these conditions, 6 x 1023 ions strike the cathode unit 

surface per second, each possessing s kinetlc energy of 5 to 10 eV and a 
\ 

potential energy of the same arder of magnitude, whlch they release at 

the cathode upon neutralization. Each of these 6 x 1023 ions transpcrrt8 .. 
"'-

ta the cat\lode materlal an amount of en~.rgy which Is severa1 tlmes the 

blnding energy of the building stones in the cathode lsttlce. 

Furthermore, since one cm2 of cathode surface hss only about 1015 

surface stoms, each surface atom is struck about 108 tlmes per second. 

Under these circumstances, lt ie 6bviously impossible to maintsin the 

ordered lattice st ructure of the cathode material in the region of the" 

cathode spot. In fact, according to L<?eb, the spot must exist, to 8 

depth of several atomic layers, ln a state of such extreme looseness 

that it Is doubtful whether one should refer to it as 8 state of 

strongly disturbed solid/liquid or a state of hlghly complex plasma. 



.., 

r­
'-! 

c 

\ 

-130-

An ~nergy, balance on the cathode surface ls qulte complex, 

requlrlng consideration of both the energy arriving and the energy 

leaving the su~face. The energy arrlvlng through ion impact ls, to some 

degree, dissipated through electron emission, vapourization of the 

cathode materlal, radiation losses, and both water and gas cooling of 

the cathode. Furthermore, there have been studies (Benjamin and 

Jenkins, 1940 to show that the atoms on the cathode surface are in 

perpetuaI motio, constantly forming new crystais that assist the 

4IIeiectron emission process by reducing the materiai 's work funetion and 
t 

increasing the emitting surface area. Nonetheless, if Loeb 's analysis 

ls correct and if on the cathode sur.face one deais with a transition 

state between a highly heated solid/Uquid and a glasma, then the 

concept of cathodic work functlon along with the proposed mechanisms of 

thermionic and fIeld emlsslon lose most of their meaning. 

TherwdoDlc Wort Fonction 
" 

1 
1 

\ .-

The most important parameter used to measure a material 's abl1ity 
6 

to emit electrons la ita thermlonlc work function, i.- The relatlonshlp 

be.tween electron current denslty, 1. and thermlonlc work function, i. 
. 

for refractory cathodes la given by the Richardson-Dushman Equation: 

(8) 

.. 
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w,here A i9 a constant whose theoretical value i8 120 (A/cm2 .K2) but 

whose measure'd value has been reported anywhe re from less th an 10 to 

over 1 000 (A/cm2 .K2 ), ~ is the Boltzmann constant, and T is the cathode 

surface temperature in K. It can be clearly seen from the Richard~. 

Dushman Equation that an increase in the cathode 's thermlonic work 

• functlon e1tller decreases the current density, resultlng in poor arc 

stability.· or increases the surface temperature, resultlng ln excessive 

electro~e erosion.~ 

The thermionic work functions tor refractory metals at temperatures 

near their melting points have been experimentally determined by many 

rtsearchers. Unfortunat:ly the reported results vary'wldely, as do the 

~Wanation,s :: the ..factors influencing their value. It appears that 

the measurements of the work function suffer from the same limit~tlons 
• 

\ 

as those described earlier for cathodic electron emission mechanisms. 
1 1 

Nonetheless, r'eported empirical data do provide .important insights on 

the phenomena occurring at the cathode surface and should thus be 

carefully reviewed. 

Gordon and Chapman (1972) used meta! wires of various compositions 

as cathodes in an argon direct-current arc discharge. During operation 

~ molten sphere was formed at the tip of the cathode whose dlameter" 

could b;jeasured upon terminating the arc. By 8s8uming that the 

diameter of the emltting area was the same as that of the ~lten sphere, 

they calculated the current dens1ty of the cathode at var10us operating 

o 
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temperatures. Uaing the Richardson-Dushman Equation, they plotted 

IlkT vs ln (j/r) and thus measured both the thermionie work funetion 
, 

(slope of plotted Une" .... ) and the emission constant A Cintercept of 

plo\ted line - ln A ). 

The results obtained by Gordon and Chapman for the thermionie work 

1 

funetion varied from 4.1 eV for tantalum ta 5.1 eV for rhenium and were 

ln reasonable agreement wlth results rep'Orted in handbooks for these 

me taIs. The observed agreement may be somewhat surprising eonsidering 

the methodology used in these experiments. There is litt le support, for 

example, for the assumption that the emitting area is aecurately 

represented by the area of the mol ten sphere. Other factors, such as 

;e physical 

temperature, 

properties of the metal wire (surface tension,' melting 

thermal conduetivity, etc.) may have more to do with the 

size of the drop let than the emitting area. 

Furtliermore. Gordon and Chapman ealculated the current densi ty ( 

using the ratio lIA where'l was the total 
1 

arc current and A was 1 the 

em~tting ares determined from the measured sphere diameter by the 

relation A - '11' 02 • They not only assumed that the current density was 

evenly distributed throughout the entire durface of the droplet exposed 

to the 
n ( 

arc, 8 doubtful assumption at best. but 81so inc1uded the area of 

attschment between the sphere and the meta1 wire which cannat possibly 

emit electrons. Considering the additional uncertainty that must -have 

been Introduced during th.e temperature measurements st the cathode 
~ 

J' 
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surface, the apparent agreement between their results and handbook 

values is surprising indeed. 

r 

Most of the thermionie work function data reported in the 

liferature have been determi\ned from the value of the thermionic current 

iJ. zero field as described' by Dyubua et a~) (1966). In essence. the 

cathode material under investigation is plaeed in a vacuum chamber 

faeing the anode. A heating element is used to raise the sample 'e 

" 
temperature up to about 2 300 Kt while a diode la used to measure its 

emission. The work function can then be calculated using the Richardson 

Dushman equation, in which the constant A is assumed equal to 120 

A complete survey of the thermionic emission properties of metaIs 

and alloys, measured by the above ment ioned technique, was publiahed by 

~~n 19~ He presented extensive dsts of the thermionie work 

, funetion of -arroys as a f~etion of composition, temperature and heating 

an interesting discussion on phenomena relevant to 

eathode In assessing the usefulness of Hatskevieh 's data ln 

the ana t ransferred are cathodes, one may reasonably argue that 

the methodology used to caleulaJe these thermionic work funet ions doea 

not represent accurately the events oecurring at the cathode surface 

during arc operation. However, it may a1so be true that the parameters 

affeeting the work funetion of a material are the same no matter the 

/ircumstances under which eleet ron emission 18 occurrlng. If such 
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( 
consistenc)' ls true, then parameters, such as the emitting material 's 

composition, temperatu ., surface characteristics and method of 

preparation, ident1fied by Matskevich as having strong influence on 

emission characteristics, must also be important 

arc cathodes. 

1. Effect of Cathode Co.position on Work Function 

in transferred­,. 

1 

r 

Early recognition that cathodes composed of pure refractory metals 

exhibit rapid erosion rates encouraged researchers to examine the 

• possibllity of using alloyed materials instead. In 1933, Brattain and 
~ 1 

f 

Becker reported that a monolayer of elel<:tropositive atoms adsorbed on a 

, 1'> 
- Metal constitutes a system with a work functlon lower than that of the 

me~al.. Their results, in which tungsten was used as the substrate and 

thorium as the adsorbed spedes, were verified that same year by Taylor 
" 

\ 

and Langmuir who studied a tun'gsten-cesium cathode;- and were later 

expanded to inc1ude aIIOY! cathode materials. Today the US\Of a110ys 

to reduce the cathode' s ork function and consequently Increase Hs 

thermionie emisslon, ls practieed widely. Yet, there still exists 

considerable eont roversy eoncerning the mechanism responsible for this 

phenomenon. 

Results obtalned from measurlng the thermlonlc work funetlon of 

severai aIIoys containing the same components but "in varlous 

.-
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c6ncent ra tians are represented ln the form of the so-called 

"concentration graphs of the work function". 
.. ~ 

Typical concentration 

graphs for W - Ta and Re - Ta a110ys are shown in Figure 1. lt should 

be pointed out that the a110y composition shown slang the absciss8 in 

Figure 1, is the composition of the specimen prior to use and 8S we 

sJtall discuss later does not necessari1y correspond to the compos i t Ion 

of the cathode surface during operation. ... 

~ From the r~ults presented 

" 

in Figure and others like them 

available in the Jiterature, a rather interesting observation ie 

possible. Cansider the thermianic work functlon of the homogeneous 

alloy containing a small amount of tantalum in tungsten. The work 

function of this alloy is abo4t 3.8 eV, smaUer than the work functlon 

1 
of either "Pure tungsten (4.55 eV) or pure tantalum (4.25 eV). On the \. 

otrrer hand, the al10y composed of a few percent of tungsten in tantalum 

has a work function equai to tha t of pure tantalum. After a complete 

ana1ysi'à of such ciata, Matskevieh (1968) coneluded ~ that on1y a110ys 
t 

containing a small amount, of the component with the lower work funet ion .. 

possess work funetions lower than that of either component. The 

~ddition of smaH amounts of a higher work funetion eomponent, however, 

has no 8uch effect. 

'" While the above hypothesis holds true for the W - Ta 8110ys, it 

fails to explain the data presented for the Re - 1'a a11oY8. In fact the 

addition of a smaii quantity of tantalum (the component with the lower 

Q 
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\ 
r FIGURE 1 

won FUNCTION CONCENTRATION GRAPH FOR 

v - Ta AND Re - Ta ALLOYS • 

Une 1: W - Ta Alloy 

Line 2: Re - Ta Alloy 

Source: Batakevich (1968) 
\ 
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work funetion) ta rhenium causes little change in the work function. It 

" 
appears that whether the work function of the main component will 

/ 

decrease, increase or remain the same upon the addition of a small 

quantity of a component with a lower work function depends on properties 

yet to be identified. 

One of the properties that some consider important in determining 

the work fu~ction of binary metal a110ys is the melting ~oint of eàc~ 

constituent. This consideration stems from a proposed electrode 

phenomenon commonly referred ta as the "film hypothesis". Proposed by 

many~ including Dyubua et al. (1962), the film hypothesis suggests that 

when heated, the surface of binary alloys becomes coated by a thin 

adsorbed film of the lower melting point component, and thus, the 

thermionic emission properties of su ch alloys become similar ta those of 

film emitters described earlier by Brattain and Becker. Fu rthermore, 

the change !n work function depends on the thickness of the surface 

film, the thermionic emission properties of the film emitter and the 

emitter's surface density. 
'" 

Anderson et al. (1963) investigated the thermionic properties of 

pure rhenium, and rhenium with an adsorbed layer of thorium atoms. They 

f diacovered that the work function decreased with increasing thorium 

coverage from 4.85 eV for pure rhenium to a minimum of 3.15 eV for a 

thorium surface density of 4.2 x 101
1+ atoms/cm2 • Upon further 

increasing the surface density to 8 x 1014 atoms/cm2., the 'Work function 

, ' , .. 
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increased to about that of pure thorium (3.3 eV) and remained con.tant 

• thereafter. They concluded that the surface density exibiting the 

minimum work funct ion represented a true monolayer of metalUc thorium 

and suggested that the lowering in work function 19 caused by 

interactions between thorium'é valence electrons with rhenlum. When the 

film thickness increased such interactions were prevented, and the 

system performed e~sentially as pure thorium. 

The film hypothesis suggests that alloys whose minor component le 

surface active will exibit wo.rk functions lower than either component 

while alloys whose minor component Is not surface active will have work 

functions equal to that of the major componen). Thus, based on the data 

shown in Figure 1, tantalum la surface active in tungsten but not ln 

rhenium. Unfortunately,. an adequate understanding of t~e relationshlp 

between the properties of ~aterials and their ability to perform as film 

.-
emitters does not yet exist. However, it is known (Matskevich, 1968) 

that the addition of a third compone nt to a binary alloy can ln some 

cases facil1tate the formation of the emitting film by changing the 

l.. 
diffusion rate of the surface active component. 

Although not everyone agrees with the film hypothesis, it i8 

generally accepted that minimum work function can be achleved by using a 

ternary metal' alloy. This alloy should condst moetly of a high-

melting-point material known as the base (e.g. W), a lower-melting-point 

material known as the mobiUzer (e.g. Zr, Hf), and a rare-earth metal 

.. y 

) 
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known as the emitter (e.g. Th). Uslng methode earlier described the 

thermionic work function of a W - Hf - Th ternary a110y ls given by 

Hstskevich st 2.88 eV compared to 3.15 eV for a W - Th binary a110y. 

The formation of 'films on the cathode '8 surface was partially 

confirmed by Shishkin and Bakhtiyarov (1974) in their study of Mo - Pt 

a11oys. They c1early observed the formation of a film of the lower 

melting component (Pt) on the surface of, an a110y containing 1% Pt in 

Ho. The Pt emerges onto the surface of the a110y along grain boundaries 

and at structural defects and forms a multllayer 'film. 

Although the observations reported by Shishkin and Bakhtiyarov 

confirm the role of a film mechanlsm in the emiSsion of the Mo - Pt 
1 

a11oy, there la some doubt as to their applicability to other a110ys. 

lt should be noted that the work funetion of platinum Is signifieantly 

hlgher than that of molybdenum (5.36 eV for Pt and 4.22 eV for Mo). 

Thus. w~en ,the plstinum film is formed, the work functton increases 8.S 

~ 

does the temperature of the cathode surface. This is contrary to the 

> 
properties of common cathode alloys (e.g. W - Th02 ) in ~ich the emitter 

. '" la used apeciflcally because of lts abillty to lower the thermlonic work 

funetton. lt is not c1ear how this difference affects the phenomena 

observed at the cathode surface. 

While there ls much ambigulty regarding the role of films on the 

surf~çe of cathodes and the mechanlsm of e1ectrode emiaslon from binary 

, 
" 

( 
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a110ys, ~here is substantial evidence for the preferential migration of 

components in cathode alloys. Along with the etudies already mentioned, 

the work of Chiang and Maley (1984) is worth noting. Their study 

focussed on the jIligration of field-emi t t lng 

cathode. They observed that chromium, whi originally was p ent only 

in the bot tom layer of the cathode base meta1 (nickel), 

thr0ughout the cathode. The diffusion took place through easy diffusion 

paths such as grain boundaries that/were present in the nickel ~ortlon 

of the cathode. Consequently, the composition of the cathode before use 

was very different from its composition during use. 

ii. Effect of Cathode Te!perature on Vork Punction 

Variations in the temperature of the cathode '8 surface can affect 

the performance of the cathode in at leaet two ways. The fi rat way, 

made obvious by the Ric'hardson-DlÎahman Equation, is by changing the 

';..' 
,~ current density of the emitting' surface. The second way, whlch will be 

reviewed here, is by changing the ~thode 's thermionic 'work function. 

Although the thelmionic work function of a cathode material 1& 

frequently reported as a constant, its value can change considerably due 

to variations ln temperature. As one- might expect, this 18 espedally 

o true for the work functton of alloys. In the previous section the role 

. 
of migration of the émitter wlthin the base material of an alloy wa. 
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discussed. lt wss shown that sU'ch migration results in the formation of 

a thin film of the lower melting point constituent on the surface of the 

emittlng cathode, whlch strongly influences lts effective work 

funetion. Sinee the migration rate Is determined to a large degree oy 

the temperature of the c.athode, one May expect a atrong relationship 

between the operating temperature and the effective work function. This 

relat ionship for W - Ta and W - Mo alloys ia shown in Figure 2. 

The data shown in Figure 2, first presented by Dyubua et al. 

(1966), were de'termined from measurements of the thermionic eurrent in 

, zero electrie field based on the methodology described in the previous 

section. They - are limited to the temperature ral\ge between 1 300,and 2 

300 K, which is very much -lower than the actual operatlng temperature of 

refractory cathodes. As auch, their relevance to operating cathodes la 
• 

high1y questionable. Unfortunate1y, siml1ar data for the temperature 

range commonly associated with refraetory cathodes (over 3 500 K) do not 

exist. 

Matskevich (1968) notes that not on1y the temperature depehdence of 

the work funetton varies between s110Y8 containing different components, 

but it also varies for alloys containing the same components but in 

different concentration. Thus, the work funetion of an alloy containing 
\ 

a small amount of tantalum in tungsten (see Figure 2) increases rapidly 

with increasing temperature, whereas the work funetion of an alloy 

containing 40 \ tanta1um in tungsten remains about constant within the 
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FlGUIU: 2 

TENPElATORE DEPENDENCE OF THE WOU FUHCTION 

FOIt W - 3% Ta AND W - 3% Mo ALLOYS 

Line 1: W - Ta Alloy 

Line 2: W - Mo Alloy 

Souree: n,ubaa et al., (1966) 
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temperature range of 1 300 to 2 300 K. 

Furthermore, the work funetion of several al10ys containing smaii 

amounts of one constituent (e.g. Ta - 1% Hf) changes slowly with time 

whén exposed to a sharp eha'nge in temperature. The work funet ion be-

comes stable on1y 5 to 30 minutes after it reaches a steady temperature, 

and this stable value depends upon the time and preliminary-heating 

temperature. For some alloys heating ta high temperatures causes ~ 
Irreversible changes in their work function. Thus, the work f\.lnct10n of 

a W - 3% Mo alloy at 1 -500 f Is about 4~ 1 eV after heating at 2 000 K 

for 50 hours but only 3.8 eV after heatlng to 2 300 K for lS hours. 

Al though no c6mprehensl ve theorles for the effects of a110y 
J 

concentration and thermal pretreatment on the relatlonship between work 

functton and cathode temperature have been offered, it wou1d appear that 

they are related to the mig the lower boiling point 

component withln the alloy. Since migration is not likely to he a 

completely reverstble it Is not surprislng that Gul1e (1971) 

observed large differences cathode performance under apparently 

identlcal operatlng conditions. 

111. Effect of Cathode Surface Characteristlc:a 011 Vork ruactlon 

The characteristics of the emittlng surface are crucial in 

\ -
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determining the operating performance of the cathode. In fact one may 

daim that cathode phenomena are essentially surface phenomena since 

only the first few atomic layera are influencing electron emiasion. 

Beyond the formation of thin films, whose effect on the thermionic work 

function has already been reviewed, crystal structures, shape and minor 
<Ir 

contaminations on tHe cathode 's surface can also influence 
1 

Hs 

performance. 1 

\ 
-' ) 

Aa early 8S 1938, Muller showed that the angula~--cfi8tribution of 
"" 

field emiSSio! from fine points could be related to the crystal 

structure of the metal. He also suggested that the modifications in the , 4-
àurface pattern of tungsten, which took place when the temperature of 

the point wae ·raised, could be attr!buted toi' a movement of the surface 

atoms wlaich caused locaUhangee in the work function. Later, Benjamin 

and Jenkins (1940) provided further evidence of surface mobility using 

tungsten, molybd nickel cathodes. They showed that surf'1tse 

mobUity 1 170 K for tungsten, 770 K for molybdenum and 

on1y 370 Surface mobility changes the geometric shape of 

the cathode point, which in turn changes th~ emission distribution. 

Both Muller 'a and Benjami~ and Jenkins' studies deal~ with 'field 

emission from cold cathodes. Unfortunately, no similar study is 

avallable for hlgh temperatures and the applicability of the field 

emission results to- transferred arcs can not be assessed. 

Neurath and Gibbs (1963) experimented with different cathode 

• 
, 
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geometries in a d. c. arc discharge operated at atmospher!c pressure, 

using either argon or helium as the plasma generating R-as. They 

discovered that a "flat-tipped" cathode Ci .e. a conical cathode whose 

tip has been cut to form a fIat surface 2 mm in diameter) operated at 

about half the current density of a pointed tip and at a much lower 
g 

tempe ratu re. The current density was determined by dividing the total 

arc current by the area of the luminous section of the c~ode which was 

recorded photographically immediately after arc extinction. This method 

may introduce large errors in the determination of current denslty. 

Furthermore, there may have been significant mobi li ty in both geomet ries 

dur~ng arc operation whose influence on current density and work 

function were not analyzed by Neurath and Gibbs. Nonetheless, the! r 

.. 
results indicate thaf the geometry of 

important parameter in electron emission. 

the cathode surface is an 

.P 

Finally, it is suggested by a number of researchers (e.g. Hitchcock 

and Guile, 1977) that the cathode spot of an arc consists of a number of 

emitting sites. The number of these sites and 

electrons is partIy determined by the presence 

their abil1t~ to emit 

of surface i~r1tles 

s»ch as oxldes, nitrides etc. Var10us mechanisms for electron ,emisslon 

in the presence of oxide films have been proposed for copper cathodes. 

A proposed mechanism for thick oxide films suggests that emlss10n 18 due 

to electroforming of copper filaments and occurs wlth relatively lon-g 

spot lifetlme.. A parallel mechanism for thin oxlde films suggests that 

" emls81cin . i8 due ta tunneling and occurs wlth 8horter l!fetlmes. 

