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The directives of the Twenty-third Congress of the Communist pr

Party of the Soviet Union in connection with the 1966-1970 Five- g
frequen

Year Plan for development of the USSR's national economy provide
processi

for an additional sherp increase in the production of new, pro-

gressive materials and their extensive introduction into the Thi

economy. These materials include titanium, which exhibits a e .ripnei

number of valuable properties: high strength (referred to the tria) c4

density of the metal), outstanding chemical stability with re- olon of

spect to many corrosive media, and high heat resistance. It the pro(

is to these properties that titanium and alloys based on it owe ita redi

their extensive use in jet aviation, rocket engineering, weapor.s At

iystevs, and, most recently, in chemical engineering and radio of the I
electronics. intensi'

Industrial production of titanium was begun aoroad in the also cot

late 1940's. Among the capitalist countries, the main producers that ar(

of titanium are the USA, Great Britain, and Japan. Tht

The titanium industry of the USA, which developed at an ex- methods

ceptionally rapid rate from 1951 through 1957 on the strength of compounc

large Air Force orders, was then stricken by a major crisis lead- stage sc

ing to a sharp drop in the production of the metal ani a subse- processc

quent slower expansion rate of the industry. The American titan- of tne r

!um industry is still not yet completely in control of such The

crisis effects, although production has been rising steadily over intermec

the last 2-3 years. cot o~'
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Industria] production of titanium was set up in the So'ier

Unifon in the early 1950'b. Our titanium industry is ;.n up-to-

date branch of the socialist economy. Titanium output in the

USSR is increasing steadily and at a rapid rate on a socloiist

economic planning basis.

The production of titanium and its broad-scale use in in-

dustry are now being held back by the relatively high cost of

the metal. This is explained chiefly by the complexity of its

techn.lcgy and inadequate productivity oP the equipment used in

titaniumn production. Hence research toward new, more efficient

methods of obtaining the metal are continuing in all countries

that produce titanium, as indicated, for example, by the continu-te Communist

6-1970 Five- Ing publication of broad-scale scientific research 
papers and the

omy provide frequent issuance of patents for new and improved production

V new, pro- 
processes.

into the The present volume examines the technological processes and

ibits a equipment used In the production of titanium sponge under indus-

ed to the trial conditions. The principal subjects here are the prepara-

-v with re- tJon of the titanium-containing raw material for chlorination,

ance. it the production and purification of titanium tetrachlorlde., and

on it owe its reduction by magnesium and sodium.

!n, weapons At tn,, z.ute time, in view of the acknowledged shortcomings

and radio of the technology and equipment used at the present time and the

intensive s;arch for more effective solutions, the authors have

sa in the a.lso considered it necessary to include promising new methods

in producers that are still in the laboratory-research or pilot-plant stage.

Thus, it is difficult to overrate the prospects of such

d at an ex- methods as the elactrolytic production of titanium from titanium

strength of compounds, electrolytic and thermal refining of titanium, two-

crisis lead- stage sodiotheriic reduction of titanium, the various continuous

ni a subse- rrocesses for reduction of titanium tetrachloride and separation

erican titan- of the reduction products, etc.

of such The book devotes special attention to the quality of the

s3ead-ly aver intermediate products and the metal, wh
4 ch, together with the

cost of thA metl., is of prime Import--ance for i practical

FTD.-H -23-352-69 vi



Utilization of titanium scrap, which still continues to ac- Old

cumulate in large quantities, must be an important factor in

lowering the cost of titanium. A separate chapter is devoted to 1 k,

utilization of this scrap. I kE

The chloride metallurgy on which titanium production tech- 1 kE

nology is based opens broad new possibilities for the organiza- 1 Ir

tion of large-scale industrial production not only of metallic 1 Mn

titanium, but also of an important titanium compound - titanium 1 te

dioxide, the production of which has been increasing steadily and (a

rapidly in recent year5. In this context, the book examines the Auth

production of titanium dioxide from the tetrachloride. Kramnik,

The chapters devoted to melting of titanium and pcwder metal- P.P. Khom

lurgy are included in the monograph to give a general notion of chloride;

the complete chemicometallurgical cycle of titanium production. duction;

The authors do not pretend to have exhausted this material, and methods,

recommend that readers refer to the literature cited for detailed of titani)

study of this question. A.B. Suchl

On 8 September 1961, the Committee on Standards, Measures, the pawde
titanium

and Measuring Instruments in the USSR Council of Ministers ap-

proved a new state standard entitled "The International System of "The

Units" (Gr3'ST 9887-61) for preferred use beginning 1 January 1963 and the at

in all branches of science and engineering, and critic

to the "Me
Since all quantities are given in the old units in the pre-

sent volume, we cite here the data needed to convert certain

quantities from the older systems to the new SI system.

Old and Out-of-System SI Units
Units

1 micron (P) I micrometer (tim) = 10- 6 m

1 Angstrom 0.1 rim 10- 10 m

1 liter (X) 1.00028 • 10- 3 m3

1 ton (t) 1000 kg

I kilogram-force (kgf) 9.80665 N (n,9.81 N)

1 dyne (dyn) 10- 5 N

1 kilogram-force-meter 9.80665 N'm (,%9.81 N-m)
(kgf'm) - 9.80665 J (9.81 J)

1 kilowatt-hour (kWhr) 3.6.106 J

FTD-HC-23-352-69 vii FTD-1C-23-.



I
Inues to ac- Old and OuW-o-System SI Units.actor in 

Unitss devoted to 1 kilogram-calorie (kcal) 4186.8 J - 4.1868 J.J
(.ndJ 2 kJ)

I kg'z-m/s 9.80665 W (Nm/s)ctIon tech- 1 kgf/cm 98066.5 N/m2e organiza- 1 mm H20 9.8066.5 H/m2f metallic 1 mm Hg 133.322 N/m2.- titanium I technical atmosphere 98066.5 N/m2
steadily and (atm)examines the Author credits for the chapters in this monograph are: V.Yu.
f. Kra~mnik, production of raw materials for chlorination; the latepowder metal- P.P. Khomyakov and G.V. Seryakov, production of titanium tetra-1 notion of chloride; V.A. Garmata, metallothermic methods of titanium pro-production. duction; B.S. Gulyanitskly, Continuous titanium-productionterial, and methods, the survey of the properties and fields of applicationfor detailed of titanium, melting and recovering treated titanlum wasl:e3;

A.B. Suehkov, electrol:,tic production and refining of titanium,Measures, the powder metallurgy of titanium; and Ya.M. Lipkes, refining ofisters ap- titanium and production of titanium dioxide.nal System of "The Metallurgy of Titanium" is a first-edition monograph,January 1963 and the authors will be grateful for reader comments, remarks,
and criticism. The authors ask that all comments be addressed

!n the pre- to the "Metallurgiya, putlishing house.
certain

en.

n) a 10'6 m

[3

1 N)

.81 N"n)

.81 J)
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UDC 669.295

Metallurgiya titana. Garr'ta, V.A., Gulyanitskiy, B.S., Kramnik,

V.Yu., Lipkes, Ya.M., Seryakov, G.V., Suchkov, A.B., and Khomya-

kov, P.P. Izd-ve "Metallurgiya," 1967, 643 Pages.

The book sets forth problems in the preparation of titanium-

containing raw materials for chlorination. It examines the prc-

tduction of titanium tet"aeloride, metalothermic methods of pro-

ducing titanium, and the refining and remelting of the metal.