.. 

t 
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However, there i8 much ambigui ty concerning such mechanisms, and there 

18 no evidence regarding the role of such films in refractory cathodes. 

CATHODE DETERIORATION KECHABISHS 

Cathode deterioration can be the resu1t of either thermal erosion 
• , 

or chemical corrosion. Thermal erosion refera to mass 10ss due to 

evaporation or partic1e emission from the cathode spot. Chemica1 

corrosion, on the other hand, is the result of reaetions occurring at 

the cathode surface between the cathode material and the plasmagas. 

Su ch reactions can produce compounds whose 'boil1ng point 1s lower than 

the operating tempJrature of the cathode or whose electron emission 

properties result in an increase of the surface temperature, and thus, 

contribute to the loss of cathode meterials. Since in this study .. only 

1nert plasmagases were used (Ar and He), only research relevant to 
l) 

thermal erosion will be reviewed in this section. It should, however, 

be pointed out that even relatively small amounts of impurities in the 

" plasmagss can have a significant effect on the rate of cathode 

deterioration. For example, Hardy and Nakanishi (1984) working with a 

thoriated tungsten cathode in a transferred are system 

mass 10ss rate for 99.5 percent ni'trogen PlaSmagas\~as 
times that ~f 99.95 percent nitrogen plasmagas. 

() 

found that the 

more than four 
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Mechanis.s of Theraal Erosion 

For many years, the observed deterioration of the cathode has been 

explained using simple energy balances at the cathode spot. Holm (1949) 

carried out calculations which showed that, beeause of the smallness of 

i 
the cathode spot area, the cathode iB not able to dissipate by 

conduction aIl the energy generated during arc operation. He conclu-ded 

that vapourization of the cathode material is necessary in order to 

complete the energy balance. and that the rate of vapourizat ion per 

coulomb increases with increasing arc eurrent. A model very similar to 

Holm's was proposed later by Augis et al. (1971). 

Both the Holm model and the Augis et al. model considered only the 

'. 
largest contributions to the energy balance and attempted to estimate 

the energy dis6Iipated at the cathode within an order of, magnitude. 

According to these studies. the energy going to the cathode is primarl1y 

due to the ionie current, which .includes both ki netic energy and the 

energy of recombination. The contributf.ens from the electrode joule 

heating, the impact of the neutrals, radiation, and chemical reactions 

on the cathode surface were considered small and disregarded. The 

incoming energy can be dissipated w!thin the cathode through conduction, 

utilized in phase changes of the cathode materia1 (melting and 

vapourization), and provide the required electron emission to sustain 
". 

the arc current. /~. 
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Thus, the two positive terms of .the energy balance are: {a) the 

kinetic energy of the Ions, Wa - Ii Vs A+, ana (b) the Ion 

recombi nat ion energy, Wi - Ii (Vi - ,) An, where.!i is the ionic 

current, !s is the cathode fa1l voltage, .!J. is the ionization 

potential of the 10n spec1es, t is the thermionic work function of the 

cathode material, and A+ and AD are the respective coefficients of 

accommodation. The two negative terms are: (a) the heat dissipated to 

the metal,~, and (b) the power spent 

from the cathode surface, ~. le 

in ext ra ct ing the elect rons 

a cf>, where le is the 

electronic current, and a i9 the fraction of electrons contributed 

t hrough thermionlc remisslon. 

Therefore, the energy balance becomes: 

(2) 

Unfortunately" t'here are such large uncerta1nties regarding the value of 

these terms that Augis et al. concluded that the best order of magnitude 

approximation would be to simplify Equation (2) to the form: 

(3) 

which suggests that the heat absorbed by the metal is roughly equal to 

the kinetie energy eoming from the ionie current. 
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The approximations used by Augis et el. introduce serious doubt 

about , thf value of their approach. Furthermore, there are no 

suffic1ently accurate data available on the ionic current and the 

cathodic fall potential to make use of Equation (3). In fact, Augis et 

al. claim that any analysis of the plasma electrode interactions which 

useJ only a continuous medium model and such macroscopic concepts 8S 

~ 
temperature and pressure, is destined to produce results of marginal 

value. A more exact treatment of the cathode eroslon should focua at 

the atomic level and be based on inte$,pa rt ide collisions. 

Unfortunately, this type of analysis is not posêible in light ef our 

present understanding of cathode phénomena. 

While sorne of the mass loss from cathodes has been attributed to 

vaporization, other mechanisms of electrode erosion have also been 

proposed. Gray and Pharney (1974), for example, studied the electrode 

damage caused by various types of low-current (~: 5 A) atmospheric 

pressure arcs. They concluded that most of the erosion in these arcs 

occurs by an explosive release of molten metal from the cathode 

surface. They observed that during operation craters were formed on the 

electrode surface and smaii droplets of the cathode material were found 

on the anode. lt WeS assumed that' the craters were formed during the 

discharge due to th~ impinging momentum of the ions acting on the molten 

cathode. This impinging jet of ion9 forces mat ter out from the bottom 
1 

of the molten bath forming a high ridge at the crater' 9 perimeter. 
\ 

Uppon abrupt cessation of the local ion bombardment, the unbalanced 
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recoil force acts to form a small drop let in the center of the crater. 

Whenever the surface tension force is smaller than this recoil force, 

the droplet is released in the direct ion of the anode. According to 

Gray and Pharney the mate rial ejected from the cathode due to this 

pressure release mechanism accounts for Most of the electrode mass 10ss 

in short-duration arcs. The effect of such mech~nism on the electrodes 

of long-duration, high-current arcs was not investigated. 

Guile and Hitchcock (1975) disagreed with the mechanism offered .by 

Gray and Pharney. They proposed that the rims on the cathode craters 

are not formed by molten pool displacement but rather by positive ions 

which have neutralized and condensed upon the cathode together wi th 

large numbers of back-scattered excited and neutral atoms. They 

estimated that over 95 percent of a11 the matter leaving the cathode 

craters returns and condenses back on the cathode's surface. Thus, they 

concluded that a larger portion of the cathode material is lost through 

evsporation rather than through the formation of droplets. Guile ~ 
Hitchcock made their observations while studying erosion ~p non-

refractory cathodes having oxide films of different thickness. The 

application of their findings to refractory arcs can not be clearly 

assessed. 

Gray and Augis (1971) studied the damage on silver, gold, palladium 

and tungsten cathodes in short-duration, low-current arcs at atmospheric c pressure. While they observed many craters in a variety of patterns for 

'. 

" 
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the silver, gold and palladium cathodes t few craters were present on 

tungsten. Instead, the damage on tungsten appeared to be within a large 

diffuse area which contained protuberances having an average height of 

about one mm. They concluded that the presence and diBt ri but ion of 

eraters depend on the metal properties, including the melting point, the 

thermionic work funetion, and others. The relationship between the 

Metal properties and the mechanism of cathode erosion 18, not weIl 

understood. An interesting observation made by Gray and Augis is that, 

based on ionie momentum transfer calculations, pressures of 103 atm may 

be acting on the cathode spot. If this is true, temperatures much 

greater than the boiling point of the cathode material may exist within 

the cathode spot. 

Gray (1978) also studied the erosion of graphite electrodes in 

short duration low-current arcs at atmospheric pressures. He observed 

two types of cathode damage. In one type, the damage consisted of a 

multitude of microcraters separated by l.agely thermally-undisturbed 

areas. This typé of damage was associated with high current denslty 

(about 6 x 101 A/cm2 ) arcs and resulted in relatively low electrode 

erosion rates. 

(lower current 

The,second type of damage h~ larger spot area 

density), and the total surface within the spot was 

affected thermally. This type of damage was associated with thermionic 

arcs. 

Gray' è work seems to support the elect rode eros! on mechanism he 

, 
1 
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proposed earlier (Gray and Pharney, 1974) against the mechanism proposed 

by Guile and 'Hitchcock. Al though craters were formed in the graphite 

electrodes, no rima were observed. Gray claims that if ion back-

scattering occurred with metal electrodes, a similar process could be 

expected to occur with graphite electrodes. If that was the case, 

raised rima should be observed around the craters. The fact that this 

does not occur, and that graphite cathodes (which sublime) have no 

molten phase, ls offered by Gray as support for the molten pool-

displacement cathode erosion mechaniam. 

Gray's argument on the mechanism of cathode erosion is not 

completely convincing. The properties of graphite are very different 

of MOSt metal electrodes, and there i8 little understanding 

effect of the material's properties on erosion mechani8m. For 

example, most metals have very low ion1zation potential compared to 

carbon. Copper' s ionization potential is 7.7 eV, very close to that of 

tungsten (8.0 eV) and much lower than carbon 's 11.3 eV. The effect of 

this difference is not understood. One could speculate that atoms from 

the cathode will become highly ionized in the cathode fall region of the 

arc and return to the cathode. However, the degree of ionization of 

carbon atoms May be much smaller than copper or tungsten atoms -due to .. 
the difference in ionization potential. 1 In any case, the relevance of 

either of the proposed cathode erosion mechanisms to long duration 

tranaferred-arc,systems ts not obvious. 
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Another research area that has received little attention 1s the 

effect of plasmagas composition on cathode erosion mecnanism. The 

plasmagas composition i9 crucial in determining the temperature of the 

plasma directly in front of the cathode as well as the current density 

at the cathode spot. As such, one May expect that different plasmagases 
\ 

will have different cathode ero9ion rates and perhaps even different 
~ 

cathode erosion mechanisms. Such information is not yet available. 

Some work using nitrogen. oxygen. carbon monoxide and air has been 

published by researchers such as Szente et al. (1987), George (1985), 

Hardy and Nakanishi (1984), An'shakov et al. (1971), and Belk!n (1911). 

Unfortunately these studies dealt exclusively with erosion rates and did 

not address the issue of eroslon mechanism. Currently. R. N. Szente, 

working within the Chemical Engineering department of McGil1 University, 

la studying the -mechanisms of cathode emission and erosion in 

magnetically rotated arcs. 

Considering the ambiguities existing in our understanding of 

cathode electron emiss!~ and cathode erosion mechanisms, and the 
~ , 
.-" ~" 

unavailability'of both empiricàl experimental data and instrumentation 

for dire~tlY measuring the relevant parameters, it 18 not llkely that 

any one study will provlde definit1ve solutions to the uncertainties 

surrounding cathode phenomenal Yet, much can be gained by studying the 
( 

changes that occur at:1 the cathode 's surf,ace dudng arc operat ion. The 
~ 

ppproach taken in the prèsent study was to examine carefully the ca'thode 

of an atmospheric-pressure,: tra~ferred-arc reactor belore -:00 after 
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use. It 18 assumed that by varying the operating time "the phenomena 

occurring during different periods of operation can be accurately 

identified. This assumption can not be fully verified until methods 

become available for measuring parameters related to cathode phenomena 

during arc operation. , Until then, 

assumption remaina open to speculation. 

the accuracy of this critical 

• 
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EXPD.IKENTAL 

The sarne apparatus was used for aIl the experimental work relevant 

to each of the four Parts of this thesis. including the work relevant to 

this study. A complete description of the apparatus was provided in 

Part 1. 

EXPERIMENTAL PROCEDURE 

Prior to aIl experiments described in this study, the cathode was 

machined to the desired geometry, pol1shed to assure a smooth surface, 

c1eaned and dried. The cathode's surface was then examined and 

photographed using an Electron Scanning Microscope (JOEL JSM-3SCF). The 

microscope used images from a Secondary Electron Detector for the 

photographs. The concentration' of thoria on the cathode surface could 

a1so be measured semi-quantitatively using an Energy Dispersive X-Ray 

Mapping Methode Unfortunately, the meth~d used to determine the 

concentration of thoria was not sensitive to the presence of oxygene As 

such, lt could noll he determined with certainty' whether the identified 

thorium atoms were in fact bonded with oxygene Nonetheles8, this was 

assumed to be the case throughout this study and ~therefore references 
1 

made within the discussion regard!ng thoria concentration ahould be 
.... 

" 

, . , 
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qualified accordingly. 

The procedure for examining the composition and characteristics of 

the cathode's surface was repeated after the completion 6t each 

experiment. By comparing the characteristics of the surface before and 

after an experiment, the electrode phenomena occurring during arc 

operation were investigated. 

Cathode erosion rates were measured by weighing the cathode befo~e 
" 

and after each experiment and dlviding the total mass loss by the 

duration of the experiment. A digital Mettler AE163 balance was used to 

weigh the cathode. The balance had a range of 0 - 30 grams and a 

precision of 0.01 mg. Each cathode was weighed at least seven times 

before and after the experiment. The weight reported in this study ia 

the average wéight from a11 readings. The aystematic error for each 

reading was approximately 0.02 mg. 

Once the preparation and characterization of the cathode was 

completed, the transferred arc reactor was assembled, sealed and purged 

with argon for about 15 minutes. After the eompletion of each 

experlment, the reactor was allowed to cool down for five minutes while 
tfo 

being purged with argon. A water-cooled molybdenum dise was used as the 

anode ln the transferred arc reaetor. There was nO visually notieeable 

damage to the anode durfng arc operation. As 8uch, the anode was 

cleaned in between experiments and used repeatedly • 
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Since there was no need to preheat the plasmagas prior to lts 

injection into the reactor, a9 was the case for a11 expedments ln Part 

l, the plasmagas preheater shown in Figure 1 (Part 1), was discannected 

and removed. AlI parts shawn in Figpre 1 (Part 1) that were relevant to 

the feeding of titanium tetrachlor1de were Blso disconnected from the 

re~r system in an effort to minimize plasmagas contamination. 

Fortunately, plasmagas contamination was easily detectable due to the 

formation of dark-blue colored oxides and nitrides on the cathode. The 

result8 from experiments in which cathode contamination wa8 8ùspected 

were discounted. However, v~ry few experiments showed such 

contamination. Prep~,hel ium and argon cylinders were used 

as the plasmagas source. 

DISCUSSION AND RESULTS 

The discussion and results from this study have been divided into 

two sections. The Urst deals with observations relevant to changes 

occurring in the aPfearance of the cathode's surface during arc 

operation. Experimental data on cathode erosion are presented ln the 

second section. 

;"\-... 
The Independent varIables for bath sections of this study ~ere the 

cathode tip geometry (flat vs polnted) and the plasmagas co~position 

(argon vs helium). AlI cathode tlps were conlea! in shape using a eone 

/ 
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angle of 60· w'th the horizontal. Howeve<, for the nf;p cathodes /"'" 

the tip of the cone was eut to form a flat circular su~e Wit~ 
-----........ 

diameter of about 1.5 miliimeter. The arc>~s current, length and plasma-

gas flowrate were,maintained constant for aIl experiments at 200 A, 2.5 

cm and 15 L/min, respectively. 

Cathode Surface Characteristics 

The phenomena observed on the surface of cathodes operating in 

hellum were essentially the same for both fIat and pointed-tip 

geometries. Consequently, the two cathode geometries used in helium 

arcs will be dlscussed together. However, the same approach Is not 

possible for argon arcs. The phenomena o~served on the surface of fIat 
) 

cathode tip operating in argon were quite different from both those 

observed in helium arcs and those observed on pointed-tlp cathodes 

operating in argon. Furthermore. while the pointed-tip cathodes 

operating in argon shared some of the characteristics observed in hellum 

arcs they also exibited some unique phenomena. As such, the two cathode 

geometries used in argon arcs will be discussed separately. 

i. Flat-Tip Cathodes Operatins in Argon 

The appearance of the flat-tip cathode operating in argon depended 

.. 
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~ 
to a large degree on the arc current and the durat ion of the run. 

relatively 10w curreRts (about 50 A) there was little visible damage on 

the cathode and no measurable weight 10ss. Furthermore, the 

concentration of thoria on the cathode surface remained at 1ess than one 

percent and w •• evenly distributed throughout t~~ ln :ssence • 

. ' the cathode maintained its pre-operation aprarance and comp081.tion. 

suggesting that the temperature of the cathode spot was weIl below the 

melting temperature of tungsten and ~hat there was li t t le or no 
~ \ 

diffusion of thoria throughethe tungsten matrix. 

The appearance of total stability that characterized the cathode at 

low currents disappeared when the arc curref\t. was/:;~Î'{!a8ed to about 

200 A. By examining the surface of the cathode~ used in experiments of 

varying durations, the sequence of events occurring at the 

identified. It was discovered that during the first five 

carOde was 

minutes of 

operation the tungsten maintained its soUd state. However, the thorla 

was mobilized, moving primarily through tungsten grain boundarles to the 

cathode surface. Once on the surface, thoria concentrated ln smalt 

regions forming a weIl defined mosaic on the tungsten base. 

A magnified photograph (xIOOO) of a typical cathode surface after 

five minutes of operation is shown in Figure 3-a. Figure 3-b depicts a 

concentration map of the same photographe The dark shadéd areaa 

indicate high concentrations of tungsten (over 99.5 %) whereas the light 

areas indica te the presence of tho ria. The concentration of thor1a 

-. 



.. 
- " 

( -162-

\ 

FIGURE 3 

\ 

, 
PHOTOGRAPn OF SURFACE nOM FLAT-TIP CATHODE OPERATIlIG IN 

ARGOl FOR. 5 MIRUTES 

Photograph 3-a: Cathode Spot Area 

Photograph 3-b: Thoria Concentrat~on Map of Cathode Spot Area , 

O-a)~ 

" 



(a) 
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" w1 th1n the thor1a-rich reg10ns varied from 70 ta 95 percent. Thin light 

shaded lines, indicating the presence of thoria, appeared on the 

concentration map corresponding to the tungsten grain boundaries. Based 

on these photographs, one may speculaté that thoria, which was present 

deep within the cathode material at the beginning of the experiment, 

became mobile during operation of the arc. Thoria moved toW'arps the 

surface, following the path of least resistance which would have had ta 
<> 

be the boundaries of the t.J)ngsten gna-iJls. Once on the surface,' thoria \ 

moved latera11y ta form rich thoria regions resulting in the mosaic 

shown in Figure 3. j 

It is not clear why the thoria moves through the cathode material 

or why it concentra tes within such clearly defined regions. However, 

the observations are in close agreement with earlier observations by 

Shishkin and Bakhtlyarov (I 974). They reported simllar mobil ity of the 

low-melting component (Pt) ta and on the surface of platinum-molybdenum 

a110y cathodes. On the surface of the binary a11oy, platinum formed 

multi-layer films which led to'an increase in the value of the cathode's 

thermionic work functton. 

Tho ri a , wh~ch is the lower melting component in the Th02 -W a110y, 

must have moved through the cathode material in a manner slml1ar ta that 

observed in the Shishkin and Bakhtiyarov study. However, unl1ke the 

• 
inerease in thermionic work funetion caused by the formation of plati~um 

,,~ 

filma on the surface of the Pt-Mo cathode (Pt haa a higher work funetton 
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than Mo),' the concentration of thoria on the surface of the Th02 -W 

cathode likely deereases the cathode's work funetion. 

No measurements of the cathode 'a thermionie work funetion were made 

in this study. Yet, qualitative information relevant to the cathode' s 

emitting properties may be derived from the following observation. 

Whenever a new cathode was uaed, the total arc voltage at the begining 

of ~h experiment was 
.... . 

about 29 V. From this value it decreased 

constantly throughout' the first 10 minutes of operation until it reached 

about 26 V. Once at this new low value, the voltage remained constant 

throughout the remaining duration of that experiment. Furthe rmore, if 

() the arc was terminated and the cathode reused for another experiment t 

the total arc voltage at the beginning of tl,lis run was on1y sUghtly 

higher (about 0.5 V) than the vol tage at the time of termination. 
1 

Sinee the arc's eurrent, length, anode material and plasmagas were 

maintained constant, variations in the total arc vol tage were likely 

caused by variations in the cathode fall voltage. This 8uggests that 

changes occurring on the cathode surface, such as the concentration of 

thoria or the increase of the cathode spot temperature which shall be 

discussed later, facilitate the emission of electrons and reduce the 

fall potential. Once the surface has reached a desirable composition 

1 and morphology" corresponding to a minimum fall potential, the cathode 

can maintain Most of these favorable characteristics even through the 

o terminat10n and reigni'tion of the arc. 

\ 
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The above speculations ~an explain sorne of the observations made in 

th1s study. They May îlSO serve to e,-,plain why thoria concentration 

ahove 0.5 percent havel'littie effect on the performance of thoriated 

tungsten cathodes. If the cathode concentrates thoria during arc 

operation, one may expect that increasing the ini tial concentration of 

thoria beyond a certain minimum value would have little effect on the 

1 
emitting ~roperties of the cathode. • However, the effect of increased 

thoria concen-tration on the longevity of the cathode may be 

significant. Furtger etudies are required~to confirm these speculations 

and identify the exact role of the thoria-rich regions in electron 

emission. 