Methods for electrolytic production and refinement of titanium,

reclaiming titanium and titanium-alloy scrap, and production of

pigment titanium dioxide from titaniu tetra2hloride are de-

scribed. Attention is given to the properties of titanium and

titaniua-based alloys, and their fields of application are in-

dicated.

The bonk is oriented to engineering, technical, and scien-
" tfc workers, but may also be helpful to stdents 

specializing

in titanium metallurgy at the institutes of technology.

With 150 Illustrations, 58 Tables, and Bibliographies with

965 source citations.

A
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Chapter I

In
A BRIEF HISTORICAL OUTLINE OF TITANIUM ha dev

PRODUCTION pared s

-V Ifro m so

In 1789, while studying the chemical composition of a mag- physical

z netlc sand from the village of ?unaocan, the English scienti st ,arried

W. Gregor found a new earths, which he named manaccanitic eari.h, that met

In 1795, M. Klaproth found a hitherto unknown metal in the mir- it could

eral rutile and named it titanium; two years later, he himself az late

established the identity between rutile and manaccanitic eartn. In metal us
a study of metal-like crystals in blast-furnace slags, W. ollas- ur
ton concluded in 1822 that they were composed of practically pure duced ti

titanium. In 1825, J. Berzeliu, prepared inpure mechanical tltsn- 3teel re

lum by reducing potassium fluotitanate K2TiF 6 with pot4ssium. 98%. Th

Its properties differed from those of the titanium prepared by

Wollaston, but this was explained by the noncrystalline structure The

of Berzelius' titanium. Not until 1849 did F. W6hler demonstrate ium that

by burning blast-furnace crystals in a current of chlorine that 1940 (83;

Wollaston's "titanium" was in fact the compound TI Cn I'). trial sea
first thr

In describing the titanium compounds in the l96 edition of in the US

his "Osnovy khimli" [The Fundamentals of Chemistry], the last

published before his death, D.I. Mendeleyev had only a few words Tita

for the metal itself: a gray powder with a density of 3.65 g/cm
3  propertle

[2]. alloys ar

In 1887, L. Nilon and . used sodium to reduce high spec

titanium tetrachloride in a steel bomb. They obtained titaniun pertares

Alloys th

FTD-;C-23-352-69 FTD-H C-23



El

with a purity of about 95% [33.

In 2910, M. Hunter prepared a relatively pure and du.tile

titanium (99.7-99.8% Ti), again by reducing titanium tetrachlo-

ride with sodium in a steel bomb. According to his observations,

the reduction occurs instantaneously and explosively, and is ac-

companied by the development of high pressures (4). In 1921,
M. Billy published the results of experiments in which titanium

tetrachloride was reduced with 3odium hydride at pressures near

atmospheric [5].

In 1925, van Arkel and de Boer, using a method that they

had developed for thermal dissociation of titanium iodide, pre-

pared -mall quantities of metal free of nonmetallic impurities

from sodium-reduce? titanium [6] A series of studies of the

of a mag- physical and mech .nical properties of highly pure titanium was

c~ientist carried out over the next fifteen years in Holand. It was found

Ic earth. that metallic titanium could be a valuable structural material if

the mir- it could be produced by an economical industrial method. However,

himself as late as 1948, titanium was still being described as a brittle

•ic earth. In metal useful chiefly for alloying and dioxidizing steels.

SW. Woiias- During the Second World War, the firm Degussa in Germany pro-
ically pure duced titanium by the sodiothermic method in agitator-equipped

nical titan- steel reactors. The titanium was of uioderate purity, at about

Iss 98%. The chief impurities were oxygen and iron [73.
par'ed bye structure The bases of the magnesiothermic method of producing titan-

demonstrate iu that is now in widespread use were published bY W. Kroll in

rine that l9ko (8); the work to bring the Kroll process up to full indus-

(1). trial scale was begun by the US Bureau of Mines in 1945 [9). The

first three tons of titanium sponge were produced by this methodedition of
in the USA in 1948.

.he lastew ws Titanium exhibits a valuable combination of high mechanicalfew words

3.65 g/cm 3  properties and comparatively low density (4.5 g/cm
3). Titanium

alloys are distinguished by thermal stability and particularly

Lo reduce high specific strengths (ratios of strength to density) at 
tem-

peratures up to 34G-450
0C, and up to 6000C for the new alloys.~Ititanium

Alloys that are stable at even higher temperatures (700-800c)

FTD-HC-23-352-69 2



are under development. These qualities have made it pos-ible to end ofuse titanium as a structural material in jet aviation, first for was opegas-turbine and Jet engines, then for t!!e airframe structures, Corporaand finally in roakeZ engineering. 
af 27 t

Below we present brief essays on the titanium industries of semiconthe capitalist countries, 
the met

USA. Over the seven years from 1951 through 1957, several Intitanium plants were constructed in the USA with the active sup- tion toport of the government, which simultaneously guaranteed to buy which wtheir output. 
finishei

The first titapitun plant, which used the magnesiothermic 
Colmethod, was placed in operation by Titanium Metals Corporation of during

America (TMCA) in 1951 at Henderson, Nevada. Titanium production Southerwas accomodated in some of the buildings of a magnesium plant that ride, phad been erected during the Second World War and designed to pro- the ere(duce 50 thousand tons of magnesium per year. in the new context, West Viimagnesium output was reduced to Just meet the demands of titanium this pisprcduction. The firm does not now produce commercial magnesium. avallabThe original design output of the plant (5400 tons of titanium thermicsponge) had been reached by 1956. The 4 850-ton DuPont de Netaours Intitanium plant at Newport, Delaware had been placed in operation Chemicalin 1954. This plant purchased outside magnesium for its magnesio- porationthermic operations. Dow Chemical, the largest producer of mag- city ofnesium in the USA, began titanium production in 1955. It built a for a co1600-ton-capacity plant at Midland, Michigan, where it bad pre- be place
viously located one of its magnesium plants. The Kremet
Incorporated Magnesiothermic Plant at Chattanooga, Tennessee, Thuc
which has a 5400-on capacity, was also placed in operation under coin 1955. about 42

Under license from the British firm Imperial Chemical indus- Chatries (ICI), the firm Electrometallurgieal (a subsidiary of Unicn exclus wCarbide) began cor strurtion in 1954 on the largest sodiothermic at the stitanium plant in -he USA - a 6750-ton installation at Ashtabula, ily fromOhio. The plant began operations in April of 1956 and, according Theto published reports, had reached its planned performance by the titanium

econonic
FTD-IC-23-352-69 3FD-HC-22



pcssible to end of that year. In 1957, another sodiotheimic titanium plant

n, first for was opened at Ashtabula by the National Distillers and Chemical

tructures, Corporation. It has its own nearby sodium plant with a capacity
of 27 thousand tons. According to available information, a new

.duotries of semiccntinuous process is used at the titanium plant Lo produce
the metal, but no details have been divulged (10].

57, several In 1964, this firm joined with United States Steel Corpora-

active sup-, tion to estatlish a new company - Reactive Metals, Incorporated,

ed to buy which was to engage in the productlon of titanium sponge, seml-
finished titanium products, zirconium, and hafnium 11)3.

iothermic Construction of two more sodiothentic plants was reported

orporation of during the ascendancy of the industry in the USA. The Columbia

um production Southern Chemical Corporation, which produces titanium tetrachlo-
ium olant that ride, proposed to Join the British firm ICI as its licensee in
igned to pro- the erection cf a 4500-ton sodiothermic titanium plant at Natrium,

new context, West Virginia, which was to open in 1958. It was proposed that

s Df titanium this plant be built on condition that financial support became

1 magnesium. available from the US Government. A new variant of the sodio-

-f titarium thermic process was eliborated for the plant.

nt. de Nemours In 1956, the firms Kennecott Copper Corporation and Allied

in operation Chemical and Dye Corporacion organized the Allied Titanium Cor-

ts magnesio- poration to construct a sodiothermic titanium plant with a capa-

cer of mag- city of 7300 tons at W.lmington, North Carolina. Proposals called

It built a for a continuous sodlotliermic process at this plant, which was to

it had pre.- be placed in operation in 1958-1959 [12).
met Thus, the capacity of existing titanium plants and those

nnessee, under construetion was to have been 24 thousand tons in 1956 and

ration about 42 thousand tons in 1958.

Characteristically, the new plants were to be constructed
ary of Inios- exclusively for the sodiothermle method, and the relative output

of the sodiothermic plants was accordingly to be increased stead-
diothermi ct Ashtabula, ily from 28% in 1956 to 48% in 1958.t Ashtabula,

Id, according The planned rapid development of the sodiothermic method of

ance by the titanium production in the USA was based on r'chnological and

economic considerations that will be considered later in the part

FTD-HC-23-352 -69 4



of the book devoted to the technology of sodiothermic titanium

production.

Up to 1957, the capacity of the American titanium industry
increased rapidly. At the same time, it was repeatedly being
predicted that world titanium production would rise significantly.

For example, it was assumed that by 1960, the capacity of Ameri-
can plants would have increased to 200 thousand tons, and that by
1965 titanium might be produced in greater quantities than stain-
less steel and later come to rival aluminum output [13). it was 0

also supposed that increased titaniun product.lon would be encour-"
aged bv significant improvement of production methods, with the

result that the prices of titanium and semifinished titanium pro-
ducts would drop almost to the level of those of stainless steels o

, [(13).

However, beginning in mid-195?, a sharp decrease in titanium-

eponge production began in the USA and to a lesser degree in Eng- o 0

land and Jaran, owing to a number of factors. The rapid develop- CL
ment of the American titanium inidustry in the preceding years %0
had been financed largely by the government. The government had
been purchasing the production of titanium plants for stockpiling E C

and ailitary needs. Less than 10% of the titanium produced in 0 o
1956 was used. The sharp decline in interest in titanium was due C

0
to advances made in improving the properties of stainless steels,
which are less expensive than titanium, to deficiencies in the E

production technology of semifinished titanium products (for some -

time, there were massive rejections due to high hydrogen contents
-4

in the pieces), to nonconformity of the titanium-based alloys that

had then been developed (which had a sharp strength drop on heat-
ing above 420 0C) to the new, more rigid specifications laid down

0
for them, and to cuts in the program of military-aircrafN con-

struction in the context of improvements in rocketry, affecting

primarily the production of B-52 heavy bonxers, in whose produc-0
0.

tion most of the titanium had been used. Early in 1958, taie US

government reversed its previous position, which had required

firms producing semifinished titanium products to ship them pre-

ferentially to military installations. However, the nonmilitary

FTD-11C-23-352-69 5 FTD-H C-23-
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branches of US industry declined to use substantial amounts of operation

titanium because of the lack of the required experience and the effect thi
high cost of the metal. tion [20).

The above factors resulted in a sharp drop in titanium pro- tion ccmmJ

duction after 1957 (Table 1), suspension of construction work on sponge (2]

new plants, and shutdowns of some of the existing plants: in 1960, capable of

titanium production was suspended at the Midland plant (Dow Chemi- predicted

cal) and at Chattanooga (Kreinet); in 1962, the plant at Ashtabula imports, w

(Electrometallurgical) closed its doors. with 20 th

The 1958-1960 recession in the USA was followed in 1961 by With

a new rise in titanium-sponge (Table 1) and semifinished titanium titanium s,

products output, primarily as a result of expanded use of titanium sponge was

for military purposes and the development of high-speed airplane in 1959, $

designs, such as the A-11, which is capable of 3200 km/h. Never- Ameri(
theless, another titanium plant, the DuPont Installation at New- [117). It
port, closed in 1964 [14]. Thus, at the beginning of 1965, there approximat(
were only two titanium-sponge producers left in the USA: the Althot

plant at Henderson, which used its own magnesium, and the one at 87% of the
Ashtabula, which used its own sodium. products wa

The increased demand for titanium in the USA in recent years 1962. For

has revivified the American titanium industry. For example, there are from 9.1 th
published reports to the effect that the capacity of the Ashtabula 21.3 thousa

sodiothermic plant was increased from 2270 to 4500 tons in 1965 products ha
and would soon be raised to 6800 tons. It has been proposed that tively. Th
the plant's capacity be increased by another 70% by 1970 by the improved as

introduction of a continuous titanium production process that is been cut an(
now under development. The output of titanium ingots and semi- the ingots I
finished products is to be increased simultaneously (15). The Develoi

capacity of the Henderson plant has been increased from 6350 to ium (99.999
9070 tons, thus compensatlng the decrease in overall output caused tron-beam r
by the shutdown of the plant at Newport [16, 17). Plans also call

for doubling the capacity of the Henderson plant by 1970 [18J. It Japan.

has been reported that tae output of titanium sponge in 1964 (8200 plant of Ose

tons) corresponded to 78% utilization of titanium-plant capacity sequently, t

[19) (this figure was 38% in 1960, 48% in 1961 and 1962, and 57% firms: Togo

in 1963); in 1966, the titanium plants were in full-capacity duced about

FTD-HC-23-352-69 7 FrD-HC-23-35
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ounts of operation at 14.5 thousand tons. Reports began to appear to the

e and the effect that four new firms proposed to go into titanium produc-
tion [20]. At the end of 1965, the Oregon Metallurgical Corpora-

anium p tion commissioned a pilot plant designed to produce titanium
sponge [21), and construction was began on an industrial complexon work on

ts: in 1960, capable of producing 1700 tons of sponge per year [118]. It is

(Dow Chemi- predicted that the annual demand for titanium sponge, including

t Ashtabula imports, will increase to 32 thousand tons by 1970 as compared
with 20 thousand tons in 1966 [15).

n 1961 by With improvements oT production technology, the cost of

ed titanium titanium sponge is dropp:t:.Z steadily. In 1953, 1 kg of grade Al

of titanium sponge was priced at $11.01; the price was $7.62 in 1956, $4.02

d airplane in 1959, $3.50 in 1963, and $2.91 in 1964.

A. Never- American sponge was being marketed at the same price .n 1966

on at New- (117). It is predicted that the price of the metal will be down

1965, there approximately 20% by 1970 115].
A: the Although American titanium production in 1966 represented

the one at 87% of the 1957 output, the demand for semifinished titanium

products was considerably higher than the 1957 level as early as
ecent years 1962. For example, the production of titanium ingots had risen

ample, there are frot.. 9.1 zhousand tons in 1957 to 13.9 thousand tons in 1965 and

he Ashtabula 21.3 thousand tons Jn 1966, and the production of titanium rolled

s in 1965 products had risen from 5.1 to 8.6 and 12.5 thousand tons, respec-

oposed that tively. The technology of rolled-titanium production had been

70 by the improved as a result of bread-scale research; rejection rates had
ss that is been cut and scrap was utilized more effectively in smelting out

and semi- the ingots (22, 121).