The concentration of thoria on the surface seems to continue for at 

leaet the firet ten minutes of arc operation. By the end of this period 

t 
Most of the central region of the ~athode was covered by a thin film of 

higly concentrated (over 80 %) thoria. Furthermore, the tungsten melted 

to form a liquid phase on the cathode surface nearest the cathode spot. 

Photographs. of the cathode 's surface after 10 minutes of ope~ation are, 

shown in Figure 4. The photograph shown in Figure 4-a depicts a thoria 

concentration map of the entire cathode surface. 
'<>, 

The average 

concentration of thoria on the cathode surface after ten minutes of 

operat~on varied between 30 and 45 percent. However, as shown in Figure 

->' • 

4-a the thoria waB not evenly distributed throughout the entire cathode 

surface. 

) 

( 
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FlGURE 4, 

PHO'l"OGMPHS OF SURFACE FR(If FLAT-n, CATHODE OPERATING IN 

ARCOX l'OR. 10 MlllUTES 

Photograph 4-a: Thoria Concentration Map of Entire Cathode Surface 

.< 

(: 

Photograph 4-b: Border 

Regions 

Between Thoria-Rich 

, 
and Pu ré-Tungs te n 

Photograph 4-c: Segregated Thoria-Rich Regions Outside Molten 

Tungsten Periphery 

.. . 

1 
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There are three c1early identifiable regions in the photograph 

} 

shown in Figure 4-a. The central region is almost entirely covered wlth 

thoria as indicated by the light shaded~ almost circular pattern. 

Surrounding this region is a dark area, indicating the presence 

most~ tungsten and very l,ittle thoria. Still further away from 

center of the cathode, a mosaic qf light and 

observed. This mosaic is very one observed on the 

cathode surface aft;r onli fiv operation. It indicates the 

presence of Many small regions sorne rich in thoria and some consisting 

of only tungsten. , . 

The presence of these three regions may be explained as follows. 

The cathode spqt was located in the center of the flat cathode tip. 

Within an~ nearest the cathode spot area, the temperature of the surface 

was above the melting point of tungsten (3 680 K) as demonstrated 

below. In this region, the cathode was in Us molten state thus 

facilitating the mobility of the thoria molecules. 
IJ 

Consequently, the 

thoria, which appearl to be imm4scible in Uquid tungsten, concentrated 

\ 1 
in a single agglome ate on the \ surface of the molten tungsten. This 

, . 
concentration was respons1".ple fo~ both the formation of the thorla-rich 

\ 

" 
region in the center of the cathode and the absence of thoria -f rOlD the 

\ 

immediately surrounding region. , 

Evidençe of the existence of a molten tungsten phase wlt,h~n the 

central region of the cathode are presented in Figure 4-b. Thi • 

.' 

\ 1 

\ 

c, 

5 
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photograph was taken on the border between the thoria-rich and the 

pure-tungsten re"gions of the surface. Thoria can be seen to 

form a thin, smooth la re-solidified tungsten base. The 
~l 

extensive presencè~(ff'~dendrites, whose composition ~s over \9 percent 

tungsten, verifies the existence of a molten phase ,dudng arc 

operation. Some cracks appear on the surface, probably caused by 
r 

thermal contraction stresses on the metal during the post-operation 

cooling. 

Further sway from the cathode spot region, the tempe rature of the 

cathode surface remained below the me1ting point of tungsten. 