5). eDevelopment of a technology to produce highly purified titan-

m 6350 to
ium (99.9999%) for the electronics industry by the use of elec-utput caused tron-beam remelting has been reported [23).

ns also call

70 (18). It Japan. Titanium production was begun in Japan at a pilot

n 1964 (8200 plant of Osaka Titanium with a capacity of 18 tons per year. Sub-

t capacity sequently, titanium-sponge production was organized by two other

2, and 57% firms: Togo Titanium and Japan Soda. The latter firm, which pro-

pacity duced about 150 tons of titanium sponge per year, suspended its

FTD-HC-23-352-69 8



production in 1958. The capac-ties of the Osaka Titanium and Togo OthTitanium plants are about the same, at about 1500-2000 tons per sponge iyear. Their annual outputs of sponge are also about the same. West GeriOtner firms also have t~tanium pilot plants. Most of the titan- small qu,ium sponge produced is exported preferentially to the USA and a to 7 g Lsmall part to Western Europe f24, 25]. 
produces

The Japanese plants use the magnesiothermic method. Japanese duced by
titanium sponge is superior in quality to the American products. put is scMost of the Japanese sponge has a Brinell hardness of about 100. met by prHowever, this sponge is marketed in the USA at a price about 10% importedlower than that of the sponge produced in this countey. In 1

As a result of expanded export of titanium to the USA and stage sodGreat Britain, the capacities of both Japanese titanium plants In Whad Increased to 3000 tons each by the beginning of 1966 [19, 26, up by Tit27). 
The

Great Britain. Imperial Chemical Industries (ICI), the firms, inlargest producer of sodium in England, began development of a in West Gtechnology to produce titanium by the sodiothermic method in 1951. duction oThe research was at first done in reactors designed to produce The possli3 and 45 kg of titanium, and then at a 150-tons-per-year pilot has not b,plant near Birmingham. Other methods were also tested simu]-I
taneously with the developmental work on the sodiothermic ethod in pa- the magnesiothermic method, electrolysis, and reduction of pilot plattitanium dioxide. 

The I
In mid-1955, less than two years after the start of construc- istion, a 1500-ton titanium plant was placed in operation at Wilton,

Yorkshire. The capacity of the plant was subsequently increased
to 1800 tons. The titanium tetrachloride is supplied by British
Titan Products at Billingham. I%: subsequent years, titanium pro-
duction dropped off sharply and the demand for titanium was met
basically with metal imported from Japan. At the end of 1964,
there was another increase in titanium production at the Wilton
plant [19). Work is being completed to double the plant's titan-
ium sponge production capacity (28].

FTD-HC-23-352-69 9 
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am and Togo Other countries. Accor!.ng to published data, titanium
tons per sponge is being produced at pilot plants in Franch, Norway, Canada,
e same. West Germany, and Italy. For example, it has been reported that a
he titan- small quantity of titanium in the form of tablets weighing from 5
SA and a to 7 C is being produced by Dominion Magnesium in Canada, which

produces calcium in addition to magnesium. The titanium is pro-
Japanese duced by calcium reduction of titanium dioxides. The entire out-

products. put is sent to Great Britain. Canada's domestic needs have been
bout 1,00. met by production of semifinished titanium products from ingots
about 10% imported from the USA [29].

In 1961, an installation for titanium production by the two-
USA and stage sodiothermic method [30) was placed in operation in italy.
plants In West Germany, pilot production of titanium has been set
6 (29, 26, up by Titangesellschaft at Leverkusen.

The firm Kontimet, whose principals are three West German
the firms, including Krupp, and the American firm TMCA was organized

t of a in West Germany at the ind of 1961. Kontimet engages in the pro-
.od in 1951. duction of semifinished products from imported titanium sponge.
produce The possibility of its setting up the production of i's own sponge

pilot has not been ruled out (31).
simul-

In France, titanium is produced by Societe Titanium at aAc method
on of pilot plant in LePrese.

The total production of titanium sponge In the above coun-
tries is estimated at 500-600 tons per year.

,f construc-

at Wilton.

increased

Sy British

anium pro-

was met

)f 1964,

le Wilton

it's titan-
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Chapter 2 5.64 c,
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THE PROPERTIES OF TITANIUM

Titanium has an atomic number of 22 and is an element of

transitional group IV in D.I. Mendeleyev's periodic system. The T1,

atomic mass of titanium is 47.90; its atomic volume is 10-7, and

it has isotopes with mass numbers of 46, 47, 48, 49, and 50. New
unstable titanium isotopes, T14 3 , T45, and Ti5l have recently

been created.

Titanium exists in two crystall-'"" modifications, a and 0. has bee

The polymorphic transformation temperature of titanium depends on peratur

the amount of impurities in it: for the pure metal, it is 882.50C. Ti
The low-temperature modification (a-titanium) has a hexagonal melting

lattice with dense packing of the atoms. The constants of the 0.002 A

crystal lattice are - 2.95111 6 + 6 " 05;c 0 - 4.68433 +
+ 10 • 10-5; C/a - 1.5873 (32). The lattice corizcants of a-titar- Ae-- cient oa.
iun., and especially c, increase when small amounts of oxygen or -2
nitrogen are absorbed, a process accompanied by the formation of
solid solutions o" oxygen and nitrogen in the titanium. The high- 3.55
temperature modification (8-titanium) has a body-centered cubic 3.7
lattLice. Its constant a is 3.3065 + 0.0001 at 900 + 50C. The
volume change on the a - transformation is 5.5%. Th(

3 it appr(
The density of pure a-titanium at 250C is 4.507 g/cr , that sources

of 6-titanium at 9000C Is 4.32 g/cm , and that of molten (commer- 8820C.

cial) titanium at thL9 crystallization point is 4.11 g/cm 3. 51.5 "

FrD-HC-23-352-69 11 FTD-HC-;



The temperature coOeficlent of linear expansion of titaniumis 10.7 - lo- 6 In the 20-7000C temperature range and 6.8 • 10- 6
in the -190 to +200C range [33).

The entropy of titanium at 25oc is 7.3 cal/(mole.Aeg), thelatent heat of the a -a 8 transformation is 0.83 Jcealinole, themelting point is 1660 oC ± 4, the latent heat of fusicp 4.5kcal/mole, the boiling point 3260 0C, the latent heat 9f evapora-tion (at the boiling point) 102.5 kcal/mole, the specific heat ofa-titanium is 5.28 + 2.4 T • 10- 3 cal/(mole'deg), that of moltentitanium Is -8.00 cal/(mole.deg), and that of the vapor phase Is5.84 cal/(mole.deg) [34). Thz heat capacity of S-tltaniun Is
determined from the equation [353

of 
C, 4,61 + 1.91T. 10-3 cal/mole deg). (1)

.7, and 
The equation

. New 1
ntly 

Ip T (2)

nd $- has been proposed for the vapor pressure of titanium in the tem-ends on perature range from 1377 to ,5310C.882n50C. Titaniuml has a surface tension of 1588 dynes*cm-1 at thenal melting point. Impurity contents In the metal, In %: 0.008 Pa,the 0.062 Al, 0.0001 Mn [36).
a-titan- 

According to some sources, the thermal conductivity coeffl-
a-tn - cient of titanium decreases with Increasing temperature from 3.7 xion of x 10- 2 cal/(cm.s.deg- ) at 500C to 3.1 * 10-2 cal/(cm.s.deg-l) at
h i of0 0°C; according to other sources, it is 4.06 *12 at 0-2 andcube 

3.55 • $2 a; 300oC; beginning at this temperature, It rises to
c 3.7 10-2 cal/(cm.s.deg-1 ) at 600 0 .Th e 

.1 - .