Consequent 1y, !."horls was 1ess mobile and could not agg10morate into the 
.J 

cent ra1 reglon. Instead, ,it formed many distinct thoria-rich regions 

resulting in the mosaic seen in the periphery of Figure 4-a. The 

photograph shown in Figure 4-c was taken within this periphery. In this 

photograph the tungsten grains appear as perfect1y smooth slabs wi th no 

evidence of dendrite formation. Thoria can be seen within distinct 

elevated regions snd in the béundaries of the tungsten grains. The 

appearance of this region was 'basically the same as the appearance of 

the cathode spot region 'of a flat-tip cathode operating for five minutes 

in argon (see ligure 3) • 
• d 

'l'hus. the events occurring on the surface of a flat-t~p cathode 

operating in argon dudng the Urst 10 minutes rf operation were, 

ldentified quite c~,ar1y. 'Firat, the thoria waB mobilized, movlng 
'( 

~~~-f~·~·~·~*~~~~~~-~·;~~~~~~~~~.~.~, ~~~~.~, ~~~~~~~~~~~~-~1.iE··~~ ~.:'~ ::' ~!: 
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through grain boundaries to the surf~ce where lt agglomerated lnto 

smaH, distinct regions. Concurrently, the cathode spot temperature 

rose until it surpassed the melti~g point of tungsten forming 

meta!. phase on the central region of the face. Once the 

base was molten, 
i' 

the segregated t aria r~ions combined 

large thoria-rich 

RegiO~outside 
- \ 

spot in the enter of the 

the molten pool remained 

thoria-tungsten mosaie. During this transformation 

voltage was reduced by approximate1y 3 volts. lt ia 

en 

ne 

a 

arc, 

that 

most of this voltage reduetion occurred within the cathod, faU region 

of the arc. 

'l' 

Unfortunately, the repeatab1e, wel1-defined pattern of changes that 

occured on the cét~od~ surface during the firet 10 minutes of operation 

disappeared when the duration of the experiment was extended to 20 

minutes or longer. Cathode tlips used in these relatively long 

experiments exhibited high1y di~turbed surfaces, somet~mes containing 

few if any clearly identifiable thoria-rich regions. Other times, large 

thoria regions werf'! identified but not in the éenter of the cathode t'!p 

as was expected. Frequently, a thoria-rich ring surrounded the flat 

surface of the cathode. Such rings were consistently obaerved ln 

experiments which ~ti1ized helium 8S the p1asmagas and will he described 

in detail in the following section. In general, the appearance of the 

cathode surface suggested rapid movement of the ,cathode mate rial whlch 

likely inelude.! v.pouri .. ~~on and r.condenaation. C' 
l 

" 
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Frequently, large clusters of tungsten particles would form a 

sponge like shape on the cathode surface. A photograph of l' cathode 

surface containing such clusters Is shown in Figure S. These sponges 

were ident1fled in various tegions of the flat-tip surface suggesting 

perhaps an extensive mobility for the cathode spot. Their shap; and 

surface characteristics provided evidence of both melting and 

vapourization occurring on the cathode surface. 

It is interesting to note that the presence of 'these sponge-like 

\ 

clusters was not necessarily a prelude to a high erosion~ rate in the 

particular cathode. Neither did such sponges cause noticeable 

variations in the total arc voltage. There were, however, some 

experiments that exhi bited an unusually high erosion rate. In some of 

those experiments the cathode surface included smooth regions highly 

concentrated in thoria. These regions, which typically occupied only a • 
fraction of the total cathode surface (their diameter varied widely 

around 0.3 mm as compared to a diameter of 1.5 mm for the f1at-tip 

cathode surface), were similar in appearance to regions identified 

eariier on the cathodes of short duration (10 min) experiments. 

The combinat ion of the above observations. could lead to the 

+ 
following speculation. It could be that the particular geometry, 

thermal conductlvity and cathode cooling mechanisms created large 

telllpe-rature gradients ~ithin the cathode. 

cathode '1 abUity to mobil1ze thoria ta a 

1. ~.J,. 

, 

These gradients limited/ the,.' 
1 <" 

l ,t) 
\ r 

very small depth within the 

1 

\ 

) 

/ , 
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FIGURE 5 

SURFACE OF FLAT-TIP CAmo»! OPERATIRG lB ARGON FOR 60 MINUTES 
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----tungsten matrix. When t~obilized thoria reached the surface of the 

behind a la~ of tungsten contalning little thoria. cathode, ft left 

Once the surface thoria was consumed or eroded, the cathode's 

temperature increased rapidly resulting!J extensive meltlng and the 

formation of the observed sponges. The sponges increased in size until 

they suddenly broke away from the cathode, exposing fresh cathode 

mate rial rich in thoria where the process could have begun 'lÎll over 

again. 

This speculation suggests that the cathode used in thie study never 

really reached a steady state. Instead it operated on a cyclical 

pattern of thoria enrichedjthoria-starved periodes each characterized by 

its own electron emission and electrode erosion phenomena. Clearly, the 

evidence presented in this study for this speculation is rather 

inconclusi ve. However, ft does offer a possible reason for the large 

variations in erosion rate under apparently ldentlcal plasma opJrat lng 

conditions obeerved both in thie and other etudies 
f; 

( Gu il e , 1 9 7 1) • 

Furthermore, a similar cathode eroslon mechanism wes observed in 

pointed-tip cathodes operating in argon. In any case more etudies in 

this are a are clearly needed. 

11. Flat-Tir and Polnted-T1p Cathodes Operatinl iD Beliu. 

The appearanceff of both flat-tip and pointed-Hp cathode. opera,ting 

."' 
Iii;h;o;., ______ .-i._--L_~ ____ ~_! i • j 

• 

} 
1 
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in helium were essentially the same. In both geometries, thr~e dist Inet 

regions were identified on the- cathode surface following its- use in the 

transferred arc plasma. ~The three regions, sh_own schemàtically in'" 

Figure 6, consisted of a relatively large circular central region and 

two surrounding concentric rings. This configuration wu perfectIy 

repeatable for a11 hel1um experiments. Furthermore, the appearance and 

'composition of these regions did not vary significantly with the 

duration of the experiment. Consequently, the appearance of a cathode 

operating in helium for 10 minutes ,was the same as the appearance of a 

cathode operating under the same conditions for 60 minutes. 

/,1,( 

The central region, which extended about one millimeter from the 

center of the cathode tip, consisted of highly distorted molten tungsten 

l'articles. The shape and arrangement of these particles, whose 

photographs are shown in 'F igure 7. sugges!: that the region was operating 

at a temperature near the boiling point of tungsten (5 930 K), and that 

rapid evapot'ation of the cathode material was occurrlng. lt 81so 

appears that the molten particles had been separated into specifie 

shapes prior to melting, suggesting that the particies were formed on 

the surface through the recondensation of vapourized cathode material 

(Williams, 1987). No thorta could be Identifled withln thls region. 

In the case of flat-tip cathodes li small protuberance of molten 

pa~ticle8 W8S formed in the center of the cathode surface h~ying a 

dlameter of about one, lIlillimiter and a height of 1ees than 0.1 

. " 
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FIGURE 6 

,) , . 

~. 

sClŒKAnc DIlAWlNG OF REGIONS ON PLAT AND POnrnm-TIP 

CATHODES AlTER 40 MINUTES OP OPERATION IN HELIUM 
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FIGURE 7 

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

PROTOGRAPIIS or MOLTER TUNGSTEN PARTICLES VITRIN CENTRAL 

DelON or CATHODE SUlPiCE IN HELIUM ARCS 

Photograph 7-a: Particles on Surf4ce of Flat-Tip Cathodes 
\ 

D 

Pbotograph 7-b: Particles on $u;face of Pd1nted-T!p.Cathodes' , 
'. . .. 
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• 

millimeter • The composition and appearan~ of the particles on the 
. " 

surface of the protuberanc~ were the same as those of t'he particles -ln 

th~ res t of the cent raI region. ,In some experill\ents an in~entation was 

Il observed in the center bf the protuberance probably marking the location 

01 the cathode spot. ---- , Photographs of the protuberance 0lb two such 

cathodes, one wlth and the other wl thout an indentation, are shown in 

Ffgure 8. lt Is not clear whether the 'protuQerance was caused by 

. 
tungsten displacement due to melting or reflected a higher redeposition 

~ 
rate of vapourized tungst,en on the cathode surface. 

, The particlea identified within the central region of pointed-tiP) 
• 

cathodes (see photograph in Figure 7) had essentially the same 
. 

appearance as those identi,fied on fiat-Hp cathodes. F,urthermore" th, 
-, 

perimeter, of this reglon was about one millimeter from the center of the 
o , 

tip, 9,-. distance approximately equal to that measured on flat-tip ~ 

cathodes. 

cathode'\";' , 

However, no protuberance wa~ observed on the pointed tip. 
o 

• • 
Surrounding the cent raI 'region in both flat . 

, ' 

cathodes a ring of 'large tungsten crysta1.s was obperved and/ 

photogr~phed. These highly regula r, mul t~!f ace te'd crys taIs, 
,'. 

whose 

/ 
photographe are shown in Figure 9, varied in diemeter from about 5, ta 

more than 20 microns. ' The ring containing these crystals was ab0!-lt 0.1 
.. 

millimeter wide for both cathoae geometri~s. The shape and general 

~~earance of these crystals are typical of crystals formed through the 

) 

" 
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" - .... - FIGURE 8 
J 

PROTOGIiAPIis--OF FLAT-TU 'CATHODES OPEIATED IR ARCS 
, ~ & 

l' , 

Photogra-ph 8-a: 

q 

Ppotograph 8-b: 

1IBICB UTIl.IZED HELIUM AS THE PLASlfAGAS 
k e 

. Tip Showing Indentation ,in Cénter' (Operadng time - 20 
~ .' ~" 

minutes) '- ... 

' . 
. Tip Showing no 'I,nde~tltion in Center(Operatlng 'time ,-

" 

~ 10 'ml11utès) 
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PlGU1Œ 9-

~ 
TUlIGSTElI : CIlYSTALS rOmB ON TB! SURFACE OP -CATBOOBS 

i 

OPDATIIG IN mlmr PLASMAS 
Q 

PhotogUph 9-at Ring of, Tungsten Crystals Wh~c,h 'S~rrounds 

Region of,Cathode Sùrface 
" " 

Photograpp 9-b: Highly Magnified Photograph of·~rysta18 

1 

/, 

~~r 

"cm· 

-
1 < , ,~ T 

~_ .. ~_ ~._._.- ,J...'P •.• r~" .. : ,,!.~~,,~ ... , 

-... _-:;:;-~ 

, . . . 
,l, 

\ '. 

Central 

) • . . -
" 

" 

~I - .... , 



• 

~ ',J-, , 
, 

~ 
V' .,' 

\ 
t "" ." " , 

! 

r 1 t: 
"". 

c. 

0, 

, 

-
.... 

, J 

(b) 

" 

. . 

. ' 

,. 

-'" 

, '\ 

\ . 
\ 

• 



.. 

,. 

'0 

.. 

':"186-" 

condensation of metals from a vapour into a sol1d phàse (Wlllia11l@. 
- , 

1987). ' This suggests- ~hat they were formed n'om the recondensation of 
!9 

tungsten vapour on the cathode surface. S~m:rlar to' the compositiôn of 

.. the tentral region" no' thoria JoIas found in this region. 
~ 

The absence of th.oria" fr?m both "the ~en\al region and the !lrst 

concentric ring was reversed in tne second ring. This ring occupi~d an 

area about 30Q'\microns wide and ~urrounded- the ring with the larie . . 
tungsten crystals. lt consisted of mu ch smaller crystals highly 

concentrated 'in thoriâ'. The average diameter of th&.1le crystals W8S 

arourid one micron while' their composition included over 80 percent 

thoria. 
. ~ 

The ring was perfectly co~centric, uniform in width and ha~ the 

.' 't s~me dimensions· and appearance in both point~d and flat-tip cathodes. 

Typical photographs of these crystals are shawn in Figure 10. Just 8S 

~8~ape " 
case Wlth 

... 
was the the and genera! 

, .. 
appearance of the 

larger tzoten cryota18, 

thoria crys"t 18 8ugge8ts that they were form~d from 

the condensation of thotla vapour on the cathode surfsce~ 

l 
\ 

~ In summary, the appearances of both fIat and polnted-tip cathodes 
~ 

j) ,,; 

operating in helium were very similar. They were characterized by' the , ~ 

formation of a relatively extensive central regio,n consisting of 'molten 

and volatilizing tungsten pa,rticles, surrounded by two concentric 

rings.' The ring. nearest the central region W8S composed of large 

tungsten crystals, whereas th!! outside ring ~88 composed primarily of 

sm8Uer' thoria~ crystals. The 's.hape and appearance of bath the ery.tall 

t . 

... 

,.. 

4 
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FIGURE 10 

mORIA. CRYSfALS PORMED OR THE SURFACE 'op CATHODES 

OPEJlAfING lB HELIUM PLASH4S 

9 

Photograph 10-a:. Region Containing Over 80 Percent Tho'ria Crystals 

~ 

Photograph lO-b: Highly Magnified Thoria Crystals 
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in the rings and tHe molten particles in the central region suggest that 

they were formed through the condensation~of t~e cathode material from a, 

vapour phase. 
11 

The observations reported rere were highly repeatable and reflect 
/ 

phenomena occurring at the cathode surface. lt is noy~e9r/ however, 

, ",>" V \ . 
what exactly these phenomena are. 10ne, could speculate, based on Guile 

/''"' . 

and Hitchock's (1975) hypothesis on the cathode erosion ~echa~ism; that 

both the central region and the surrounding rings were formed by 

positive ions which condensed and neutralized up?n the cathode together 

with large numbers of backscattered excited ,and neutral atoms. Based on 
{I 

the1r results, which were derived from experiments on non-ref~,..Ftory, 

cathodes, over, 95 p~rcent of aIl the matter 1eaving the cathode returns 
4 

and condenses back on the surface. 

The above hypothesis Is consistent wlth the observed-- formation of 
~ 

the concentric rings on the cathode surfacè whose shape and composition 

depended on tlleir distance from the center and the p1asmagas composi.-

- . 
ti'on. Since both the distance from the· cathode. spot h which Is presumed 

~ • ç "v • -' 1'1 

ta be ln the center of the cathode, and the composftion of the plasmagas 

are important factors 
~ 

in determining the temperature prq,file on the 

'" . cathode surface, the co~bination of 
.~ 

the observed results with the' 

Guile-Httchock hypothesla 8uggest8 the following sequence of events: 

1. Cathodes operating ln helium plasmas had cathode spot temperatu.res 

... 
" 
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near ~r e~ual to the boiLing point of t~ngsten. Consequently, large 
\ .. 

amounts of cathode material were vapourized into the arc. 

" 2. Once in the arc, "some of the cathode material (whose ionization 

potentiai is weIl below that of the plasmagas) bec8me ionized and 

~ed to the cathode surface along with large numbers of neutrai 

atoms and Molecules. 

3. On the surfacé the returning particles condensed at various rates 

accord!ng to the recondeosation temperature they experienced, 

resul ting in. the formation of the observed concentric / rings. 
-

low boiling point could condense only Thoria, which has a relatively 

on the out~perimeter 
temperature was relatively low. 

of the cathode surface where the 

Thus, a thermal separation of 

tungsten and thoria occurred. 

4. Tungsten atoms that condensed within the central r~gion were qulckly 

melt~d and partly vapourized, along with any thoris that May have 

migrated ~from inside the cathode material ta the surface • 
• 

This 

resulte4 in the formation of the observed highly porous surface. 

~-' 

Thé 'above'l' sequence' of .evellt~,.}s consistent with another eXP'tr1-
~ 1 -..- \""'. il: ~ . '1 .. ~ oiio 

mental observation from this study. Using flat-tlp cathodes and'helium ~ 
~ 

as the PlaSmagas~e pl~smagas flowtate 

45 L/min.' Simil" increases in plasmagas 

was increasèd from 15 L/min ta' 

f~owrate ~r flat~tip cathode. 

'l, 
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" 1 

operating in argon had resulted in lower erosi.?D rat...e~ -and made no 

difference in the .rsppearance. of' the surfac~,; -']. With heHum as <the 

'plasmagas, however, the erosion rate was generâlly higher. Furtherm~, 

the diameter of the central protuberance was' about 50 percent sma11er in 

th~ case of the ~igh pl18magas flowrate. Sihce increasing the plasmagas 

flow~te results in a more constricted arc, which in turn may reduëe the 

evaporated materia~'s ab!lity to return to cathode surface, the observed 

resu,lts offer further support for the GuUe-Hi tchock hypothesis. 

However, caution should be exercised in using this observation sinée 

both the erosion rateS and the diameter' of the 'protuberance va'ried 

, 

significantly even for experiments which emplo~ ~I>ru!rently- .1denilial _____ _ 

operating conditions. 

, 
Further evidence of an active recondensation mechanism was provided 

, . 
from the fact that althougœ the surface of cathOdes operating in helium 

(1 

were highly disturbed when comparee! to similar cathodes operating ~n 

• Q. 
argon, their eroS'~on rates were, not measurati11 higher. Based on the 

ft>'> • 
extend of' the disturbance on the surface, it w(.lUld appear that the 

1 

amount of ca~hode material vapourization was, significantly greater for 

helium. Sinee the net cathode mass loss for helium i8 about the same as 

that of argon and the' rate of vapo.u~ization higher there must 'exlst one 
, 

or more mechanisms which aHows the' helium operated' cathode to regain 
...r' 

80me of ita 10sses. Redeposition of cathode material from the -arc is ." 

the !DOat obviou8 of 8uch mechanisms. In ac:idition, the shape of the 

crystal. within the 'concentric rings and the ,~omplete -absence of 

.. 

• ~ 1 • 

,- ! t 

". 
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) D ~ 

dendrites from the' surface of theee cryst~s ar~ clear indiSations that 

they were formed through a direct transitiôn from a vapour to a Bolid 

phase. 

A redeposition mechanism driven by the presence of positiveiy { 1 . 

charged tungsten and thorium ions ma)"" also expiain the differences .. . 
between argon and helium operated flat-tip cathodes. Based on the! r 

relative ionization potential and electrical conductivity it may be 

speeulated that the argon plasma tempe ratures near the cathode were much 
• 

lower than \tl1ose of helium plasmas. Consequently, the degree of 

'-, -ionization of fiingstenand Ehoi"iulÎl- fri argon are much lower than in 

helium resulting in a relatively weak redeposition fqrce. A weaker 

redeposition force eombined with a lower rate of vapourization may 
> 

explàln' the absence of the tungsten-crystals ring from the surface of 

flat-tip cathodes operated in argon •. 

, . 
A similar argument can be used to expIain the d1ffer~nces between 

po\nted and flat-t'ip cathodes operating in ~rgo,n. Pointed-tip èathodes 

are general!y characterized by h~gher eurrent densltles and hlgher. 

plasma tempe'ratures near the' cathode. Therefore, the smeller ring of 

tungsten crystals observed on pointed-tip cathodes ope.rating in argon 

mey reflect the presence of a redeposition mechanlsm which elthough not 
\ 

as strong as in the e~se of h~lium plasmas 18 still much 8tronger, than 

the one operâtlng~ln flat-tip cathodes. 

, < 

·. 
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These observations, w~ich will be discussed in more~detail in the, 
. 

followlng sections, ... agree quaUtatively with the obaervat~ons reported 
~ 

-
earlier by Neurath anA Gibbs (1963). Although Neurath and Gibbs 

\ 

reported temperatures much low~r than the on~s suggested 1.n th{s study, 

they similarly concluded that flat-tip cathodes operating in argon are 
" 

cnarafterized by lower current densities, and consequent,ly lower 

tèmperstures, than t>ointed-tip cathodes or· cathodes operating in 

helium. No direct meSlsurement of ca,thode tip temperature were made in 
'" 

this study. 

Despite the- ,consistency of the above observations, some questions 

remain. Implied in the propqs~d' redeposition hypothesis waB the 

presence of tungst~n and thoria vapour over one mil1imeter up8~ream from 

t~ center,of the cathode spot. Although no measurements of the cathode 
.-Il . . , 

spot area wereomade,'it 18 probably safe to assume that at that dl~tance 

the tungsten and thoris atoms were being rapidly coole~ bY,"the incoming ,. 
plasms'gas. nat some of them should remain ionized long enough to 

attach themse1vea ta the catho~' surfac~ la indeed surp~is{ng. 

Fuz:-thermore, i t ia not clelir what percentage of the" vapourize~ ca'thode 
ollé 

matedal was redeposited on the cQ.thoçe surface. The effect of the 

tun,gsten-thoria cloud,' that must exist near the cathode surface, on the 

elehron transmission characteristics of the àrc must he investigated. 

Thl! function of the redeposited crystals in the cathode '8 electron-
1 

emltillon p.rocess W8S 8lso not determined'. 

. \ 



o 

'L 

., 

\ 

• 
. -194-

In any cast, 

tungsten in the arc 

a speetro.co:!C a'8lyo!0 of theconcen~.tto~ of 

column, especially very near the, cathode surface, 18 

needed to positively verity- the redeposition hypo~'hesis -and provide .. 
answers to some of the above questions. Unfortunately, due to the 

mobility of the cathode spot and the sharp gradients in the properties 

of the plasma that a"re characteris'tic of the cathode f.aU regio,n, such 

anitl'ysis would be èxtremely pifficult. 

Il 

~ii. Pointed-Tip Cathodes Qperating in Argon 

Pointed-tip cathodes 
\ 

operating in argon exibtted most of the' 

" " characterislfcs described earlier for cathodes operat!ng in helium. 

These"" included t·he \ formation of a central region .of molten tungsten, 

particles sur,rounded with two concentric rings. Just as was the csse 

for - helium-operated qcathodes, the first ring consisted o? tungsten 

crystals whereas 
1 

the second was "lgh1y concentratèd with thoria 
. 

'crystals. However, the size and sh'ape of these crystals were quite 

different in th~ case of argon from those found on helium-operated 

cathodes. 

A unique characteristic of the pointéd-tip cathode operated in 

" - < \. argon was the formation and, sub~equent release of a sm,ll (about 0.2 mm 

in diameter) molten sphere of tungsten at ,the. point of the ..A:.ip • .. 
formation of the, sphere commenced immediately after arc ignition and 

", 
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grew gradually during operation. It appears to have peen caused by the 

melting of cathode mate rial an the Hp. As the molten sphere grew in 
.-

si'ze, it eventually reached a point at which the force of .gravity 

ekceeded the surface tension of the ~athode material aQd the shere was 

released from the cathode. Th~released sphere passed ~~rough the arc 

and landed on ei ther the anode or the reactor wall from where· it ' could 0 • 

be collected. Photographs of a cathode tip with an attached liphere (0 . 
. 

and one from which the sphere ftas been released (2) are shown in Figure 

Il. A photograph of the sphere itaelf ia also shown in Figure IJ-b., A 
"" 

'pointed-tip cathode (3) which was operated in helium for ,60 minutes ia 

, included for the purpose of comp~rison. 

. ~. 
Uaing the geometry and operating c~nditions described earlier" the 

molten tungaten sphere was 'released sometime~ between 30 and 60 min into 

the experiment. lt resulted in an immediate mass 108s from the cathode 

ranging between one and three milligrama and an increase in the arc' 8 

voltage between one and two volts. The voltage increase was temporary 

and fo110wed the same pattern as the one observed and described earlier 

for new cathodes. It likely reflected an increase in the cathode fall 

vol tage while the 
~ , 

operating temperature ana surface characteristics of 
C) 

the newly exposed cathode material were being adjusted to facilitate 

'electron emiasion. 

An intereating observation from Figure Il pertains to the fa ct that 
~ ~ 

a similar mol ten sphere was not formed on the tip of cathodes operated 