The resistivity of titanium at 200C Is about 42 106 S.ecnziIt approximately triples toward 8000C, and according to otherthatt 
sources it is 182 - 10- 6 0-cm at the a 4 8 transition, I.e., at
882cC. Titanium has a teImperature coefficient of resistivity of5,5 - 10- 3 cNm/deg (37].

PTD-HC-23- 352-6 9  12
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TABLE 2

Influence of Temperature on the Mechanical Properties
of Titanium

(Cold-rolled sheet reduced 50%)

tempo 2 2fiu a *% i kfva 2

Oc ab kgfI a .kg a s g/

2- 04 6 7 52l IsI 38 9800--IW ."

5311 14 12 791 -- 0--WW

Titaniuu is paramagnetic; its mass susceptibility is (3.2 +
-6+ 0.4) 10 (38). The coefficient of Hall effect for a-titan-

ium is (+1.82 + 0.2) 10 - 1 3 [33), 0

The chemical composition and mechanical properties of titan- 00

lum sponge are determined to a substantial degree by the method

used to produce it, and by the technology used to purify the Ir

reaction mass. The most characteristic data on the chcmical com-

position and mechanical properties of titanium sponge produced

by metallothern, s- methods are given in Chapters i4 and 16. These

chapterr also include data on the Influence of the main impurities W 0

on the mechanical properties of titanium sponge. r

ine influence of temperature on the mechanical properties of q

titanium is inclcated in Table 2.

Titanium is distinguished by low creep resistance in spite of
its high recrystallization and melting points. Annealed titan- -H

ium has the strongest tendency to creep. Cold rolling increases 4

the & ..tep resistance of titanium, as well as its yield point, A

cree,, rate of 0.0001%/h is reached under a stress repi-esenting

80% of the yield point in cold-rolled titazium and at 50-60% of

the i ,ld point in the annealed material. The creep rates of.1

titanium and other stu.ctural materials are compared in Pig. 1.
It f'ollows from these data that the yield point cannot be

us'i as a design characteristic for titanium, especially when it

Is necessary to apply static loads over the long term. Titanium

can be used when stresses near the yield point operate only

briefly. Titanium-based alloys exhibit higher resistance to creep,

and thi* property cart ba improved still further by heat treatment.

FTD- C- f3-352-69
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creep rate in second stage, %1h

Figur. 1. Comparison of minimum creep
rates of titavium and other structural

metals. 1) Normalized low-carbon steel;
2) 18-8 stainless st "el; 3) scattering
range for cold-rolled titanium; 4) scat-
tiring range fer annealed titanium; 5)
annealed titanium sheet, with the grain;
6) annealed titanium sheet, across the
grain; 7) cold-rolled titanium strip, with
the grain; 8) cold-rolled titanium strip
vacuum-annealed at 818

0 C, across the
grain.

The chemical stability of titanium will be discussed Delow,

along with the properties of titanium-based alloys.

The mechanical properties of iodide titanium: ab a 26.7-33.7

2
kgf/mm2

, cs = 14.0-16.9 kgf/nm2 . 6 - 40-55%, i - 60-'[5%, E-

- 10,900 lgf/mm2 , hardness 73 Hb (33). Table 3 compares the
mechanical properties of titanium with those of other high-melting
metals and structural alloys (33).

Comparatively detailed analyses of technical titanium and

metal refined by the iodide metbod are given in Table 4 (32).

FTD-HC-23-352-69 16
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Chapter 3

BASIC INFORMATION ON TITANIUM ALLOYS

It follows from the data given above that titanium exhibits

high strength and hardness and good plasticity combined with low

density. As Table 3 shows, the specific strength of titanium is

superior to that of many structural materials. Titanium also

has a high melting point, a necessary condition for acquisition

of alloys with high hot strength. The small linear expansion

coefficient of titanium enables it to perform reliably under

temperature-cycling conditions. Its excellent corrosion resis-

tance makes it possible to use titanium in many aggressive en-

vironments.

A3 regards its machinability, titanium resembles type 18-8

stainles steel; it can be subJecti.d to all types of mechanical

working and can be welded In verioius ways (with certain precau-

tionary measures), The surfaces cf titanium products can be

strain-hardened by various methods and oxide films can be formed

on them electrolytically.

Along with its advantages, titanium has a number of short-I

comings. One of them is Its low modulits of normal elasticity,

which makes it diffic-ult to design r'igid and stable structures. I

In many cases, this makes it necessary to design heavier products,

9

with the result that the weight economy associated with the low

density of tltanium is lost 1381. In certain cases, however, the

n"D-HC-23- 352-69 18
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comparatively moderats elastic moduli of titanium and its alloys

can be regarded as an advantage, since it enables us, for example,

to lower the stresses that arise under alternating loads and the

magnitade of the thermal stresses that arise when the structure

is heated. The low thermal conductivity of titanlum has a detri-

mental in4 luence on its use properties, lowering thermal-cycle

stability. This deficiency is offset to a certain degree by the

metal's small coefficient of linear expansion.

As we noted above: titanium exhibits creep not only at ele-

vated, but also at room temperatures. Increases in aircraft

speeds and the development of rocket engineering, where the use

cf titanium is partiiularly attractive because of its low density,

-equire a substantial increase in the mechanical strength of

titanium at elevated temperatures, or, in other words, the de-

velopment of titanium alloys with higher hot strength. It also

came to be required of titanium that it exhibit certain proper-

ties at extremely low temperatures.

At the present time, titanium is used preferentially not in

the technical form, but in titanium-based alloys. The polymor-

phism of titanium, the good solubility of many elements in it,

and the formation of chemical compounds with variable solubility

make it possible to use titanium as a base for many alloys with a

variety of structures and properties. For example, the ultimate

strength of titanium can be raised by alloying and heat treatment

from 50 kgf/mm2 in unalloyed titanium to 150 kgf/mm2 and higher

in modern heat-hardenable alloys. Ultimate strengths of 150 F2 a.

kgf/mm2 and higher are attainable only in special high-alloy it

steels. However, if their specific strengths are compared with 
t,

those of titanium alloys, the latter are found to have the ad-

vantage, since they are superior to all other structural mate-

rials in this respect. The specific strengths of titanium alloys

range up to 33.4, and those of high-strength structural steels

to 19.2. To compare with the titanium alloys in specific strength,

a steel would have to have an ultimate strength of the order of
2250-260 kgf/mm . However, such a steel would lack technological

plasticity. The superiority of titanium alloys over high-strength

FMD-RC-23-352-69 19 FTD-HC-23-35
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steels, and over aluminum and magnesium alloys as well, persists oxidat,

over a broad temperature range - up to 400-500 and even 600°C. the lai

At 300-3500C, titanium alloys are ten times stronger than alumi- system

num alloys, and existing aluminum and magnesium alloys are totally oxygen,

useless at higher temperatures. substar

As a result of research conducted over the last few years, is revE

it has been established that the working temperatures of titan- becausE

lum alloys can be raised substantially, and in some cases brought nitridE

close to those of iron- and nickel-based hot-strength alloys r38]. as comp

Titanium is capable of dissolving almost all elements of the Th

periodic system At t;, present time, however, aluminum, chrom- alloyed

ium, molybdenum, vanadium, manganese, tin, copper, niobium, tanta- thermal

lum, iron, tungsten, and silicon are of the greatest practical berylli

importance as alloying additives to titanium. They form sub- A

stitutional solid solutions with titanium. Figure 2 shows the conditi

effects of certain alloying elements on the mechanical proper- lum and

ties of titanium. causing

The basic nonmetallic impuritie.s, which include oxygen, film on

nitrogen, hydrogen, and carbon, form Interstitial solid solutions face of

with titanium. Dissolving in the metal, they distort its crys- on the

tal lattice, increase interatomic-bond rigidity, and lower the dispers.

capacity of the granules for plastic deformation. As a result, in it.

the hardness and strength of titanium increase under the influ- A I

ence of these impurities, and its plasticity decreases. To se- at this

cure an additional strength incr 3ae in titanium, its oxygen con- high thz

tent is sometimes increased, as by introducing a calculated amount velopmer

of titaniim dioxide into the charge in the ingot-making process titaniun

(40). The same effect Is obtained by introducing a certain amount 520oC; f

of oxygen-enriched scrap int3 the ingot charge (see Chapters 20 to 6800C
and 21). nuw rai o

An oxygen impurity raises the melting point of titanium. It does man

is a highly active c,-stabilizer and raises the temperatu'.e of tanium c

the allotropic transformation by a substantial margin. Oxication 10000C I

of titanium begins in an oxygen environment at 250°C and accele- The

rates with rising temperature [41). The laws governing the titanium

line fra

PrD-HC-23-352- 69 21 pD-i C-2



persists oxidation of titanium in air and oxygen are complex, because of
6000C. the large number of oxides that exist in the titanium-oxygen
fn alumi- system and because of titanium's large capacity for dissolved

re totally oxygen. On heating to 1100 0C in oxygen, titanium oxidizes at a

substantially higher rate than it does in air, but the situation
years, is reversed above this temperature. To a certain extent, this is

titan- because of the lower diffusion rates of nitrogen and titanium

s brought nitride in titanium, but the lower stability of titanium nitride
loys [38]. as compared with the oxides of titanium is also a factor.

ts of the The oxidation resistance of titanium increases when it is

, chrom- alloyed with aluminum and tungsten and also when it is given
um, tanta- thermally diffused coatings of aluminum, boron, silicon, and

ctical beryllium.

sub- A number of studies have been devoted to determining the
ws the conditions under which an explosive reaction occurs between titan-
roper- ium and oxygen. It has been established that the basic factor

causing ignition of titanium In oxygen is failure of thr oxide

rgen, film on the titanium, which allows oxygen free access to the sur-

solutions face of the metal. The titanium-oxidation reaction rate depends

s crys- on the oxygen pressure in the system, temperature, the degree of

er the dispersion of the titanium, and the presence of alloying additives

result, in it.

influ-. A certain critical pressure corresponds to each temperature;
To se- at this pressure, the rate of formation of titanium oxide is so

ygen con- high that a disordered structure that doea not inhibit the de-
ted amount velopment of the oxidation reaction is formed. Fine-grained
process titanium (53-75 um) ignites in oxygen at standard pressure and
ain amount 520OC; for the alloys with manganese, the ignition point rises

ters 20 to 6800C at a mangenese content of 10-12%; alloying with alumi-

num 'alses the ignition point of the powder even further than
ni =. It does manganese (4Z). The critical pressure for ignition of ti-
re of tanium chips at 1500C in oxygen is 3 atm. or 1 atm in air at
Oxidation 10000C (43).
accele- The critical oxidation presfure required to ignite compact

the titanium with no protective oxide film, e.g., on a fresh crystal-

line fracture, is 8 atm at 300°C and 1.4 atm at lO000C [44). In

1TD.-.iC-23-35 2 -69 22



contact with liquid oxygen, titanium ignites only when some of the Ni

oxygen vaporizes at the titanium surface, as under the influence its con

of heat generated on impact [45]. the peri

Oxygen dissolves irreversibly in titanium and is practically Lil

impossible to remove from the metal, although there have been a and rai.

number of proposals and )atents on this problem. sharply

Hydrogen is a detrimental impurity in titanium in practically Bol

any quantity, since it lowers impact strength substantially and phase c!

increases notch sensitivity sharply. the cons

The figure usually cited as a permissible hydrcgen content subctant

in titanium is 0.012-0.015%; the content should be held at or be- The

low 0.007% to ensure good prcperties in the titanium. from 20

Dep .iding on temperatu.ve, as much as 1.5 to 2% of hydrogen skaya [4

may dissolve in titanium, Its solubility in a-titanium at 325
0C grain si

is about 0.2%, but it drops practically to zero at room tempera- 
fining c

ture. All of the hydrogen is then bound in the y-;hase, which is 
undergoe

titanium hydride. Because of the higher (by several times) solu- perature

bility of hydrogen in $-titanivm as compared with a-titanium, its Ing in a

detrimental influence on two-phased (a + S) alloys or on alloys 
gem cont

withi the $-structure Is weaker than in the case of single-phase is obvio

a-alloys, since practically all of the hydrogen in alloys with 
ti.an Iu.

the a-structure goes to form titanium hydrdes, which precipitate The film

out along grain boundaries or in the grains and embrittle the 
more vig

material. In alloys with the (a + $)- or $-structure, a consider- and the

able part of the hydrogen is dissolved in the 0-phase and no Abs

structurally free hydrides are formed [383. nounced

UniKe oxygen and nitrogen, which dissolve irreversibly in 
rate at,

titanl,m, hydrogen can be removed from the metal by heating in a 
temperat

vacuum to temperatures above 650*C. The degasification process tion of

accelerates substantially as the temperature is increased, 
nitride

The presence of an electroplated coating or oxide film on 
The

the surface of titanium retards degasification, whose rate is de- 
Soviet s

termined by the rate of the process unfolding on the surface of 
mechanic,

the metal and involving the escape of hydrogen atoms from It. The

to their
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some of the Nitrogen has a stronger effect on titanium than oxygen, and
nfluence its content as a harmful impurity must therefore be smaller than

the permissible oxygen content,
acticaly Like oxygen, nitrogen is a highly active a-phase stabilizerbeer) a and raises the temperature of' the allotropic transformation very

sharply.
ractically Both nitrogen and oxygen increase the constant c of the a-ly and phase crystal lattice substantially and have almost no effect on

the constant a. The c/a ratio increases, strength is improved
content substantially, and the plasticity cf the material Is lowered [38).at or be- The interaction of titanium with nitrogen at temperatures

from 20 to 300 0C was studied by V.V. Sergeyev and L.L. Neroslav-
ydrogen skaya [471. The experiments were made with titanium powder inat 325 0C grain sizes of -2.5 +' 1.6 nm [sic) prepared by electrolytic re-
tempera- fining of sponge scrap. In the presence of oxygen, titaniumwhich is undergoes insignificant nitrogen saturation in the 20-300'C tem-es) solu- perature range. As subsequent temperature rise to 400°C and hold-nium, its Ing in air for one hour results in a sharp increase in the nitro-alloys gen content of the titanium, to 0.04%, and to 0.07% at 5000 C. Ite-phase is obvious that an oxide film first forms In air and protects the
S 

Wt titanium fron Interacting with nitrogen to a considerable degree.ecipitate The film structure begins to break up at 4000C, and this permitse the more vigorous reaction between the surface layers of the titanium
consider- a-nd the nitrogen.n!