, . 
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FIGuu Il 

• 

PROTOGIAPBIC EVIDENCE OF SPHERE PORMATION ON POINTED-TIP 

CATHODES OPERATING Ilf ARGON 

\ 

Pho_tograph Il-a: Tip (1) - Operated in Argon for 40 min. 

" 
Tip (2) - (}Jlerated in Argon for 60 min. .. . 

4r 

. " 
Tip (3) 

.. 
- Operatèd in Helium for 60 

<; 

min. 
'" . ' 

.. 
G 

Photograph ll-b Molten TunS.8ten Sphere Released from 'T!p 
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in hélium. Thi .,. b 8 may e due to di~ferences in the heat traosfer---:--
. 

phenomena occurfing on the respective cathode surfaces. ,In hel~U\D arcs 

the temperature near the ,cathode wa~ likely higher resulting in a fapid 
, 0 J 

vapourization qf cathode mat~riàl. ~ This' high t'a te of vapourizauon 
l ". 

remove4 as latent heat much of the energy recéived by the cathode. The 

constant \ removal bf energy, combined with the' low thermal conductivity 

tnat typically characterize.s sintered materia1s (such a8 the thoriated 

tungsten rods used for cathodes) and 'highly porous surfaces (sueh as 
" , 

those shown-in F}.guI'e 7), may have prevented thé formation of a molten . .. 
layer. . Argon arcs, on the other hand, heated the cathode more 

, 
gradually, res'ulti,ng in lower leve~s of vspourization and allowi~g for 

the formation of a relatively large molten region. A ~ similar 

phenomenon, namely a reduction of the mol ten ,layer due to excessiVe 

increases in the témperature of the heating medium, has bèen obser~ed in 

other low thermal conductivity mate rials (Mucciardi,.1987). 
\. 

The surface of the sphere was covered with molten tungsten 

particle~ very similar in appesrance with the particles identified 
.. " 

withln tthe central region of cathodes o'perated in helium. Magnified . -\ 
photographs of the sphere's surface are shown in Figure 12. " Once agdn 

. the particles were separated from each other, suggesting' that they were 

forme.d through recondensation of vapourized tungsten. However, unlike 

the helium operated cathodes, the base 01), which these particles were . ' 

attached was 'rounded in a rather u~ven fashion (see photograph 12-a). 

These surface protrusions were probably caused by uneven mel ting w1thin 

J 
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SUIFACB CBAlAc.rERISTICS OF HOLTER SPIIBRE ON POlmlr-TlP .. • 
CATHODES ORIATED IN BooN 

J • f 

12-a: Surface of Molten Sphere. 

i 
f 

Photograph, 12-b: ,Halten Tungsten Particles on Surface of Sphére 

t .-
. 
î 

\ 

. , 
" . 

'0 



o 

> 

,f 
1 

(a) 

'. 

\ ' 
" 

( 

'0 ' (b) 
~ 

~. 

1 



. , 

,.. 

\ 

, 1 

• .. 

-201-

- " . l,. the sphere. 

Upstream of the sphere, on t~e non-molten .portion of the cath04e 
1 

the concentric rings appeared. Ir argon .the rings were :ot as eas11y 

identifiable as they were in heliJm-operated~,cathodes and the crystals 
1 

on the'm were s~gnif1cantly smalleJ:'. However, their compositions were 

exactly the ~ame in both Clises as bas the eViden~e that they have been 

formed through ;edeposiHon. A Ph~tOgraPh of the -'WO rings is shown in 

Figure 13. "The rectangular Jungsten cr'ystals, whose magnified 

photograph ia a180 shown 1ft FigUr113. were between 2 and 10 'micron in 

length and were deposited on whar. appears to be a partlally molte~ 

aurfa... In fa.t. a. can be ,en' in photograph 13:". the ~"thode 
8,,\rface appear~d Inoiten ev en beyonf the area wher; the majority of the 

tungsten crystals were attached. Still furth~r away from the c,a.thode 

• 
tip, in the extreme dght of ph tograph 13-a, the 

l. 
thoria-rich 

(. 
ring" 

~ 
appeared. 

Worth' n-oting la the 

the cathode tip and tthe b~ginnin 

about 0.5 mm, roughly ~alf~ 

, 

the distance between the center of 

of the tungaten-c~sta1s ring was 
1 IQ. • • 

quivalent distance mc!asured on _ the 
1 

heUum operated cathodes. This m 'y reflect differences in the cathode 
\ 01 

sur_face temperature gradients tha~ characterized the two arc~. 

the location of the tungsten cr staIs likely indicates an op,erating 
l _ ~ 

p01nt of t~ngéten (3 680 .. K) it ma; be. 

Stnce 

t'emperature around the meiting 
r; 

aaaumed that the ares exposed to 

\ 

1 

terperatur~~ highe: than this"was about 

( 

\ 

b 

.. 
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lIGUlE 13 
, 

ü 

CllYSTALS PORME» OH SUIPACE OP POIlft'ÉD-TIP CATRÔDBS 

OPDATING IR Alloo. 

Photograph 13-a: Rings of Tungsten and Thoria ~ry8tals 

Photograph 13-b: Tungsten Crystals 
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four times bigge~ i~ helium than in argon. 

\ 

Cathode Erosion Characteris~icsP 
( 

A total of 109 experiments were conducteo in arder ta 8sseS6 the 

efosion rates of \thoriated tungsten cathodes operattng ill_ !nert 
. 

plasmagas atmospheres. The experiments were divided into four sets (two 

" 

/ 

'(Jj- • --, 
tip geometries, each operated ln two pla~magases) o~ an approximately 

equal basis. 
t, 

Each set was furthf\r divided !nt~ live .subgroups accord!ng 

to the duration of each expàriment. AIl experimental data are shown in 

Ta1;lle l. 
() 

As can be séen from Table I, the expedmental data showed wide 

variations even for apparently identical operat!ng conditions. As such, 

a statistical an!llypis was performed in an effort to identify any 

"" ' significant differehce between the erosion ra-tes measured for each ~set 

of operating conditions. The results - of the statistical analysis are 

shown ln Table II. For the statist!cal analysis the sample mean Y and 

standard deviation !. were calculated separately for each subgroup. For 

',the purpose of calculating the populâtion mean !. a 90 percent confidence~ 

~ interval was used ~~~~g wHh ~ two pooled standard dev!ations.!p • 
'\ 

q 

ThE! , firet pooled standard deviation was calculated from the, sample 

~'-- ,- '" 
dev-iàtions of all experiments who'se d!.lrat,ion was' less or equal to 10 

., 
minutes. th value was 4.0 lJg/min.- The -secon~ pooled .seandard 

'-
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.. 
TABLE 1. EXPEIDŒRTAL DATA OB CATHODE UOSIOI 

EROSION RATE, (~g/min) ,-
RUN 

DURATION SET 1 SET 2 SET 3 SET 4 
(min) (Ar-Flat) (Ar-Pointed) (He-Flat) Ote-Pointed) 

5 14, 8, 16, 6, . 2, 4, 10, 0, . 
4, 0" 4, "2, 8, 2, 6, 2, 

10, Z 12, 4 2 4, 12, 
t 4 

10 2, 7, 4, 10, 5, 7, 7, 5, 
4, to, 11, 8 3, 3, 2, 13, 

10, 8. .4, .10 3 
12. ·6 

..---' 

20\ 7, f 7, 5, 14, 2, 4, 5, 6, 
3, 6, 8, 6, 6, 2 2, 2, 
8 3 3 .-

40 S, 5., 38, 2, 4~ l, 2, 3, 
6, 1, 30, 62, 4, 7, 5, 2, 
3 42 11- 5 6 

• 60 ,3,., 8, 54, 40,- 2, S, 1, 3,-
l, 2., 36, 42, l, 2, 2, l, 
2, 4 P' 23 

.0 

1, 3 3, 5 

*For a11 experiments: Arc Current - 200 A, Plasmagas Flowrate - 15 L/min 
- ,-

4tld Arc Length • 2.5 ,cm. 
., 

\ 
Il 
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TABLE II. STATIST1:CAL AllALYSIS OP CATHODI 11\081011 DATA 
• - J 

~ 

~ 

JI di) 
-.'\ . 

EROSION RATE, (lJg/min) 
RU~ ,. 

DURATION SET 1 SET 2 \ SET 3 t- SET 4 
(min) (Ar-Flat) (Ar-Pointed) (He-Flat) (He-Pointed) 

() 

.. 5.4 5 Y .. 6.3 Y • 7.3 Y .. 3.6 Y 
, \ n .. 6 n • 6 n '- 5 n .. 7 

s • 5.3 s • 5.5 s • 2.6 8 .. 4.1 , 3.6 (. IJ <.. 9.0 4.6 <Il<. 9.0 0.6<.1l<. 6.6 2.9<. ~<. 7.9 

10 Y - 7.4 Y • 8.3 Y .. 5~ 3 y - 6.0 
n .. 8 n • 4 n .. 6 n .. 5 
S .. 3.3 8 • 3.1 s .. 2.7 s .. 4.4 

5.0' < IJ < 9.8 4.9<Il(. Il.7 2.6 < Il <. 8.0. 3.0 < u < 9.0 
1" 

20 y - 6.2 Y • 7.2 Y - 3.5 Y - 3.6 
n - 5 n • 5 n .. 4. .n - 5 
s - 1.9 s ··4.2 s .. 1.9 ~ s • 1.8 

4.B~6 3.2 ~ Il <. 11.2 1.9<1.1< 5.1 2.2 < \;1 ( s.OD 

40 . - A. y • JS y • 4.2 Y .. 3.6 
-f. ~ 

n • ,5 n .. 5 n .. 5 n ' 
S .. 2.0 s ·'22 s • 2.2 s - 1.8 

2.6 < IJ < 5.4 14 < Il < 56 2.8 <- 1.1 <. 5.6 2.2 <- u < 5.0 

~O 
... 

y - 3.3 Y .. 39 Y • 2.3 Y - 2.5 
\ n .. 6 n - 6 n .. 5 . n • 6 

s - 2.5 s • 11 S .. 1.5 S - 1.5 
2.0 ,< ~ < 4.6 28 < IJ < ~O 1.0 ( 1.1 <- 3.6 1.2 < lJ <. 3.8 

o 
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deviation. waa calc:ulated from a11 experiments whose, duration was 20 

minutes or more exe1uding experr~ents in set 2. Its value was 1.9 
t '. 

lJg/min. . ., 
.. 

The 8epa~at1.on of the data in the above manner was necessary in 

order to account f<?r the relative influence of the- systematic erro~ in 

the measurements. 
. 

The balance used to measure mass 10ss trom the 

-cathode produced a systematic error 1 
lof about 0.02 mg. The absolut~ 

value of this error remained the eame for aIl experiments. However. its 
#1 

relative influence on the standard deviation was obviously higher in 
, , 

short duration rune. , 

The erosion rates of relatively long runs within set 2 (Ar-Pointed) 

wer1! influenced greatly by the release of the molten tungsten sphere 

from t~e tip. The re1ease of this sphere, which-was described in detail 

in the previous ~ection, had such an overwhelming effect on the erosion 

~ate that each su~group within this aet had. to be considered 

separately. By assuming that the erosion caused by vapourization was 

rQughly equal for both fIat and pointed-tip cathodes operating 

an assumption substantiated rather weIl by erosion rate data fo 

runs t the weight of the released sphere was calculated. t of 

the released tiungsten sphere varied between 1 and \) mg with an average 

value of' 1:9 111$.. Thùs, for pointed-tip catho~es operated iIJ argon, the 
2'- ~ 

eroa:1on caused by vapourization duripg the first hour of operation was 

at leaet an order of magnitude smailer than the erosion caused by 

<. 
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• 

, melting. 

. , 
là 

When the data from set 2 are exc1uded, the reBults of the 

statiscical analysis suggest that there la no significant difference 

(ba';~d . on a 90 % confidence interva1) in the cathode erC!sion rates 
.. 

occurring under the'variaus operating conditions used in this study. lt / 

appears that although thelhel!um operated .cathodes are exposed ta higher 

temperatures and' therefore higher tates of vapour1zatlon, ~he rate of. 

redeposition compensates enough to maintain a low eroslon rate. The 1 

.effect of this cathode materia1 recycling mechanism on the erosion rates 

of very 1dng duration arcs was not investigated. 

\w.... 
t 

The erasion ~s--measured for short duration sr cs (le88 thsn 10 

minutes) was somewhat higher than the rates exhibited by longer dur~tion 

srcs. This may suggest that relatively, rapld erosion was accurdng 

during the esrly stages af arc operàtion. lt may a1so reflect mass 1088 

due to attrition during the proce8ses of insts1ling and removing the 

ëathode tip from the cathode assembly. " In any ,case, the difference in 
r 

erosion rates are rather smalt. 

COJICLUSIOBS 

By examining the composition and characterlstics on the surfa!e of 

fIat or pointed-tlp'cathodes operated or he Hum and by 

L 

:: 
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a • 

measuring the w;dght of cathode Hp before and after an experiment, 

---, J phenomena occurring on t1;!e cathodes of transferred-arc systems were 

... 

investigated. The following conclusions resulted from the study: 

\ 

1. Whenever a new cathode tip was used, during the first 10 minutes of 

operation the cathode faU vol"tage gradua11y reduced by 
,-

approximately 3 volts as the. temperaturM and morphology of tlÏe 

cathode's surface were changing to facilitate eleçtron emission • 
.. 

2. ,On flat-tip cathodes operated in argon these changes involved the 

mobilization of thoria which by moving through the tungsten grain 

boundaries concentrated on the surface where ft agglomerated into 

small di~tinct regtons. Con~urrently, the cathode spot te-mperature . . 
rose ab~ve the melting point of tungsten forming a molten metal pool 

in t~ center of the tip. 
~ 

Within the molten pool, thé thoria 
, 

combined'to form a large thoria-rich spot (over 80 % thoria) whereas 

... ' 
outside ~he pool the thofia agg10merates remained segregated forming 

a thoria-tungsten mosaic. In longer duration arcs, the thoria was 

consumed from the ~faCet resulting in further increases in the 

surface temperat_ure and significant tungsten me1ting. The molten 

tungsten formed small sponge's on the cathode surface. The sponges 

increased. in size unt11. theX broke away from th~. cathode exposing . 
new cathode material to the arc, rich in thoria, wl}6re the thoria 

concentration-tungsten melting cycle was repeated. 



o 

~ , , 

o 

3. On either flat or pointed-tips oper~ted in hel1um th~", cathode 

surface temperature was much hlgher than that observed on flat tlp 
o 

éathodes operated in argon, probably near th~ bolling point of 

tungsten, result!ng in extensive vap?urization from the surface. 

Once in the arc t some of the cathod"e material became ionized and 

returned t~ tpe ca:hOde surface possibly carrying wlth lt some 

neutral atoms and Molecules. 
'" ,,' On the surface the return!ng particles .. 

condensed forming a central regfon consisting of partially moltEpt 

tungs'ten particles t a surrounding ring of tungsten crystals and an 

. outside wider ring of sm~l1er thor~a cr~sta1s. 

• 

4. Pointed-t!p cathodes operated in argon were characterized by the 

formation and subsequent release of a molten 'tungsten sphere st the 

point of the tiV-. \)utside 'the sphere formation, the surface -of 
\ 

these cathodes contained al1 of the characterist!cs identified on 

helium operated cathodes including the presence of the three ., 
concentric regions formed from the apparent redepositlon - of 

J 
vapourlzed thoria and tungsten on the-surface. 

5~ During the first hour of operation, the eroslon rates of flat-tip 

1 ..... 1;' 

cathodes ope.rated in either argon or helium and of polnted-tip 

cathodes operated in helium were approximately equal. Polnted-tip 

cathodes operated in argon exhibited' significantly hlgher erosion .. 

rates due to the release of the molten tungsten sphere. 

) 
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,ç fi . 
An investigation was conducted into:> the possibUity of producing 

titanium Metal by d~s-8ociating titanium tetrachloride molecules in a 

transferred-arc reactor and collecting the titanium stom in a molten 

met;al bath before, lt cou Id recombine with the chlorine. The mUn 

plasmagen gas consisted of either pure argon or equi-molar mixtures of 

~gon and hydrogen. Titanium tetrachloride vapour was Introduced into 
f 

the plasmagen gas, upstream of the plasma-forming region of the r~acto~. 
, 

'" at a rate of 6 g/min. The mass and composition of the metal forming the 

molten bath, which also served as the anode of th~ transferred-arc 

system, was assessed beLore and after each rune The net gain of 

titanium metal was calculated and used l.l assess the technical-

Î 
feasibility of the process. 

\.. 

Three molten metal bath composit.ions were used in this study. ln 

, the first two, the molten bath at the beginning of the e~periment 

consisted of ,titanium and zirconium, respectively. _ Using these initial 

compositions, the feasibility of produdng tltanium me-tal throusll the . . 
plasma dissociation 0(' TiCl4 and the subsequent diffusion of the free 

titanium atoms into the~molten bath, was lnvestigaced. The third molten 
'1 , 

bath used in this study consisted initially of aluminum. Thus, the 

feasibility of employing ~ reducing agent in the high-temperature 

thermal reduction of· TiC14 for the production of titanlUm metal "al 

assessed. 
1 

,~ ~ '< 

'< 

, ,\ 
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Resul ts from this study show that it is not possible to produce 

titanium metal through. the simple dissociation of the tetrachloride 

molecule and the collection of tita,nium atoms in a molten titanium or 
. 

zirconium bath. Although about 25 % of the titanium fed to the arc was 

c 
co~ted in the molt~n bath, significantly more metal was 

the bath' th'rough the formation of ~~bchloride vapours. 

removed from 
f' 

The observed 

los ses of titanium metal from the molten bath were not attributable to 

1 
vapourization of this metal. No chlorides were 'detected in the molten 

• 0 

'bath' after the runs. The presence' of 

affe~t the collection of titanium in the 

hydrogen ~id 

~n bath. 

not significantly 

On t~ other hand, experimental results indicated that titanium 

metal or tJ. tl:\nium aluminum.-alloys can be produced through the reduction 

of tit,anium tetrachloride in the presence of aluminum in a transferred-
, 

arc reactor using a molten bath consisting initially of pure aluminum 

metal.' About 60 percent of aIl t1tanium fed into the reactor was 

recovered in the product. Just over three moles of aluminum were 

removed from thé bath for each mole of titanium collected. No chlorine 
~ , 

. contamination of the product" wàs observed when the temperature of the 

bath was maintained qbove the boiling point of TiC12 • A thermodyna~i-c'~ 

o ~ 

analysis of the reduction process was a1so performed. , However, it, is 

not possible, using the existing apparatus, to determine how close th~ 

experimental results "were to theoretical yields. 

• 
, 

, . 

f 
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BACltG1tOUND INFORMATION 
; 

.., 
rt has been shown (Akashi et al., 1977) that titanium tetrachloride 

can b~ dissociated aompletely into titanlum atoms, titanlum Ions, 

chlorime atoms and chlorine -Ions when lt Is heated to temperatures 

-----higher , than 5 000 
, 

transfetred K. Slnce arcs operate st temperaturea 

higher Ithan 10 000 K; lt can be assumed that any tetrachloride Molecules 
6 

entering the hot region of the arc w1l1 be completely dissociated •. 

Accordi,ngly, metallic titanium May he obtained by the prevention of back 
1 

reactiolls causing the recombinatlon of ti/anium atoms or ions with 

chl'Orine atoms or ions. These back reactiohs can be suppressed, to some .. 
extent,· by rapid cooling or quenching of die high-temperature reaetion . ~ - .. 
product'. • However, pe~fect suppression of the back reactions may be 

impossible. Furthermore, some of the moltén metal ln the- collection 

bath can react with chlorine, or vapourize, resulting in further product 

10sses. ,Clear1y, the abllity to produce titanium ,metal throtlgh the 

thermâl dissociation of its tetrachloride depends on reduction processes 

"-occurring within the. reactor and on the phenomena occurring on the 

surface of the~llecting target which in this study is the anode. 

'l'RE PI.ODUCTIOlf or TITANIUM TRIOUGH THE PLASKA UDUCTIOIf OF IfS 

TJ'!!AÇHLOlUDE 

\ 

Pionee,ring attempts to reduce a metal tetrahaUde through thermal 
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dissociation in a plasma reactor were made by DiPietro et al. (1950) at 

~ 
the National Research Corporation (NRC). The w~rk involved the,3 

decomposition of Zrl4 in a, transferred-arc struck between a zirconium , -
ingot and a hollow electrode through which the ipdide vapour entered. 

As the iodide decomposed the zirconium remained in the molten pool 

formed in the ingot, while the iodine and undecomposed iQdide were 

""l 
r'emoved from the reactor. The metal was simultaneously produced and 

, 
consolidat'ed, udng the same heat source, thus, substantially reducing 

both operating costs and contamination of the product. Repreaentative 
( ). , 

operating conditions were: arc voltage: 22-30 volts, arc current: 700 -

l 000 amperes, and reactor pressure of about 250 torrs. The ZrI4 feed 

rate was in t~e range of 0.45 - 1.8 kilogram per hour and the highes t 

~ 

conversion rate accomp1ished was 97.7 %. UnfortJ,lnately, there wes an 

inverse relation between the production rate of Zr metal and 
• 

conversion. 'The maximum ir prodl.lction was 255 g/h corresponding to a 

conversion of only Î6.4 %. The maximum conversion of 97.7 % 

corresponded ta a production rate of only 41.2 g/h. ~he zirconium metal 
. 

was produced with power expendit~r~ of about 65 kWh per kilogram of 

zirconium~ 

The initial work at t'he NRC dealt wi1:h the -thermal df:.ssociation of .. 
zirconium tetrachloridé. Howeyer, tt was established that for the ZrCI,. 

~ . ~ 

runs, zirconium was not deposJ.ted but, in fact, was removed from the 

starting ingot. lt was suspected that this wàs the result of poor 

dls80ci,tlon of the ZrCl4 Molecule and upf~vorable t~ermodynamics in the 
/- , 

... 

, . , 



• 

o 

7 

• ' . 
-fù-

metal deposit~on phase. Free energy change (4F) data as a functlon of 

"temperature for various zirconium tetrahalides are shown in Figure 1. 

These data demonstrate that ZrI4 is much less stable than ZrC1 4 and can, 

thus, be dissoc!ated more ~aspy. For this reason,_ emphasis waa shtfted 

from ZrC14 to ZrI4' 

/ 
et 

DiPiero 'a 

al. y1957) Both research groups 

work at NRC W8S followed by two other studies: lngraham 

and Newham and Watts (1960). 
1 

reportef some success in reducing me:al tetrachlorides with hydrogen in 

low ple-ssure arcs. Ingraham's group produced finely-powdered TiC13 

't' whul N~wman 's group focussed their efforts on the production of ZrC13' 
/ 

~Ne1/her group produced ,any metal and the production rates in both cases 
1 

were extremely low. 

/ 

Miller and Ayen (1969) studied the reduction of TiCl4 in a radio-
. 

frequency torch. lt was shown that TiC13 can be produced wl th good 

yields (~ % to 87 %) when. hydrogen is introduced ~8 a reduc1ng agent. 

In the, absence of hydrogen, no appreciable reduction of TiC1 4 could be 

obtained with the qùenching method employed. Power iQput and TiCl4 feed 

rate appear to have had little effect on the perc~nt conversion. The 

maximum TiC14 concentration in the argon plasma gas was less than 

1 mole %. Higher TiC14 concentrations could not pr~duce' 8t~ble 

operating condittlOns in the r. f. torch. No titanium ~tal W88 ob1tained -, 
in this study. 

,\ 

, . 
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lIGURE 1 

" nu ElŒ1GY CHARGE 1'01. THE DISSOCIATION 01' ZI1COHIlII 

!lTRARALIDIS AS A lUIICTIOR OF TEKPlIlATDIŒ , 

" 

.. 
IliP" 

Source: DiPi.tro et al. (1950). 
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Finally in 1969 ~ Britia} patent was awarded to Ciba Ltd. (1969) 

for the production of nio'blum in a plasma reductlon process. The patent 

daims that the production of niobium could be obtained in 93 i. yield by 

passing its pentachloride in argon through a -24-kW hydrogen d.c. jet 
~ \ 

plasmà. Finely-powdered niobium WBS produced at the rate of 32 g/min 
J 

which was then heated first ln hydrogen and then in vacuum. The process 

\removed undecomposed niobium halides and y!elded non-pyrophoric niobium 

with a surface area of 6.5 m2 /g. lt was also reported that tantalum, 

molybdenum. tungsten, zirconium' and -hafnium cou Id be obtained in th~ 
same way with yte~s of 96 i., 90 i., 94 i., 65 i. and 7d i., respectively. 

of the recent research on the plasma réduction of 

tetrachlorides has been carried out in Japan, and Europe. Akashi et al. 

(1977), Ohno, et al. (1979), and Kikukawa et al. (1983) pro~ide the most 

relevant published information on the Japanese work. Papers by Atam",no~ 
• 

et al. (1979) and Behnke et al. (1983) are examples of the relevant 

research done in Eastern Europe, while the pate~t awarded to' 

Voes t -Alpine ( 1985) provided an example of relevant Wes tern European 

. research. 

The papers by Akashi et al. (1977) and Ohno et al. (1979) describes 
1 

the formation of titanium micro-crystals from a mixture of titanium 

chloride and hydrogen introduced into the tail flame of an argon plasma 

jet. Titanium tetrachloride mixed with hydrogen was supplied laterally 

into the argon plasma jet through an alumina tube. A small tungsten or 
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silica plate was, put on a water-cooled copper mold j~st under the plasma 

jet in order to condense and collect the titan1.um vapour from the 

reat!tion products. X-ray diffraction analysie and scanning elect ron 

microanalysis showed that the' condensate on the plate consisted of 

titanium microcrystals of vllrious complex shapes. When a smaH amount 

of molten titanium was used instead of t~e tungsten or silica plate, its 

mass increased gradually during the rune Thus. ft was concluded that 

the selective ~bsorption of titanium vapor into the molten metal under a 

plasma tail flame la technically feasible. 

Akashi 's group claimed that the addition of hydrogen to titanium 

tetrachloride changes the high temperature equilibrium relations among 
) \ 

the chemieal spedes and thus prevents the back rellctions caudng the 

formation of titanium sub-chlorides upon the quenching. A non-

transferred type d. c. jet plasma torch was used to generate the- argon 

plasma jet. The flow rate of argon, the e-Iectrical current and the 
~ 

voltage between the terminaIs were 9 L/min, 60 A and 20-25 V, 

respecti vely. The titanium tetrachloride feed rate was 0.4-0.5 g/min 
\ 

while the hydrogen (which serv~d both as the reducing and the carrier 

gas) now rate was 0.5 L/min. When molten titanlum metal (about '1 g) 

was used as the quenching target, the weight of the titaniulI) metal 

increased about 10 % after about 20 minutes of operation. No 

precipitation of,~compounds such as titanium nitride or ox1de were 

observed and the purity of the mataI was esti~ated to be above 99 %. 

, 

.. 
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Assuming the ~da$a reported fo~ .. 1JIetal purity, weight gain and TiCl,; 

feed rate are correct the product yield can be calculated at about 

rather 

Considering the. very low yield, feed rate and reco;very it.. seems 

premature to draw a~ions regard~ng the feasibi1ity of 
1 

the project. uFurthermore, there ls Ùttle information on the reasons 

why the TiC14 and hydrogen concentrations in the arc were kept so low or 

Gf the potential reactions that may have occurred between the tungs~en 

collector and the dissociated TiCl4 molecule. As shown in Part l of the 
. 

presént thesis, such reactions occur readily and may be responsib1e both 
l 

i for Akashi 's results and limitations. The reported flow rates 

correspond to a plasmagen molar chloride concentration of- on1y 0.6 

percent. Much more use fuI results would be obtained at higher chloride 

concentrations and feed ,rates. 

In their 1979 paper, Akashi et al. _described a similar, study aimed 

àt the reduction of titanium and siMeon tetrachlor~de in a plasma_ 

process. An interesting plasma generating device was used in thiB 

study. lt combined an r.f. plasma torch with a d.c. torch in an effort 

to generate a stable and enlarged argon plasma. The chemica1 reactions 

resulting from the introduction of a mixture of vapourized TiCl4 and H2 

or SiCI... and H2 into the argon plasma were examined. The reaction 
, . 

products . depoBited on the inner reactor wall and a water-cooled copper 

~olumn inserted in the reactor. They consisted of a very fine powder of 

mostly titanium sub-chlor.ides (85 % TiCI3 , 14 i. TiC12 , and 1 % TiN and 

TiO) or silicon. The TiC14 feed rate was in the range of 0.4 1.3 
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g/min. 'The Most _remarkable result' of this study was the change that 
, 

occurred as a function of the volume, shape and length of the argon 

plasma jet py the coupling of the r.t. and the d.c. torches. The 

expansion of the a~c and consequent increase in its cross-sectionsl area 

could)have signiftcant effects on the arc's current density, tempersture 

ând dégree of ionization. This may be a way of stabilizing a TiCl1t arOo 

while increastng tts mass flow r~te. Unfortunately, no such data were 

reported in the A~h! study. . 1 
. 

V 

Kikukawa et al. (1983) reported on the reduction of Ti02 
~ 

and TiCI .. 

in a hydrogen d.c. plasma jet. Various reactant fe&ing methode and 
f' 

product cQllecting methods were examined. Reaction products were 

analyzed by X-ray. diffraction, EPMA, and chemi~al methods. In the case 

of Ti02 , the highest reduced prod'uct was TiO, and Ti Metal was not 

obtained. In the case of the.reduction of TiCl lt two collecting Methode 
J\ 

-Both methodd emp~oyed a molten metal subatrate in a graphite ~ were used. 

crucible. In the tiret method tantalum was used as the met,al substrate 

whereaa the second used titanium. Consequently, the product collected 

- -
on the tantalum subatrate was TiN as compared to Ti metal that waa 

~ 

collected on the titanium substrate. The res·ults reported by Kikukawa 'a 

group are not surprising. Tantalum melts at about 3 270 K which 18 too 

hot 'for any 'signific~nt condensation of Ti metal (boi'Hng tempo - .3 550 

K). Titanium nitride (mel ting tempo • 3 200 K). probably formed ,through 

the reaction between the Ti vapour and trace N2 existing in the pluma­

gas, i~ the only compound in/...the reactor with high enougb ~oUing 
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.. . 
temperature to condense on the tantalum substrate.· There i8 no data 

-
fprovided in this paper on TiC14 feed rates or Ti yields. 

Whereas moat of the Japanese work on th~, reduction of metal ~alidès 

has focussed on atmospheric ressure arcs, the Eastern Europ~ns have 

concentrated their efforts vacuum plasmas. !WO recent paper8, 

Atamanov et al. (1979) and B et al. (1983), offer examples of these 

research efforts • 

• 
Atamanov's group described their experimental 

attempts to reduce titanium tetrahalide in the plasma of a steady 

'electron bearn-plasma discharge. T,he electron beam power varied from 200 

W ta 5 kW at a beam current of 1 A and a voltage of 6 kV. The pressure 
, 

in the reactor chamber was between 10-3 and 10-2 torr. 
. ~ 

The maximum 

TiCl4 feed rate was 0.2 mole!h ( 0.65 g!min). The products were 
o 

collected on a watercooled plate held 20 cm in front of the gas 

injection nozzle. The reported theoretica1 collect~on rate for Ti metal 

was on1y' 140 ~/h. If both this value and the' TiCllt feed rate are 

correct, the yield was le8s~ than 1.5 %. " This production rate i8 far too 

amall to draw an~ conclusions regar~ing the feasibility of this 
• 

approach. Furthermore, there la no clear indication in Atamanov 's' et 

~ 
al. ta paper~ that the theoretical collection rate was' reached 

" experimenta11y. However, this paper is of interest dUè to a pertinent 

discussion regarding the relation between collection efficiency and the 

temperature and geo,metryC of the ,quenching target. 

Behnke et al. (1983) measured the amount of atomic Ti generated .. 

" 

;' 
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. /,/ 

during the now of a gas mixture of argon and titanlum tet_rachloridé 

through a stainless steel hollow cathode 4 cm long 'and 8 mm ln 

diameter. ' The Unear 'Velocity of the gas was 1.3 cm/s, the pressure of .. 
argon wa~ 270 Pa and the discharge current 20 mA. The TiC1l+ 

COllcentraHon in the feed gas varied between 0.3 r. and 1.5 X. The aim 

qf the study was to obtain informati~n abo~t the degree of dissociation 
.. , ,!I 

The most relev-ant of tlle TiC14 molecule in hollow cathode discharges. ...." . 

result of this atudy was ,the strong relation between current and degree_ 
~ 

of dissQciation in the plasma. However, caution should be taken in 

extrapolating from Behnke 's resulçs to atmospheric pressure arcs. At 

hiJher pressures, increased arc c';lorr,ent results in an increase in arc 

diameter withrut significantly changing the arc temperature and hence 

the degree ~ ~ •• Oci.tiO...,,8pd ·iO~iZ.:ion. 

In 1985, a European patent was awar~d to Voe8t~Alplne on 8 plasma 

process deslgnJd'to prodùce metaI from the" th~mal reductlon of titanium 

tetrachIorid~ with hydrogen. According ta the description of the 

process, TiC14 vapour and hydrogen are fed into the plasmagas of a 
. 

" transferred-arc reactor. Within thé arc the TiCI It lB reduced produclng 

~ 

titanlum metaI and Hel. The metaI 18 collected, in the molten c:iUnium 

anode and the HCl leaves the reactor in the off-gas. The temperature of 

the collection bath ls maintained at 3 000 K. The process described ln 

- the 
"V. 

Voest-A1pine pa:l is very s1mUar to the one being .•• a1uated in 

present study 18 theréfore partlcularly relevant to th1. 

.." 

review. ~nfortunately, I1ttle information has'been provided to--support 

1 - , 
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the scientifie basi,s of the patent. For example, in one of the studies 

• 
deseribed 1..n the Voest-Alpi~e patent, the reaetion temperature la given 

. 
as 4 000 K. 

~'::~~"-1'~..t \7' 

Under these eondit ions it ls clalmed that a mixture of 4.3 

kg of TiCl .. and \8.9 Nm3 of hydrogen will produce O~9 kg of ti"tanium 

metal at' an energy consumption of 56 kWh. These numbers represent a 
. ( 

yield of about .83 percent, a rather remarkable accomplishment if one 

assumes that it represents metal recovered in the molten bath. However," 

there 'is neither sny information on what these numbers represent nor any 

aetual èxperimental data. Furthermore, it ia not clear-how the titanium 

metal (which Is in its vapo,ur phase st this .temperature) would be 

eollected. In fsed, it ie not st' a11 ob"vioua that this --patent 
1 
1 

represents any real ex~eDlmental aceomplishments. 

( - '!~'3\,w _ 

While many researchers have attempted to produce titanium metal 

through the plaama dissociation of' the TiCI .. molecule and the selective 

absorption of titsnium atoms into a molten bath others have taken a 

." 

different approach. Research efforts in the plasma, reduct'ion of TiCI .. to 

Ti meta-l through the use of a reduèing agent, such as sodium or 

Magnesium, have' been Initiated recently~ In these processes the 

,-",JO' Il' 
-...:! .--:: ... -.!..>-

• 1 

reductfon of TiCl.. la not due to th~ plasma dissociation of·/~the T1C11t 
~ ~, ~ 

Molecule but rather due to the high tempe rature reaetion: 

TiCl .. + 4Na + Ti +' 4NaCI 

or Ti Cl.. + 2Mg + Ti + 2MgCI.2 
\" 

, . 

(~ 
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In this sense the proce~s resembles the conventional TiCI... re'duetion 

processes (Hunter and 'Kroll) and the plasma functions mostly as a hest 

source 0"-. 

A thorough investigation e titanlum or zirconium reduction 
ft 

process by ar. arc heater was recen ly carried out st the ,Westinghouse 
.:( , 

Research and Development Center (Down. 1982). Their work led to a U.S. 

Patent in 1978 (Wéstinghouse Electric Corp., 1978). - lt included a 
; 

thermo-chemical analysis .n~xperrmental 

consisted of a 40-kW d.c. plasma 

(nves tigat ion. . The 

apparatus used torch, an injection 

system immediately adjacent to the. torch through whi'Ch Na and T~C14 

vapours were introduced, an~~ refractory reactlon tube made of silicon 

carbide or graphite. The main plasma gas' was a mixture of H2 and Ar in 

a 2:1 Qr 4:1 ratio. 

, 
~e products were collected on thé refractory tube and were 

analY2:ed using Scanning Elect,ron and Energy Dispersive X-ray, 

Microscopy. The of th~, s\udy wére~ as follow8:' 

---
1. Calculations that a plasma 'pracess operating in the range 

. . 
1 700 -2 200 K should produce t1tanium yield close to 100 % of 

) 

theoretical with litt!e or no production ,of 8ubchlorides. 

o 

~--2. Experimental verification of 8uëh a "-process succeafully delDOn.trat~ 
• • ~ 0 

that an effective separation of theoco-product -8~ cbloride could 
~ -

Jt w )' 



. , 

J 

1 

~. 

t, 

-231f'-, 

. 
be achieved at these tempe ratures. 

J 

3. lt was demonstrated that collection of the titanium product from such . ' 

a process could be achieved eitner as a liquid for continuous casting 
, , 

or directly as a powder suitable for powder metallurgical 

applications • 

\ 

4. Economie projections, made on a conservative basis, ind'icàte that a 

contivuous plasma process could operate competitively. with -existing 

Kroll or Hunter batch processes." 

, 
Alt~ough many" prôblems remain unans~ered by t'he Westinghouse 

• 
< project, .. especially 'ones relating to the materials of constt'uction for 

,-L.. 

• 
the titanium collection zone, a further series of t~sts at the 40-kW 

, ' 

lab~atory 8ca~e ls" under consideration. Another series of testS' 

utUizing an intermediate scale reactor (200-500 kW) is p~anned for the 
\. 

nesr future. 

The W'estingh'ouse process 

conventionsl titanium production 

\ 

offer;s Many . advantages over ,the 

p'ro,cessi,s. vIt ls cont inuous, produces 

-
marketable metai pr,educts rather than .sponge which i8 characteristic of 

conventionsl proc~ssing an~ reduc:es the tetrachloride, sl!parates the 

by:'prod~ch, namely NiCI', from the useful metal and consolidates the 

a single processing step.~ 
. 
r 

f 

j 

\ 

" .. , 



-.. ---~\ -. -~~-':::~~-~-

• 

• 

o 

-232-

, 
Years ~ar1ier, Gyula (1966) showed tha~ It 'was possible to p~oduce .. 

a master a1loy of a1uminum-titanium by the thermal reducti.on -of tltanium 

tetrachl,oripe w~th _alumlfum. The process proposed by Gyula occurs at 
, 1 

rela'tively- low temperature and thus ls capable of produc1ng only TiAI 

and TiAl3 alloys. There was Uttle information provided by Gyula as to 

the chlori'ne contamination of the final products. However, \~onsidedng 

thatf'the proceS< operated at about 1 070 K and that the vapourization 

"temperature '(of TiCl3 and TiC~2 are somewhat higher (1,100 and 1 400 1< 

respective1y) extensive contamination may be expected. A few years 

later a Jap~nese~patent was, awarded (Egi, 1973) on essentially the same-

process. In the Japanese pateftt only th,e production of titanium, 

subchlorides was described. , 
When . one combines the results trom the <Westinghouse Btudy with the 

results from the Gyula s-tudy an interesting possibility emerges. What 

would happen if a plasma process was used to reduce TiC14 directly with 

aluminum. Should this be posai ble, the /advantages offered by such 

chemis t ry are obviou'S'. The process would maintain the advant~es 

men~ioned earlïer for the Westinghouse process but would also produce a 

- valuable by-product (AIC13 powd~r i8 a catalY~t ln the production of 
... 
various aromat~c compounds) and would be ~ess sensitive to contamination 

by the reducing compound • Not only the boiling points of the vadous 

.aluminum chloride by-products are slgnlficantly lower than those of the 
, 11, 

respective magnesiu!Jl and sodium êhlorides (and thus less l1kely to 

remain in the molten anode bath) but a180 the poten't1a1 pre.ence" of 80_-
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alumlnum in the final product would not be detrimental. In fact, since 

mOèt of the' titanium mark~ted today la alloyed with a1uminum, exact 

control of the operating conditions may al10w the direct production of 

valuable 811oys. Flnally, the cost of a1uminum J reducing' a~nt WOUldè-

lJ.kely be lower than that of eith.er magnesium or sodium~ . A simplified 

• 
comparison of the respective cost of the various reducing agents 18 

shown in Table l. The cost estima,tes in Table l were calculated by 

aS8uming that only fully cj\lorinated )y-products (i.~. NaCl, M~C12' and 
; 

AIC13 ) are produced in the reaction .and that the ·amou13J;:~/of reducing 
"( • , • t .' 

agent used reflects on1y stoichiolÎletric requirements. As such, these 

cost estlmates do not: reflect the rea! needs of the reduction process 

and Table l offers on1y a qualitative comparison of the costs aS80ciated 

with each of the potential reducing agents. 

&HOD! PBBNCIŒNA 

\ D,oth th. National Res.arch Corp. and th. vadous Japon.a. studi.s 

used bssically the same collection method. The coll~ction of the metal 

(Zr or Ti) was attempted ln a molten metsl bath placed below the plasma 

jet. In this way, .the molten bath was not part of the plasma and the 

collection effic1,ency was, governed by diffusion and therttQdynamic 
. \, . 

balances in the viclnity, of the molten surface. 

In the' present study, the s1tuatiQn ia quite different. 
.1 

The 

. \ , . 
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YABLE 1. ES'l'IHA'rBD COST OP REDuCtNG AGENTS' 

IN 'l'HE PRODUCTION or nTAlfIUK 

, 
\ 

SODIUM MAGNESIUM 

Titanium Metal Produced, kg, 1 000 1 000 

T~Cl,+ Reduced, kg, '13 961 3 961 , 

Reducing Agent Required,- kg, 1920 1 051 

Unit"Cost of Reducing Agent"',_ $ U.S./kg, 1.95 3.43 

~ ) 
\. 

Coat of Reducing Agent, $ U.S., 3 744 3 605 . 
r 

." Chemical Marketing Reporter, 

1 

ALUM1NUM 

1 000 
G 

3 961 

,751 

1.70 

1 277 ~\ # 

~" . . 
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collection bath 18 one of the electrodes in the tnnsferred-arc system, 

name1y the anode. Thu6. electrode 'phenolllèpa become more important t!lan 

in -the above· studies. This Is espedall}' true for the region dt the 

anode where 'the arc attachment occurs.· A general understanding of 

phenomena ocçurring ln the anode region ia therefore per~inent ta' this 

project. 

The anode re~ion of an arc is defined as that portion of the 

discharge path which is ,influenced by the presence of the anodic 

electrode. lt includes the anode, the <'zone of the, net negative apace 

, ' 
charge immediately in front of the anode (sheath or anode fall zone) and 

an intermediate zone bordering the arc column known as the contraction 

zone (or the diffu~ attachment zone). 

The specifie problems associated with the anode region of steady 

state, high intensity arcs were first investigated by Maecker (1951) and 

later by Ecker (1961). More recently, anode phenomena have been studled 

extensively by E. pfender 's plasma rese~rch group at the University of 

Minnesota (Chou 'and Pfender, 1973; Dinulescu and Pfender, 1980): p 

Depending on the experilllentai conditions, two modes of arc 

attachment at the anode have been observed by Pfender's group. The two 

attachment modes have been described as a "diffuse" and a "constricted" 

attachment. Electrode induced macroscopic flows are responsible for the 

two modes. In the case of the diffuse attachment, a plasma, jet 

.~ 



• 

Q 

o 

.. 

-236-

v 
originating at the cathode impinges on the anode, form!ng a stagnation , 

reglon in front of the anode. In the constricted sttachment mode,- a 

plasma jet Is formed, in 'll\:he v1.cini ty of the anode surface in which the 

gtlS flow Is directed away from the anode. 

, 
High pressure~ and chemical reactions'on the anode surface as, for 

example, encountered in arcs operated in atmospheric air or in other 

oxidiiing plasma Jases seem to ~avor' a constricted attachment mo~~. lt 

has also been shown experimental1y that high intenait}" arcs, such as 

thC?se operat!ng in hydrogen or ni trogen atmosphere, display 'a more 

severe constrlction on metallic, cooled anodes than les8 intense lircs 

sàch as argon. Although no direct observations have, been made _ln this 

study, it ls bel~eved that ~he high intenslty-oxidlzinl atmosphere 

titan!um tetrahalide arc studied would likely exhibit i constricf:ed 
, 

attachment mode st the anode. However, due to the relatively short arc 

lengths, used, the impingement of the ca.thode jet on the anode surface 

May be ~trong enough ta induce a diffuse attachment. 

The formation of plasma jet(s) at the anode, that are associated 

with a con'str!cted at_tachment, are the result of a magne tic pinch st the 

electrodes of hlgh pressure arcs (Finkelnburg and lfaecker, 1956). Due 

, ,--J ta the contraction of the arc, the current Unes are curved in ,the 

vicinity of the electrode attschment (spot) and thus an axial component 

of the magnet!c force 1 li[ i' arises whlch- pumps the plasma away from the 

electrode. 111e plasma which departs with the jet !a replaeed br radial 
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iiiflow of cold gas from the electrode perlphery which cools the arc 

frl!1ges further, causing more severe constrlctlon and pumping. The 

- -
electrode reglon reaches equllibrlum when the cooling from the inflowing 

gas 18 balanced by the outward 'flow of heat from the arc 's hot core. 

-- -
Anode eyaporatlon ls another meehanism which may lead ta anode jet 

, 
formation. Pfender and Eckert (1976) claim that even-small traces 'of 

_, anode vapour May have an appreciable effect on the operation of the arc 

in the anode region due to the low ionization potential of met~l vapours 

and their effect on the electrical conductivity of the plaslIJa column. 

This mechanism of anod.e jet formation may ,be more ~igniUcant in this 
~ 

study th an in previous work. lt appeàrs that the vapourization of anode 

mate rial ls controlled by two factors: the heat flux to the anode and 

1 

the rate of melting and heat diffusion into the anode. An argon arc, 

for example, attached to a molten copper anode produces only a smaU 

amount of copper vapour (Choi and Gauvin, 1982), whereas a nitrogen ~rc' 

operated under similar conditions generates large amounts of copper 

vapour (Tsantrizos and Gauvin, 1982). 

The heat flux to the anode of a nitrogen arc 18 about twice that of 

an argon arc under similar operating conditions. Thu8, one May 

speculate that when the heat flux to- a cold a~e i8 sufficiently high, 
.... 

4he surface temperature 

C8biling point, resulting 

at the anode spot rises quickly beyond the 

in evaporation of anode mate rial " without 

producing a large molten pool. The heat flux to the anode of a 2-cm 

t. 
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nitrogen arc operating at 200 A has been reported by Tsantrhos and 

Gauvin '(1982) at about 6.0 kW increasing to about 6.5 kW when the arc 

l,ength 18 extended to 2.5 cm. Compa,ring the-.,e numbers to the data 

reported in Part 1 (Table IV) it can be shown thJlt the heat flux to the 

anode of TiCllt -rlch 'argon arcs la similar to that of nitrogen arc'8, 

whereas the heat flux of arcs formed from an equimolar mixture of argon 

and hydrogen and rich in TiCl lt is about 50 percent higher. 

The second factor controlling the vapourization of anode material 

is the rate of melting and heat diffusion into the anode. Since copper 
, 

has a significantly higher thermal conductivity than titanium, diffusion 

into a Ti anode should be slower,. resulting in increased vapourization. 

Counteracting the effect of lower thermal conducti..,.i_ty is the fact that 

titanium vapourizes at higher tempera'tures than copper thus permlttlng 

hlgh tempe rature 'gradients within the anode pool and therefore increased 

heat diff.usion rates. 

.. 
The exact causes and conditions resulting in the fqrmatlon of the, ,.. 

constrlcted anode attachmént (anode spot format 10n) are not yet 

understood. It ls known however, that under certain c<?nditlons, the 

anode attachllent occurs by the formation of one or more anode spots, 
~ 

-
eâch aS80clated wi th an anode jet J and that these spots may move over 

~ the anode surface, sometimes at appreciable veloclties. 

As mentioned earlier, the anode region consists of the anode and 

. , 

'. 
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two distinct zones: the contraction or dHfuse attachment zqne and the , 

anode fal~ zone. The ~ontract!on zone lS'~é!by far the thickest of the two 

and contains plasma under quasi-neutral condi tions (ne • ni). The 

.. anode fall zone on the other hand 18 thin' (between 0.1 and 1 mm for high 

pressure-high current .a,rcs) and not electrically ne,utral. lt i8 this 

zone of transition, also known as' th,e If~node boundary layer", betwe~n 

the hot plasma and the relatively cold anode that remains the stumbling 
( 

black for a full understanding of anode phenomena. 

The anode boundary layer 1.s the thin layer of 'plasma cover1.ng the 

• 
~ anode, in w~ich the temper7e decreases from a value of about 10 000 K 

in the adjacent arc column ta the temperature at the anode surface 
, 

, . (about 3 500 K for a molten titanium anode). Knowing that the 
o 

electrical conductivi ty of an equilibrium plasma dE7creases "to near zero 

• at the tempe rature occurring at the anode surface, it would appear that 
,l,.:r" 

an insulating gas layer exists just in front of the anode,1 making it 