Absorption of nitrogen from a nitrogen atmosphere is pro-
nounced at 500C. When the temperature is raised to 1500 0, thetbly in rate at which titanium ansorbs nitrogen rises markedly. A furthering in a temperature rise to 5000C has little influence on nitrogen satura-)rocess tion of titanium, apparently because of the low solubility of the

1. nitride film in the titanium.
1ly on The chemical compositions and conventional designations ofPe is de- Soviet structural Ucanium alloys are given in Table 5, and theirface ot mechanical and physical properties in Table 6 [48].
it. The techno]ogical. properties of titaniun alloys are related

to their structures. The structure may be that of the pure a-

FTD-HC-23-352-69 2 4
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TABLE 5
Chemical Composition and Conventional Designations of

Soviet Titanium-Based Alloys

designa- basic components, 2 ipuitles, %,
tion of . .not above

Vy3 . 2 0-30 406 - 0.3 0.4 .2VT31 o I o 52.5 1.5.2.4 5.k 0.5 r, - *o.0, .2V74 0.8.2.0 - - 3.55 0.1 I.s
o0. 0.8-2.0 - - 120-3 0.4 0.15 .15M ".--0.8-2. 0.4 0.15 JS

IT Z03. I- 05 ' 0.3 OAS5 AS7T91 ---3 - jS .0-5. 0.3 0.13 .35
-- -4.-.6 34,S 0. 3 - .3

976 - 2.8-3.8 54 07-I.S 0.4 0.25 .15711 2 8:'01:.35 0. 1- .15VTJS - 7-8 7 o-..8 0- -. - 10.3 o.3s JS
VTIV O, 0-.3 sa.6. 0-6. 0.3 0.2 o.2

'C

Jll of the alloys may contain no more than 0.1% C, '.
0.05% N2 , and 0.015% H2.

**Composition according to (58].

phase, the pure 8-phase, a mixture of these phases, a eutectoid,

or chemical compounds. All alloying elements can be broken down
into three groups on the basis of their influence on the polymor-
phic transformation in titanium: a-stabilizers, which raise the
temperature of this transformation, 8-stabilizers, which lower it,
and alloying additives that have little Influence on this tem-
perature and are known as neutral hardeners. Figure 3 (49] pre-
sents a classification of alloying elements based on this cri-
terion. The a-stabilizer used in practice Is aluminum; a-stabl-

lizers include iron, chromium, molybdenum, and certain other
metals; tin and zirconium are neutral hardeners. Titanium alloys
can be classified roughly into three groups in accordance with

the above.

Alloys with the a-structure. These include the VT5 and VT7-I

alloys. The most Important property of alloys with the a-struc-

ture is their eir)od weldability by argon-shided arc welding and

F'D-HC-23-35 2-69 25
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their' high thermal stabi2ity, I..,. the absence oC e b'tei n. 
yp

during prolonged subjection o ig teorau f an sPtee. 
tensitsoecaethese alloys retain adequate Srgt upt 5c.addirlThey resist gas Corrosion in air up to 109000C and can therefore 
cludes

be pressure-.worked at high temperatures. The shortcomings of 
twice

these alloys ln lude lower techrzologica2 plasticity as compared 
to abo

With those of the second and third groups and the fact that they advant,
cannt be strengthened by heat treatment. Alloys with the a- 

stabil'
structure are used to make forgings, extrusions, and various 

tile 8O
shapes for welding. 

alloys

produce

comilon I
a l l o i n g a d i t v e a *d 

r a w b a c

,=ve8ment.

phased
inte- ubcit ubsitu subcit- Iner-vated t'titi l t onal tonl t onal st~~ altensite.

phased
f In Isher

-p a -p aefloloys VT'

[jL,:e fixd byused in
u e nm h u e c h l na 

l l o y o f

alloys C
-AV AS 14 AdAll

alloys; I

anrieal in,

Figure 3. Diagram showing classification ofalloying elements for titanium. The asteriaked 
A114may produce hot-strength alloys with Inter- 

elom
metallic hardening.

very higi
Alloys with the a + $-structure. This group includes alloys state, tfof the inartensite type, in wi the $-phase exists only at ele- stamping,vated temperatures. and two-phased alloys, In which the $-phase comnp*ex-r
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ttlement may persist in certain quantities even at room temperature. Mar-
esses. In tensite-type alloys contain aluminum as the predomninant alloying
650cC. additive and a small amount of a 8-stabilizer. This group in-
erefore cludes the alloys OT4-1, OT4, and VT4. They have approximately
s of twice the strength of unalloyed ti;anium, but retain it only up
ompared to about 430'C. To a substantial degree, these alloys retain the
hat they advantages of a-structured alloys; their weldability and thermal
he a- stabilitJes are rather good. Owinig tc the appearance of the duc-
ior- tila B-phase at comparatively moderate heating temperatures, the

alloys of this group are easier technologically and pressworking
produces better results. Alloys OT4 and OT4-1 are now the most
commonly used sheet alloys. The martensite-type alloys have a
drawback in that they have no capacity for hardening heat treat-

m~ent.

A further increase in the 6-stabilizer content produces two-

phased alloys with higher strength properties at room and ele-
vated temperatures but poorer response to welding than the mar-

tenslte-type or a-structured alloys. For this reason, the two-
phased alloys are used for the production of all types of semi-
finished products.

The gioup of two-phased alloys includes the hot-strength al-
loys VT3, VT3-1, VT6, VT8, and VT14. The VT6 alloy can also be
used In the form of sheets, since it is the most easily welded

alloy of the two-phased subgroup. The VT3-1 and VT6 two-phased
alloys can be hardened by quenching and aging.

Alloys with the 8-structure. This group includes titanium
alloys into which so much 0-stabilizer has been injected that
they consist entirely of the B-phase after quenching or even after

annealing. Alloy VT15 belongs to this group.

Alloys with the B-st'ucture offer great promise for further

development, since they combine good technological plasticity with

very high strength and excellent weldabillty. In the as-quenched

es alloys state, they submit well to all shape-changing operations (bending,

at ele- stamping), and this makes it possible to use thenm to fabricate

B-phase complex-shaped products. These products can be endowed with high

FTD-1HC-23-352-69 28



strength by artificial aging. As a result, strengths of 140-150 Th

kgf/mm2 coupled with satisfactory workability are well within vated t

reach for the $-structured alloys, tics of

Th,

TABLE 7 corresp

determii

Mechanical Properties of Titanium Alloys at Ele-
vated Temperatures

test mechanical properties recommended where T
alloy temp., -ma_____ x. temp.

designation 9CS.% 5f for long-term the mell
k f f / f / l ' / = 2 s e r v i c e , 0C F o r

VT 0 22j 14 . FO

40 2 , be incrE
64x 6 5 -0 4% No.

- -... 1 420 toE

4001 41 4 oS The
41 16 141"'

MI X0 6 3.,11 =fiin40 49 " 4 0 based al45 6 47 14 M 0
X 42 Is am of 850-9

40 4 40 1 rim _ of titan

6T 4N s 7 I - 6 atoms of

j Cer
O so # 9 7W for rete

tures.

ultimate

terminal

• With the grain, alloys t]
example,

The development of heat-hardenable alloys is an important 
Al and 4!

trend in titanium-alloy development, especially for semifinished 
- 149 kg

sheet products; assimilation of such alloys will make it possible of tltan

to broaden the field of application of titanium [38). 
mechanic
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pz

)f 140-150 The mechanical properties of certain titanium alloys at ele-

within vated temperatures are listed in Table 7 p383. The characteris-

tics of unalloyed titanium (VTI) are given for comparison.