difficult to understand how current continuity 1.5 maintained at the 

electrode. The apparent dilemma -is explained by the fact that a atate 

of non-equ1.U brium exists 1.n the anode boundary layer in which the 

species tempe ratures differ and the gradients of temperature and 

concentration play an appreciable role in the transport of electric 

charge carriers. While the heavy species temperature decreases to a low 

value in front of the anode, the electron temperature remains high 

enough (about 9,000 K for argon arcs) to maintain the required 

electrical conductivity. 
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Th~ concentration of electrons results in - the formation of a 

negative e1ectrica1 field (relative to its orientation in the ar,c 

"" column) near the anode ~urface. -Furthermore, the concentration and 

tempe rature gradients within the anode boundary layer push the electrons 

towards the anode extending the negative electric field from the anode , ' 

surface to the entite anode boundary layer. This negati ve e1ectrical 

field orientation in the anode bounda~y layer could have significant 

influence in the reBults of this study. The positive ion current, which 

outside ~he anode boundary layer ls oriented in the direction from the 

anode 'to the cathode, changes sign within the boundary layer, and in the 

Immediate vicin! ty of the anode surf ace is oriented towards the anode. 

The ions fall on the anode and recombine with electrons. This two-way 

flow of ione requires that ions are generated within the boundary layer, 

(Dinulescu and Pfender, 1980). The ion genl!ration takes place by 

ionizing collision between the energetie electrons and t,he neutral 

particles. 1'n the case of a titanium tetrahalide transferred-arc 

system, thè titanium has by far the lowest ionization potential of a11 

-
the atoms in the arc (6.8 eV compared to 13.0, 13.6 and 15.8 eV for Cl, 

H and Ar respectively). One could therefore speculate that if the 

tetrahallde molecule 18 completely dissociated upon entering the anode 

boundary layer, the titanium atoms will be ionized more easily than the 

chlorine or main plasmagas atoms. The positive titanium Ions generated 
;' 

in the anode boundary layer cou~d then fal1 on the anode, recombine with 

electrons and be captured in the anode m~lten bath. 
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There are potentlally two titanium collection areas on the anode of 

a titanium tetrachio~ide transferred-arc syste'. The firet area is the 

anode spot where the are attachment occurs. As discuased above, 

collection eff~ this area la gove~ by the tate of 
. 

vapourizatlon of titanium metal (anode jet formation), and thet rate of 

arrivaI of titanium ion on the anyde surface (boundary layer 

ioniz,li tian) • 

The second titanium collection area Is the surface that sûrrounds 

the anode spot and lies outside the path of charge carrying electrons 

and 10na. 'The collection of titanium in this area occurs ln the manner 

observed by DiPietro et al. (1950) and Ak.ashi et al. (1977), described 

earlier in this review. lts collection efficiency œ dep,ends on the 

" diffusion of titanium ,Oatoms ta the anode sudace, and the selective 

condensation- of such atoms in the molten bath before they have a chance, 
./ / 

ta recombine wlth the halide. Considering the relatively low 

temperatures ( 3 500 K) encountered in this region of the anode t the 

aval1ability of free titanium atoms may be limited. In fact, if the gas 

sweeping the anode surface is assumed ta be at thermodynàmlc 

equilibriu~ the calculations by Miller and Ayen (1969) have shown that 

no free titanlum atoms cao be expected at these temperatures, !rrelevant 

of the presence ?f hydrogen. 
1 

An important consideration in this study, however, is the fa~t that 

the chemical spedes formed near the anode surface and outside the hot 



/ 

0 
., 

"-

1 

, . 

o 

, 
d 

~ -242- \ ~ 

reglon of the arc are not ~ikely to he in thermodynamic equilibrium. 

The gas leaving' the plasma consists primarily of totally d,issociated 

atoms ~fich, while traveling at high velocities. are exposed to a rapid 

quench. This vrapid quench may prevent the species from ever reaching 

thermodynamic eqhilibrium and th us a110w for the presence of f~lly 

dissociated titanium atoms at the surface of the anode. 

Except: in the case where a reducing molten bath i8 used. the 

presence of free titaniu..m atoms near the anode surface la an obvioua 

precon~ition to any potential col~ection ff tltanium metal. flowever. 

the presence of such atoms does not necessarily indicste the feasibl1if Y' ~ 

of the proposed collection mechanism.' lt is not known what fraction of 
1 

the free 'titanium.atoms diffuse to the an8de surface and condense in ,he 
J 1 

mol ten bath. Furthermore t the presence of free titanium atoms implies 
, 1 

the pre~ence, in perhaps much lerger concentrations, of free chlor~ne 

atoms. The chlorine atoms would also be sweeping the anode surface, 

reacting with, the titanium in the molten removing the metal 

from the deslred product. The degree to whl h the concentration of free 

chlorine atoms can be limited by the use of h drogen in the plaamagas 18 

'~known. 

In summary, the .yi~ld of titaniulil metal trom the dissociation of 

the TICl~ Molecule in a transferred altc system and the subsequent 

collection of titanium stoms in a non-reducing molten bath anode depend. 

on the sum of three parameters: (1) the rate of vapourization of 

1 
1 

l 
1 
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titanium metal from the bath,'(2) the rate of d~ffu8ion of frêe titanium 

atoms into 8th', and (3) the rate of diffusion· of free chlorine 

atoms into the ath whieh remove titanium metal through the formation of 

subchlorides. magnitude of each of these parameters vaTiea 

aecording to a number of factors includ~ng the plasmagas composition and 

the~nce 

cent~ of the 

of the collection 

anode spot. 

region , under consideration from the 

The use of' a . reducing molten bath introduces even more comp 

to "the phenomena occurring on ,the anode surface. In this case a"!Ll 

moleculell exposed to the mater-ial in the apode bath' can react to form a 

" . 
;'ariety of compounds. For example, when aluminum ia used in the bath, 

free titanium atoms can react to form TiAl or TLA1 3 , free ehlorine atoms 

can reaet to form alum~~um ChlO~ and titanium SUbc~lorides can react 

to form tita"nium and aluminum ehlorides. -Furthermore, ainee aluminum 

chloridea have low boUing temperaturea, it 'may he 8ssumed that they 

would volatil1ze as 

Btrong> anode jet • 

soon as they are formed causing the formation of a 

Based ~t1Y avai1a~le information, a 
. 

theoretieal analysie of the reactions, and heat '"and Maas transfer 

phènomena occuring in the molten bat,h Is quite impossible. HoweveI'" 
, '1 

uaeful information can be attained through a thermo ana1Y8i8 of 

the thermal reduc,tion of TiC11+ with aluminum at ID eratures. 

Therefot'e, auch an analysis ha8 been included in the discussion section 

of this Part. 

, 

,1 
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EXPERIMENTAL' 

APPAIlATUS 

The apparatus used in the experimental studies relevant to this 
Il 

Part were for the most part identical to those used and described in 

P'art 1. The only modification introduced in this section involved the 
o ~ 

replacement of the fIat, water-cooled copper plate wlth a copper 

water-cooled anode cup, shown schematically in Figure 2~ A solid metal 

dise, whose mass and composition reflected the desired initial 

copditions ln the molten bath, was placed inside the anode cup before 
,\ .' 

each experiment. Heat from the arc was used to melt the metal disc. 
i~ 

res~lting in the fOJ;mation of the mol ten bath. The anode cup was' 10 cm 0 

in ~\ameter and 1.5 cm in height. 'The i~itial size of t:e metal dise ,,1 
// 

placed in this anode cup was 6.4 cm in diameter and 1.0 cm in helght. 

In some of the experiments it was deemed desirable to r,educe the. 

molten bath~s 'iameter and increase the bath 's tèmper~ture. For thde 

experiments a bottomless baron nitride crucible (a1so shawn in Figure 2) 

2.0 cm in height ~nd 4.0 cm in dlameter was placed at the ëenter of the 

anode cup. The initial met~l disc (2.6 cm in diameter and 1 .• 0 cm ln 

&height) was then placed inside the baron nitride. cylinder. Boron 

ni tride was used because it Is inert ta the chemical compoundl under 

consideration in this stud~. lt i8 also an electri~a1 inaulator an~, 

thus resistant to areing and has a very 'hlgh melting point aq,d ~hermal, 

1 
1 

. " 

.. 

1 

, .. 1 

1 
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.conductivity and is thuEl èapable o,f handliÇ1g the high heat load that 

characterize "'operations in plasma reactors. Finally it hlJs lubrit'ating 
1 

properties that allow for the relatively easy.,) removal of the final 

, ~li~ified product, when coo1ed. 

/ 

The experimental procedure used in this section was the same as 

\ 
that described in Part I. The only significant difference involved the 

use of the molten anode bath. 'l'he solid metal dise J,lsed to farm the 

initial molten bath was prepared and installed in the desired anode 

, configuration. A Mett1er AE163 balance with a range of 0 - 162. grams 

and a precision of 0.01 mg was used to determine the mass of the Metal 

dise' before and after each experiment. Th~ comI?osition of the final 

product was detetmined by an Energy Dispersive X-Ray technique using the 

ume Scanning Electron Microscope 'des cri bed in Part II. Since this 

'" 
technique was on1y able to provide semi-quanHtat!ve concentrations of 

vadous atoms within a specifie surface area, it was neccessary to cut 

the final product which formed the anode bath into Many smal1 pieces and 

• 
8

0
nalyze the surfa~e composition of each pieee separately. In this 

. 
manner, charBcteristic concentrations at the various locations within 

the, bath were assessed and integrated over the volume of .... the bath to \­

provide an estlmate of 'the ayerag: bath compositi~n • 

" JI, 

",,1 
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Once the metal dise had been installed within the anode cup, the 
'.1 

reattor was sealed qas-tight ~nd was purged for lSP' minutes with argon. 

Dudng this periop, the plaamagas preheater, the TiC14 vapourizer and 

the plasmagas feed 11nes were heated to such temperatures as to be able 

to provide the reactor with the required plasmagas at about 150°C. 

Following this, the arc was Ignited, adjusted to the deEfired operating 
-' 

conditions, and maintained for at least 5 minu:es prior to the injection 

of TiCl lt to assure the formation of a molten anode bath. 

f 

1· ~ 
Two main plasmagas compositi~ns, one consiBting of pure argon and 

f' 
the other of an equimolar mixture of argon and hydrogen,. were uaed in 

the~experiments rèlevant to this Part. Ti~anium tetrachloride W8S fed 

for 5 minutes a.t.. a rate of 6' g/min (about 3 7.- molar concentration 'of 

TiC14 in the plasmagas) for each experiment. 

DISCUSSION AND RESULTS 

\ 

The results frQm this experimental 3tudy can be divided into two 

main categories: those in which a ~on-reduc1ng molten bath W8S utilized 

and those in which aluminum W88 used in the initial bath. In ... the first 

case (non-reduc~), the chemical properties of the molten bath are 8uch 

that there -GaY no titanium meta.l production through the reductlon of 

titanium subchlorides wi th in the bath. Initial metal dises consisting 

of either titanium or zirconium formed non-reduclng ba/~n the 

o 
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, 
con~uct1vity and is thus capable of 'handU,ng ,the high heat load that 

characterize operations in plasma reactors.· Finally it has ·lubricating 
" 

properties that allow for the relat i vely easy reùloval of the final 

solidified product, when cooled. 

ED'IRIMEITAL PROCEDURE 

The experimental procedure used in this secti0I!- was the same as 

that described in Part- 1. The only significant difference involved the 

use of the molten anode bath. The solid metal dise used to form the 

initial molten b.ath waB prepared and instailed in the desired anode 
/' 

configu-ration. A Mettler AE163 balance with a range of 0 - 162 grams 

and a precision of 0.01 mg was used to determine the mass of the metal 

dise before and after each exper~ment. The composition of the final 

product was determined by-~n Energy Dispersive X-~ay technique using the 
!.. .- ~ 

ume Scanning Electron .Microscope describf'!d in Part Il. Since this 

technique was on1y able to '- provide semi-quantitative' concentrations of 

various atoms within a specffie surface area, lt was neccessary to eut 

the final p~oduct which formed the anode bath into many small pieces and 

analY1le the surface composition of each piece separate1y. In this 

manner, c"aracteristic concentrations at the various locations within 

. ! 
the bath were assessed and integrated over the '{olume of the Dath to 

provide an estimate of the average bath composition. 

-
1 

. , 
,-
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Once the metal -dise, had been installed within thle anode cup, the 

reactor was sea'1ed qas-tight and was purged for 15 minutes wi th arg()n. 

During this period, t~asmagas preheater, the TiC~Lt vapour1.zer and 

the plasmagas feed lines were heated to such temperatures as to be able 

to provide the ,eactor with the required plasmagas at about 150°C. 
1 • 

Following thiS,! the arc was ignited, adjusted to' the desired operatlng 
\ _1 

conditionS'\'anJ maintained for st least 5 minutes prior to the injection 

of TiCl4 ~~ur~ the formation of a molten anode bath. 

a 

~ . 
Two main plasmagas compositions, one consisting of pUle argon and 

tQe other of an equimolar mixture of argon' and hydrogen, were used in 

the experiments relevant to this Part. Titaniu'm tetraehloride was fed 

for 5 minutes st a rate of 6 g/min (about 3 % molar concentration of 
fi 

TiC14 in the plasmagas) for each experiment. 

DISCUSSION ABD RESULTS 

The results from this experimental study can be divided into two 

main categories: those in which a non-reducing ~olten bath was utl1ized 

and those 1n which aluminum was used in the initial bath. In the firet 

case (non-reducing), the che~ical properties of the'molten bath are 8uch 

that there was no titanillm metal _pr9duction through the reduct10n of 

titanium subehlorides within the bath. 

------­

Initial metal disc)8 consbting 
) 

of either titanium or zirconium formed non-reduclng baths. In the 
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( 

second case (redueing), the initial metal dise was aluminum resulting !a­
q 

the formation of a bath capable of reducing titanium sUbchlorides, and 

therefore of produeing titanium metal, wi thin 'it. 

Won-Jeduc:1y Holten Bath Expert_ots 

ln the experiments which utili~ed a non-reducing molten ànode bath, 

the following three general meehanisms of mass transfer could have 

potential1y occurred within the bath: 

1. physical or thermal losses (V), such as sputtering and vapourization, 

from the bath due to excessive energy input from the arc; 

2. physical gains from the arc 's constituents (D) and specifically the 

collection of free titanium atoms either through diffusion or through 

i currents induced by the electdc field in the vicinity of the anode 

(for more information see relevant discussion in background section 

of this Part); and 

\, 

3. chemica! losses (Il) resulting from chlorination reactions occurring 

in the moiten bath between the molten metal and either free chlorine 

atoms and Molecules or poly-chlorinated t~tan1um Molecules (for 

example TiC13 May react with Ti to form TiC12 and TiCI resulting in 

the loss, of Ti from the bath). 
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The fourth potential mechanism of mass transfer, which might have 

contributed to chemical gains of titanium atom}" from the reduction ~f 

titanium ch10rides w~the bath, cou1d not occur in batha with 

non-re~uèing cheJ!lical properties. As such, the net change of titanium 

,maas contained in the bath (AG) can be expressed in the form of the 

fol1owing generalized msss balsnce equation: 

l1G • V + 0 + R (1) 

Experiments were conducted to assess the relative contribution of each 

of, these mass transfer mechanisms under the vadous operating 

conditions. A summary of these experiments ls- shown in Table U. 

i. Physical or Theraal Losses- (V) 

To determine the losses from the 'bath that may have resu1ted from . 

sputterlng or. vapourization, experiments were conducted in whicl1 the 

main p1asmagas (without any tiC1 lt feed) was utilized and' the operatlng 

conditions were such as to insure that the amount of el'lergy transferred . 
to the molten bath was roughly ~e same as the amount transferred during 

experiments which utilized a TiC14-rich plasmagas. Thus, the amounts ~, 
energy transfer-red - to the molten bath anodes of runs 121, 123, 126 a~ 
131 were roughly ,equal to those of runs 120, 122, 125 and 130 

respecti vely, al though the former group coota!ned no TIC14 in - 'the 
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rABU II. SUMIWlY OF RESULTS 'PItOM EXPEIlIMERTS USINe -A ROII-REDUCIIIG BATH 

GAS TiC!4 ARC ARC. ENERGY BATH BATH DISC 
RUN FLOW FEED LENGTH CURRENT TO BATH INITIAL FINAL DIAM. 
No. (L/min) (g/min)' (cm) (A) - (kW) COMPOS. C9MPOS. (cm) 

àW 
(g) 

121 Ar-3D 

120 Ar-30 

123 -Ar-15, 
"2-15 

122 Ar-15, 
H2-15 

126 Ar-15, 
H2-15 

v 

i2S 1 Ar-15, 
H2 -15 

131 Ar-15 

130 Ar-t5-

o 

6 

o 

6 

o 

6 

'0 

6 

2.0 250 

2.0 200 

2.0 220 

2.0 200 

2.5 220 

2.5 200 

2.5 250 

2.5 200 

;; 

'4.3 Ti . Ti 6.4 + 0.5 000 

4.2 Ti Ti 6.4 - 1.8 - 203 

700 Ti Ti 6.4, + 0.6 0.0 

7.2 Ti Ti 6.4 - 2.2 - 2.8 

8.6 . Ti Ti 6.4 + 0.6 0.0 

8.4 Ti Ti "6.4 - J,.2 - 1.8 

4.9 Zr Zr 2.6 + 003 0.0 

4.6 Zr3 Zr-Ti(5%) 2.6 - 1.7 + 1.8 

, 1 • .!! refera to the change in' the overa!l mass" of the mo'lten bath. Changes 
obsex:ved in the experiments with no TiC14 in the plasmagas are assumed to 
be caused by contamination of the plasma with oxygen and nitrogeno 

2. AG refera to the calculated change in the mass of titanium contained in the 
~th and includes changes in the overa11 weight due to contamination 
(assumed egua1 to mass gains in inert-gas'experiments)o 

3. The initial weight·, of the zirconium dise was' 33.5 g. 
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"\ plasmagas 'and operat~d at somewhat hlgher currents. turthermore, lt was 
\~. , 

'assumed that the losses due to vapourlzation or sputtering would refléct 

.' on1y the amount of energy transferred to the bath and would not be 

influeneed by the composition of the ·plasma~as. 

-
Based on the resuLts presented in Table II it ean be seen that 

there were 
<fi 

no losses due to vapourization or sputterlng. In fact. 

expèriments which utilized no TiC14 ,in the plasmagas exhibited a slight 

gain (about 0.5 g) in the mass of the m~lten bath. This gain was 
" , . 
probab1y attrlbutable to the formation of oxides and nitrides within the 

bath from contamtnants, present in the reactor and ln the plasmagas. 
l , 

Furthermore, ln experiments which utilized argdn on1y (either with or 

. withoutlTiCl4 ) as the plasmagas and the larger diameter molten b~th, the 
'f ' 
melting of the Initial metal dise was incomplete. Only the cent raI 

region, with ~, radius of abQut 2.5 cm was fully melted. 
\ 

Thus, the 

term V in Equation (1) can be elim1nated and the changea in the maas of 
- 10 <] .. 

titanium contained it;! the bath (.!!!) can be assumed equa1 to the sum of 

te'rma D and .1.. - -

ii. PhysiesJ Gains' froa the 'rets ,ConatituentB CD) 

In order- to determine the \moun~ of titan~um eollected in the 

molten bath due to the condensati n of f ree titanium atoms within Oit, 

experiments were conducted in which 'the ~itial bath composition wss 
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pUn zirconium meta!, (Experimenta No. 130 and 131). Zirconium and 

titanium have similar chemical and physical properties. Thue, it was 

••• umed that the replacement ~f titanium wit, zirconiu~ did not change 

significantly the ability of the bath to colle~t titanium. Furthermore, 

sinee the reactivity of zirconium to chlorine is roughly equal to that , 
of titanium, and since the conceptration of titanium in the bath wae 

ve'ry low « 7 7.) throughout the entire duration of the experiment J ft 

can be assumed that most of the free titanlum atoms collected in the 

bath will remain there. 

Based on the above reasoning, the amount of free titanium atoms' 

collected in the bath can be estimated from a simple ,analysis of the 

final composition of ~he bath. In run No. 130, the initial mass of the 

bath was 33.52 grams consisting eQtirely of zirconium metal. At the end 

of the run, the mass of the bath was 31.85 grams. Energy Dispersive 

X-Ra~- analysis ahowed that the final product contained on average 5.84 % 

titanium, with the concentration of titanium varying between 4.61 and 

6.62 % depending on the location Qf the analyzed region within the 

bath. No chlorine was identified anywhere in the bath. By assum:f.ng 

that 0.31 gram of the final product was attributable to oxygen and 

nitrogen contaminants (same 8S the amount measured in run No. 131) which 

are not detectable by the analytical technique used in this study, the 

amount ~f titanium contained in the final product can be calculated at 

approximately 1.84 gram. This amount of titaniump.represents roughly 25 

percent of a11 the titanium atoms fed lnto the reactor in the form of 
'" 

titanium tetrachlodde. lt should be pointed out, however, that this 
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technique for calculating the term D in Equation - . 
(1) containe many 

approximations and i8 thus capable of producing only order of magnitude 

results. Furthermore, no experiments were conducted to determine the 
" 

effect of hydrogen on the collection efficiency of the molten bat~. The 

effects of arc length, molt~n bath diamet~r and plasmagaa flowrate were 

a1so not investigated. 

iii. Chellic:al LosBes (1.) 

Having e$timated the value of free titanium deposited into the bath 

'during an experiment at abou~ 25 percent of the titanium fed into the , . 
reactor, and having measured the change in the overall mass of' the 

,1 ' 
titanium molteo bath (AG)" Equation (1) waB used to calculate the amount 

of titanium lost from the bath due ta -chemical reactions between the 

metai and chlorine. In al~ of the experiments in this section, TiCl4 

was fed into the arc for 5 minutes st 'S rate of 6 g/min. In a11, the 

equivaient .of about 7.5 grems of titanium were fed into the arc, of 

which 25,~' (about 1.9'g-) were assumed ta have been Jcollected wlthin the 

4Oobath• 

.. Subtracting 1.9 gram from the final mass of the molten ba"th, a8 

well as the appropriate mass contributèd by . the ~ontaminants,; the 

chemical losees from the titanium bath can be çalculated 'at 4.2, 4.7 and 

3.7 grams for run No. 120, 122 and 125 respectively. In other word., 
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more than twice as much titanium was lost from the bath due to chemical 

'" reacUons as was collected in the bath from condensing titanium atoms. 

Furthermore, the influence of hydrogen on this ratio was rather small, 

if any, and was therefore negligible within the' accuracy, of these 

experiments. 

Having concluded from these results that the above approach was not 

l1kely to produce _ a techn,callY or econ~mically feasibl,e process for the 

production- of tita'nium inetal, attention was focused on the use of a 

reducing molten bath. It should be mentioned, however, that the re_Bulte 

presented here had a relatively narrow scope. By changing the operating 

conditions, it may be possible to change the ratio between collection 

\ 
gains and chemical losses to 'the degree where an overall gain in thJ 

.mass of the bath could occur. It may also be possible to change thiS\ 

ratio signiJicantly by Bubstituting ~ more readily dissociated hal1de, \ 

su'ch as the iodide. used in the National Research Corporation study \ 

(DiPiet,ro et al., 1950), for the tetrachloride used 1n-- this study. lt; 
, \ 

la doubcful, however, chat any such changes would produce a process of 1 

commercial incerest. 

leduciDi MoIte. Bath !!peri.e.ta 

When a non-reducing molten bath was used, .thermodynamic 

considerations within the bath favor~d the production of citanium 

, ti 

" 
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subchlorides resul'ting in the Joss oi metal from the bath. This 

situation can be altered by substitut1ng the non-reducing bath with a 

reducing one. In the case of a reducing bath, free chlorine 'will 

p.referentially react with the teducing agent, allowing for the 

accumulation of titanium in the bath. Furthermore, any -titanium 

chloride that may come in contact with the bath May be reduced to 

produce more titanium metal. ln this study, an aluminum bath W8S used to 
.. 

investigaté these possibilities • 

1. TherllOdyn8ld.c CoDsideratioDs 

The equilibrium concentration of products dèr!!~d from the thermal 

reduction of titanium tetrachloride with aluminum were identified uaing 

the F.A.C.T./EQUILIBRIUM program' of the McGill University computer 

4) library. The ptogram ls designed to ca1culate equl1ibrium 

concentrations as a function of the "reactlng system's temperature a~d 

pressure by minimizing the system t s free energy. It is ,capable of 

producing resulte for temperatures up to 6 000 K, and a variety of 
-

pressures. However; in the present study, on1y temperatures up to 3 000 

K, at atmospheric pressures were considered • 

. A simplified'overa11 reaction May he written in the f~!lowing form: 

r' 
nl'iC14 ' (v) + mAl (1) • kl'iClx (v) 

/ 

+ mAle! y(v) 
J. 

+ Cn-k)Ti 

.. 
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The reation tempe rature and the alum num-to-TiCl.. ratio (m/n) are 

cruc.tal parameters in determining the eq ilibrium concentration of the 

products. At low temperatures Most of t e titanium pràduced is in the 
1 

form of, soUd TiAl or TiAl3. Sample resu ts from the F.A.C.T. analysis 
~. , 

at relatively low tempe ratures are provide ·in Table III. These results 

indicate that at these temperatures the formation of TiAl or TiA1 3 
< 

necessitates the use of large aluminum 0 TiCl.. ratios in order to 

assu~e the complete reduction of chloride. For example, at 
• J 

700 K and an min ratio of 3.0 over the titanium -remains , 

chlorinated as Most of the aluminum is bond d to titanium in the form of 
1 

TUla' At the .ame mIn ratio but a re.~tion\ tem~er.ture of 1 200 K, the 

formation of TtAl is favored resulting in ,he release of ,alùminum" and 

subsequently the almost complete reduction o~ aIl titanium chlorides. 

As the temperature ~ncreases further, the. UAl disappears and ~ pure 

liquid ~anium metal is formed (see Figure 3). 

temperature tesult in the formation of TiCl vapour 

-Further increases in , . 

and Ti vapour, thus 

reducing the amount of -recoverable titanium. For the reaction of one 

mole of TiCI.. with three moles of aluminum the optimum temperature, 

defined by the maximum equUibrium yie d of liquid Ti, le about 2 200 

K. At that temperature about 90 p~r ent of the titanium fed to the 

reactor in the form of nçllt, can (at e uilibrium) °be converted to l1quid 

Ti metal. The effect of temperature on the equilibrium composition of 

1 
product~ resulting from the reductiqn of one mole of TiCI .. with three 

moles of Al is shown in Figure 3. 



; t ~ ", 

,', 

G. -258-

.. ' 
TABLE III. LOV TEMPERATIJR.E EQUILIBRIUM PaODUCT COMPOSITION OF Tl - Al Sl'STEK 

) TEMP. mIn ------- PRODUCT COMPOSITIOS J % ---------
(K) RATIO TiAl3 TiAl Ti Al A12C16. AlC1 3 A1C1 2 A1Cl TiCl .. TiC13 TiC1 2 

1 000 10.00 12.7 0.0 0.0 71.1 '1.6 12.0 2.6 0.0 0.0 0.0 0.0 
~ 

<"" 

930 1.35 0.0 /8 0.0 0.0 3.7 40.3 2.6 0.0 0.3 1.3 29.9 

~ 
1 

700 3.00 . 40.2 0.0. : .. 9,. O~~f' 0.'0 31.9 4.9 0.0 C o•O 0.0 0.0 36.3 

" 

• 
1 200 3.00 9.0 30.2 0.0 0.0 0.2 35.8 23.7 0.8 0.0 0.1 0.0 

1 

o 

tl' 
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/ 
FIGURE 3 

v 1 

EgUILIBRIDK COMPOSITION FOR TUE rlCl~ + 3 Al SYS~ 
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The 'opërat ion of the proposed process at temperat~res below l ,800 K 

was not considered promising in° the present study. The factors 

contributing to this decision included: (1) the ,reiatively high melting 

e points of TiAl3 and TiAI (l 613 K and 1 733 K; respectlvely) combined 

" with the requirement to maintain a molten~ bath, and (2) the need- to 

operate above the condensation tempe rature of aIl chlorides (chioride 

with highest bolling point: T1CJ.2 at abQ.(!t l 400 K~ln or er to mlnimize 
,( ""'l \ 

l ' -
bath c ntaminat ion. Conseq~ently, aIl fur e thermodynamic 

l1mited to tempe ratures above 1 800 K, desplt'e the 

." 
fact that increases in operating tempe rature result in the formation of 

~ ~( -
lower aluminum cnlorides (A1C12 and ÂICI instead of Al ZeI6 and AIClg) 

and therefore higher consumptions of aluminum metal. 

The effect of the Al/TiCl4 ratio is demonstrated in, Figure 4. As 

the ratio increases both the' maximum theoretical yield of l1quid 

ti tanium and the optimum' reaction temperatu're increase. . ' 
The curyes 

shoWl,\ in 'Figure 4 'represent the fraction of titaniumO tetrachloride 

reduced to liquid t!tanium at equilibrium and do not inciude other Ti 

products such as TiAl or Ti vapour. Evident from these cur'Ves is the 

that, theoretical1y a't 1east, a substantial" fraction of tlle 

fed into a transferred- arc reactor should be collected' in a 

luminum bath anode. Furthermore, the actuai yield of titanium 

potentially higher than that lndicated in Figure 4 since fewer -

titanium subchorides are likely to form from the reaetion Of a fuI1y-
r 

dis80ciated TiC1l+ molecu1e wlth aluminum. In fact, lt i8 likely that in 
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FIGURE 4 

~ lIAXDI1JH TREORETICAL YIELD OF L!QUlD TITAlfIUH METAL , 

., 
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a r~actor ~ystem that permits extensive intlmate contact betwe-en the 

plasma and the aluminum, thermodynamic considerations will.pose a les8 

severe limit on the titanium yield than the ability to collect the 

4liquid titanium produced. , " 

t. 

'. 

J 

li. Titaniua Collection Efficiency in a MoIte" ~.t"ua Batb 
'" 1 ,. 

Using the; transferred-arc reactor, which was originally dèsigned to, 

investigate rhe technical potential of recovering the dissociated 

titanium atoms from a TiCl4 plasma in a mol ten . ti tanium bath, lt was 

poss'ible to assess the titanium collection efficiency in a molten 

" 

aluminum bath. However, some caution should be exercised when these 

results are used to assess the potential of a process based on the -, 

plasma reduction of TiC14 "with aluminum. The transferred-arc system 

used in the present study was a batcb reactor in which a Hnite amount 

of aluminum was used to form the initial~. 

were available through which ~ore aluminum could be 

Since no mesns 

added during 

operation, the composition _of the bath W8S constantly changing 
, 

rêf1ecting the bath' s initial mass, the TiCl4 feedrate, the Ti 

collection efficiency and the duration of the ~xperiment rather than the 

thermodynamics of the TiC14 /Al reaction'. Consequently, a comparison 

between the collection efficiency measured experimentally and the 
« 

maximum efficiency predicted by the thermodynamic analysis ls not 

possible. 
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Anotner limitation of the reactor system used in, this study was 

caused by the absence of, aluminum from the hot region of the plasma. 
lJI 

~U8t as was the~case with the titanium and zirconium baths, there was no 

messurab1e vapourization of a1uminum from the molten anode and 
~ 

therefore, no potentia1 source '. of aluminum atoms within the ~lasma. 

Hence, the' chemica0educuon of tit.nium chIo ride. could only Dccur 

within the molten ba~h. The effect of this configuratio the 

reactlng system can be demonstrated by the fa ct that wh!'!e the 

titaOtium concentration in the bath remained weIl below 50 % for 

experiments, the titanium concentration at the surface of the bath 

as high as 90 %. Clearly, the abUity to reduce and 

titanium chloride molecu1es that did not penetrate ehe 

severely limited.. A plasma reactor which wou1d both 

aluminum feeding and intimate contact between 

would significantly improve the results. 

No ,attempt was made to either control or molten bath 

temperature. Instead, the bath was all~wed to operate at a steady state' 

temperature which reflecte-4'the energy input from the arc and the energy 

losses to the' anode cooling system and to radiation. The on1y 

precautions taken were to ineure that the initial aluminum dise in the 

bath 'was fu11y me1ted and that che temperature of the latter was high 

enough to prevent the condensation of ehloride within it. The complete 

mel,ting of the initial aluminum dise wa's not a problem in either the 

water-cooled anode cup or the b'oron nitride crucible •. However, some 
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"chlorine (!ikely in the form of titanium chloride) was identified in the 

molten bath contained by the water-cooled cu~ during the prelimin8ry 

runs. This was corrected in later runs by replacing argon with heHum 

as the main plasmagas whenever the water cooled anode ~up was utilized. 

The resulting increase in the energy transferred ta the- anode rahed the 

. '-
bat,h temperature to a point where the presence of chlorides in the final 

product was prevented. No measurable vapourization of aluminum occurred 

as a result of this change., 

Despite the limitations expressed above, the result.,s of this study 
" 

provide useful and highly encou~raging evidence of the p08sibllity of 

produclng dense titanium Metal through the one-step reductlon of TiC1 4 

with aluminum in a plasma reactor. A summary of these results is shown 

ih Table IV. Roughly 60 percent of a11 titanium fed into the reactor ln , ~ 

the form of TiCl 4 was cap~J.1red in the molten 

(% of Ti fed into reactor\_that ia captured 
\------j 

~ slightly between runs. Runs which(utilized a 
J 

bath. The titanium yield 

in the bath) varied only 

larger molten bath surface 

appear ta have a somewhat higher yield, though the difference Is too 

smalt (relative ta the expected systematic error) to be conclusive. 

The concentration of titanium was no~~evenly distributed withln, the 

bath. Regions closer to the center of the bath were characterized by 

higher titanium concentrations when compared to regions near the edge of 

the anode cruc,ible. Based on this obset"vation, lt may be speculated 

that region of the bath near the center was agi tated vigorously by the 
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TABLE IV. EFFICIERCY OF TITAHIUM BECOVERY IN A MOLTEN ALUMINUH BATH 

J 
Al OISC TiCllf FEED Ti BATH ~ Ti Al 

RUN DIAMETER DURATION CONCENTRATION l RECOVERED YIELQ REMOVED min 
. No • (cm) (min) (i::) Cg) (%) Cg) RATI02 

112 6.4 5 1 - 18 4.6 61 8.8 3.4 
(5.5) 

113 2.6 "5 Il - 35 4.2 ' 56 7.8 3.3 
(19) 

114 6.4 ' " 3 o - 11 2.8 62 4,,9 3.1 
_ (3.3) 

( 

116 2.6 2 4 - lO 1.7 57 3.9 4.1 
(6.4) ." 

117 2.6 4 14 - 43 3.5 58 6.4 3:2 
(27) 

For aIl runs the arc current was 200 A, the arc length 2.5 cm, the main 

plasmagas flowrate 30 L/min and the TiC1 4 feedrate 6 g/min. In runs 112 

and 114 helium was the main plasmagas whereas in runs 113, 116 and 

117 argon was used. 

1. Range indicates measured concentrations in various locations within 

bath whereas number in brackets indicate calculated average. 

- 2. Moles of Al removed per mole of Ti recovered. 

... 
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p:t.asma resulting in the constant exposure of fresh aluminum to the 
Il 

chlpride Molecules of the plasmagas. Furthermore, some titanium atoms 

are likely ta have diffused into the bath based on the ,mechanism 

described -earUer' for nori':"'reducing baths. Near the edge of the bath, 

the mixing wes much less vigorous and Most collection ,of titanium 

occurred fit the surface. Once the Ti concentration st the surface of 

these regions resched a high value there was little further Ti 

, collection. 

Experimental results seem to support the above specul~on. 
r§ 

Surface Ti 'concentration measurements were taken for a number /Ql/),uns. 
(J'Y j 

In 'genera1, the surface concentration of Ti ref1ected the opposite 

.. pattern than the one observed deeper within the bath. For example. the. 

measured Ti surface concentrations' for Run No. 112 varied between 9 ,. 

and 24 % within a radius of 1.0 cm from the center of the bath but 

increased to values from 19 % to 38 % for the region 1yi ng between 1.0 

and 2.0 cm from the center of the bath. In the peripheral region 

(beyond 2.0 cm from the center) Ti surface concentrations between 31 % 

and 86 % were measured. Immediately below the surface of these 

peripheral regions, the average concentration of Ti was on1y about 1 %. 

Due to the large concentration gradients within the bath, an 

integrative technique was used to calculate the average titanium 

-
concentration of the bath. This technique involved the accumulation of 

sufficient measurements to allow for the segregation of the bath into 

f 
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smaller volumes of approximately equal concentration. By determining 

the mass. of each of these volumes and their respective average Ti 

concentration, an integrated average Ti c;oneentration was ,caicuiated • 
• . 

~ The total titanium recovered was estimated by multlplying the integrated 

average to the total mass of the bath. 

Aluminum losses from the bath were calculated by comparing the mass . , 
of the initial aluminum dise to~the mass of the final product minus the 

mass of the recovered titanium. No adjustments were made to refle'ct 

~her' mass gains due to contamination or mass losses-----due ___ ._.to~ 

vapourization. Results f ~ ~in rom exper.Lments which the p!asmagas 

contained no TiCl4 indicated thar these two terms were smaii and 

approximately equal. Consequent~~ the 'final mass of molten aluminum in 

the inert-plasmagas experiments was roughly the same as the mass of the 

initial dise. If ft ia assurnèd that the amount of oxide and nit ride 

contaminat ~on in tJte ~luminum bath was about equal to that measured for 

non-reducing baths (about 0.5 g) the values shown in Table IV for "Al 

Removed" and "m/n Ratio" would be slightly higher. 

CORCLUSIOHS 

An experimental study was used to aasess the technical feasibility 

Of~ating. TiC14 in a t ransferred-:arc'" reactor and collecting 

titanlum metal in a moIten bath anode. Both non-reducing (titanium or 

;. . 
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zirconium) and _reducing (aluminum) metals were used to form the initial 
o 

molten bàth. The "results of this study led to the follow:1ng .. 
conclusions: 

1. When either- titanium or zirconium was used as the initial bath . ' 

constituent, there was a net loss of molten metal from the bath. 

While about 25. % of a11 titanium fed into the reactor in the form of 

TiC~4 was collected in the bath as free tltanium ~oms, more tnan 

'twice as much was removed from the bath due to chlorination 

resctions. The~e was no vapourization of Metal from the bath. 
1 

. -
2. When aluminum was used as the initial bath constituent, about 60 1. of 

aIl titanium fed to the reactor in the form of TiCl4 was collected in 

the bath. There were a Uttle more than three moles of- aluminum 
, 

- removed from the bath for every mole of titaniurn collect~d. The 

aluminum was removed çlue to chlorination reactions arÏd['~ there w~s 

minimum metai vapourization observed. 

3. A thermodynamic anal'y'sls of the Al - TiCl4 reaction 8uggest8 that 

significant amounts of liquld titanlum metal can be produced, through 

the high temperature reduction of TiCl lt with Al. At atmospheric 

pr.essure, the titanium yield depends on the reaction tempe rature and 

the AI/TiC14 moIar feed ratio. At a reaction temperature of 2 too K 

and a molar ratio of 3,0, about 90 % of a11 Ti fed into the reactor 

as TiC14 can be converted to liquid Ti Metal. / 
1 
/ 

~ 

\ " 
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APPENDIX 1 

TITANIOH CREHISTRY 

A complete review of the physieal and chemieal properties of 

titanium, i ts compounds and alloys has recently been pub1ished by the 
, 

International Atomic Energy Ageney (Kubaschewski and Komarek, 1983). 

The properties that are of particular interest ta this project are 

brief ly reviewed in this section. 

i. Titaniu. 

Titanium haa five naturally oecuring isotopes, with mass numbers 

ranging from 46 to 50. The pereentage isotopie abundance of these 

isotopes, together with the atomic masses of the indi vi dual nuc !ides in 

atomic mass units ( 12C scale') are listed in Table l (Friedlander~ et al, 

1964). Also, in this table are the directIy measured nuelesr spins of 

the vadaus nuclides and their thermal neutron cross-sections. The 

thermal neutron cross-section for the naturally occurring mixture of 

isotopes la 5.8 barn and the atomic welght is 47.90. 

Titanium metal is dimorphic with a transformation temperature of 

Below this temperature 1t exista in its a-Ti fOfm in a 

hexagonal lattice, but above it in !ts a-Ti form in a cubic lattlce. lt 

is a silvery, ductile metal offering a rare combination of propertiea. 



.. 

TAlLE 1. NUCLIDES OF TITANIUM 

, , 

" 
Nucl1de % Isotop-f-c- Nuc1ear Cross-Sections for 

Hass Spin The rmal Neu t rons (barn) 

• 46 Ti 7.93 45.953 0.6 

7.28 46.952 5/2 1.7 

73.94 47.948 8.3 

5.51 48.948 7/2 1.9 

5.34 49.945 0.14 

.. 

Source: Friedlander et al, 1964. 

c 

," " t ""' ;':;.4 ~! ~ 
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lt Is less dense than Iron, much stronger than aluminium and almolt a. 
cdrrosion-resistant as platinum. Certain of its properties, such aa itl 

tensile 8trength, May be improved by alloying with aluminium. The a + 

B transformation temperature ls also hlgher for the aluminium alloy. 

Other usefu1 a1IoY8 can be formed with moly~dehum , manganese and irone 

Sotne phY8ical properties of ti tanium are 1!8ted in Table II (Clark et 

al, 1975). 

Although tltanium 18 considered to be physiologically inert, lt 

exhibits tremendous affinity for oxygen, nitrogen and hydrogen at 

elev.-ted temperatures. It i8 not attacked by mineraI acide at low 

. temperature8, or by hot aqueous aikal i, but it dissol.ves in HF, HCI, 

lt i8 aIso attacked by four organic acide, namely 

oxalic, formic, trichloroacetic and trifluoroacetic, in hot concentrated 

6 

solutions. lt i8 8lso reactive to aluminium trichloride. The metal in 

powder form burns in air, and i8 the only element to burn in nitrogen. 

The corrosive action of the above compounds can be traced to their 

ability to attack the otherwise very stable oxide fi. lm which protecta 

the metal surface. The extent of the attack can generally be reduced by 

the addition of an oxidizing agent such as nitric acid, which restore. 

the oxide film and thus pa8SifieE,\ the metal surface. 

with many metals and non-metals (such ae Al, Sb, Be, 

forming interstitial or intermeta111c compound.. ~ 

.. 

TitaniulII reaet. 

Cr, Fe and B) l 

. . 
\ . 
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_ UI1..E 11. PIOPElTIES 01 nTARIUH f 

~ ________________________________________ ~~r-______ ~ __________ _ 

Atomie Weight 

'Eleetronie Structure 
1 

Atomie Number 

Grou,pd State 
! 

Helting Point (OC) 
. 

Heat of Fusion, 6Hmo l e (keal mo}"?l) .. 
Bollmg Point (OC) .. 
Heat of yaporization, 6Hv (kcal mole- l ) 

Transition Temperature, a ... a (OC) . , 
Heat of Transition, 6Ht (kcal mole- l ) 

Lattice Parameters (A), a-Ti 
<7 a-Ti 

~90 
1S2_2S2_2p6_3S2 -3p 6_3d 2_4 

22 

1,677 

3.7 

3,277 

882.5 

0.950 

~-2.95030, c-4r68312 
3.3065 

Absolute Entropy, 5°298.15 (cal mole -1 K-I) 7.33 

IonizaÙon Potentia1 (eV), Il 
12 
13 
14 

~ 

Atomic or Ionie Radius 

Dlnaity (g/ce). a-Ti (2S·C) 
a-Ti (900 ot). 

", .. , 
... 

Magnetic Suaceptibility, l06xA, 25°C (cgsu) 
E\ectric aea1ativity. 20·C (micro-ohm-cm) 
Thlr~. Conductivity, SO·C (W/cm·C) 
Heat 0 Atomization. AHf298 (Kcal/gatbm) 
Th~ 1 Neutron Absorp. Cross-~ect.(barn) 

Source: " Clark. R.J.H., et al. 1975 • 

Il 
, . !,~ )=' 1 

. 6.82 
13.57 
27.47 
43.~24 

1.45 
1.43 
<1.94 
0.76 
0.69 1 

0.64 

4.506 
4.400 

1503 . 
"42.0 
0.154 

112.6 
5.8 

'. 

' .. 
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II. Titan1Lua Ballde • . 

'Ir 

t • 
_ A detailed description of the chemistry of titanium and lts 

halides Is offered by Clark (1968). Some propertlee of tltanium halides ......,. 
are summarized in Table III. Titanium tetrachloride, first. synthu'ized 

in 1825, ie of major industrial importance as an intermediate in the 

manufacture of most titanium producta including titanium metal, 

synthetic rutile anQ various organo-titanium compounde. S~me of i ta 

properties iire listed ln Table' IV. It is rapidly hY4rolY,sed in moist 

air to yellowish-white oxychlorides and hydrogen chloride • 1;.t can b~ 

. ~ .. 
reduced to the trichlorlde by hydrogen and to elementary' tltanium by 

vatious met'als', such as sodium and Magnesium. 

"', 

' . 
... 

... . 

.. .. 

.' 
,. 

... 

• 

" , 
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tOLl IV. PROPDTlIS OP nT~IUII l'ITIACRLORlDlt 

, . 

MOlecule 

, . 
" 
. .. 

.. . . . 
Molecular Symmet ry·~. ' ... 

r '(Ti-CI), (A) 

...... 
, Angle CI-T-f-CI " 

, 

Viscoeity, (dyne.~ec~cm-2) 

a 

Specifie heat, Cp ·(cal.mole-1). 

l-iquid 
. 
Vapour 

Vapour Pressure Cm) 

..: 

Latent Heat of Vaporlzation, AH298 

~ 

Source: Clark, R.J.H., 1968. , 

T1Cl~ (covalent liquld) -
.. 

Td. 43m (tetr .. hedral)· 

J 

, 
2.170 ± 0.002 

109.5° - ,.-

-

" '. -
36.5 

24.1 

loglOP.6.7~094 - i348.S6(T+20S.'2)-1 

(at 90° - 142'C)-

(keal!mole-1 ) 

. ' 

( 

" , ' 

.. 

10.06 

~ , 

\ l 

• 

~ 1 

4l 

.' 

" 
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APPDDII 11 

.' 
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'. 

, 
The author considera the following results from thh theail' as 

contributions to knowledge: 
\ 

J 
1 ., 

1. The stabi~ization and characterization of a transferred-arc plasma 

which utilizes a plasmagas rlch metai tetrahalide • 

. 
2. The use of tantaium carb:f,de» both thoriated and non-thorillted ~ for a 

ca~hode in .. tran8ferred-a~c reactor. 

3. Thl.\- reductio~ of titanium tetrachloride to titanium meta! ln a plasma 

reaetor using' aluminium as the reduc1Qg agent .... 

4. The det\lonstration of thor.!.a mobiUty 1n the. thoriated ,tungaten ,110y 

during lts opefation as a cathode in a transferred-àrc reictor. 

l , 

\ 5. The demonstrat10n of a tberm1on1c-cathode ,0&1on mechanism baud on 

.the vapourization ond r.edep081t10n of m.terial on the cathode'. 

surface. 

f • 
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APPDDIX III 

UCCHlBIDAfiOWS POR nrrou, BSWCII 

Areas in need }of further researchv-lelevant to the present thesis'1 
'Off !~ 

.' 
are: 

• 

1. The characterization of longer (3 to 30 cm) titanium tetrachloride 

~.ferr.d-.re •• 

2. The productiolt of a dense (close to theoretical density) tantalum 

carbide rod whlch can be used as a 'cathode in plasmas utiUzfOg a 

"' chloride-rich pla.magas • 
.. 

3. F,urth!!r research on the phenomena o'ccurring on the \surfa.,ce of 

thoriated tungsten & cathodes' .during the!r operation 

tranaterred-arc reactor • 

. ' 
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