The maximum use temperature of a given titanium alloy, which

corresponds to the temperature at which it recrystallizes, can be

determined tentatively by A.A. Bochvar's formula

Tr = kTM ,

where Tr is the recrystallization temperature in OK and Tm is

the melting point in OK.

For technically pure titanium, k = 0.36; the value of k can

be increased to 0.5 by alloying the titanium, e.g., with 8% Al and

4% No. This raises the maximum use temperature of this alloy frcn

420 to 69000.

The possibilities of alloying titanium to increase the coef-

ficient k are still far from exhausted. Development of titaniur.-

based alloys capable of working over the long term at temperatures

of 850-9000 C is a distinct possibility [38). Some Soviet scien-

tists take the view that the normal and high-temperature strengths

of titanium alloys increase when a solid solution containing many

atoms of different npecies is present in them.

Certain titanium alloys are subject to requirements calling

for retention of high mechanical properties at cryogenic tempera-

tures.

At -196 0 C, alloys VT5 and Wr6 show a substantial increase in
2

ultimate strength (140 and 165 kgf/mm , respectively), but their

terminal elongations decline to 3%. However, there are known

alloys that exhibit high plasticity and toughness at -196
0 C. For

example, the mechanical properties of the ternary alloy with 4%

Lmportant Al and 4% V at this temperature were found to be as follows: ob -

miffi.1.shed a 149 kgf/mm 2 , 6 - 10%, 4 - 34.5%, ak 5.5 kgfrm/cm 2 . An alloy

it possible of titanium with aluw.num and molybdenum also retains good

mechanical characteristics at this temperature (503.
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Alu, inum is also one of the basl.c alloying components in forgings
American titanium alloys. In seme alloys, iron is injected as 22%; bars
an alloying additive. One of the alloys is injected with '.25% The r
of oxygen in additic to chromium and iron. There are alloys w.th talist coL
numerous alloying components, each present in a modest content; considerab
as an example, we might mention Ti-155A, whose composition Is Ti- no fundame
5.5Al-l. 5Cr-l.5Mo-l. 5Fe. USA. We ff

Many American alloys with the a-structure contain small (l- with a sm
2%) additives of one or two isomorphic ,-stabilizers: vanadium, ening. it
molybdenum, niobium, nr tantalum. It has been reported that form and i
small cobalt and silicon additives improve multicomponent alloy. values, af
The alloys Ti-6AI-4V; '"-oAl-2.5Sn; Ti-13V-llCr-3AI; Ti-8AI-IMo- multicompo
lV; Ti-6AI-6V-2Sn; Ti-5AI-5Sn-5Zr and others have come into exten- A, co
sive use. More than 25 different alloys are produced on an indus- startialy
trial scale (49, 51-53). the alloyi

TABLE 8 proved sub
Mechanical Properties of Cei-tain American Titanium Titan

Alloys at Normal Temperatures
strength.

0.58 of th

ne hanical Properti es smooth andalloy C, endurance
.... a k;/m__ spending f

A 110-AT Wp 77 1100 of titaniuMST--1 9 12 I 30970
C-13AM. 9 t 10545 substan90a
TI-IJA 107u b 12 11250
MST-2.5 f,-.25V 98 91 iMTi-40A $1 90 -- Ti tanTI-15AX 109 96 12MST-2J-2Fe l0 9 Is 11600 This short
SA3-Os4la-r 79 Is 33600

A1 -4V--25 112 98 13 11960 metals. A3AI- V 107 101 is I2660
1_V-110-.-= 96 I ,1o superior r

nitrided f

Phase

The mechanical characterist cs of certain American titanium of the che

alloys appear in Table 8 (38, 54). menko [41

In 1965-66, the USA produced titanium and titanium-alloy
semifinished products in the following relative quantities:
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7
'ts in forgings and stamped blanks 55-57%; plates, sheets, and ribbon 190 -cted as 22%; bars and wires 19-22%; pipes and extruded shapes 2-3%.th 0.25% The nomenclature of titanium alloys produced in other capi-
alloys with talist countries (Great Britain, West Germany, France, Japan) is !ontent; considerably narrower than that of' the USA, but the alloys showion is Ti- no fundamental composition dIfferences from those produced in the

USA. We might, however, take note of a British alloy of titaniumsmall (0- with a small amount of copper (2-3%) and intermetallic-type haid-inadium, ening. It exhibits good technological plasticity in the annealedthat form and its strength is increased, although not to very high:t alloys. values, after quenching and aging. Copper is also used in the-AI1-iMo- multicomponent alloy Ti-Sn-Cu-Al-Mo.Into exten- As compared with unalloyed titanium, the alloys exhibit sub-an ;ndas- stantially higher creep resistance owing to the introduction of
the alloying additives. In many cases, this property can be im-
provvd substantially by heat treatment.

Titanium and Its alloys are distinguished by good fatigue
strength. On the average, their endurance limits range up to
0.58 of their ultimate strengths. The relationships observod in
smooth and notched titanium and titanium-alloy specimens betweenendurance limit and ultimate strength are similar to the corre-
aponding figures for most structural steels. The endurance limits
of titanium alloyz, like their other strength properties, rise
substantially at very low temperatures (-196 0c).

Titanium alloys give poor friction and Near performance.
This shortcoming is mitigated by coating the titanium with other
metals. Application of a layer of electrolytic nickel has given
superior results [38]. The surfaces of titanium products are
nitrided for the same purpose.

Phase diagrams of the systems formed by titanium with manytitanium of the chemical elements are given in the works of V.N. Yere-
amenko [41] and Ye.K. Molchanova [46].

alloy

c s:
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Chapter 4

CORROSION RESISTANCE OF TITANIUM AND SOME OF ITS ALLOYS

Many Soviet and foreign studies [55-58, 66, and others] have

been devoted to the corrosion stability of titanium. We shall

therefore set forth briefly below only the basic data on which

the applications of titanium and its alloys are based.

Titanium, as a chemical element, is highly active and read-

ily capable of coibining with various substances. At the same

time, it exhibits good corrosion resistance in many aggressive

environments. It is superior in corrosion resistance to stain-

less steels and other corrosion-resisting materials. The resis-

tance offered by titanium to many aggressive media is comparable

to that of platinum under the same conditions.

The basic criterion of a metal's corrosion resistance is its

standard electrode potential. The more negative this potential,

the lower will be the corrosion resistance of the metal in ques-

tion. Like aluminum, magnesium, iron, and some other metals,

titanium has an irreversible electrode potential. Its theoreti-

cal value ranges from -1.21 to -1.30 V for Ti/Ti3+ , while direct

experiment was indicated values from -0.35 to -0.37 V and even

higher. The theoretical standard-potential value gives an idea

of the corrosion resistance of titanium undei' primary ideal con-

ditions that excludes the passivating effect of the environment,

which would otherwise result in polarization processes, formation
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or protective films, and the other phenomena that accompany elec- nitroE
trochemical corrosion. 

obser,
The stability of titanlum in aggressive environmets results

from the formaior of various types of films on its surface. In In manoxidizing media, the protective film is compo3ed of t~tan!u cav ta
dioxide. Formation of this film Is- romoted by nitric acid,chlorine dioxide, cupric cLloride, ferric chloride, and sodium tion Whypochlorite. Films with other compositions may be formed in

other environments. For example, in hydrofluoric acid or, to a Dlesser degree, in hydrochloric acid, a film of titanium hydride azidz
T1H 2 forms on the surface o? the metal. 

which
Titanium alloys are considered stable at corrosion rates up cortosr

to 0.05 g/(m .h)(Q'0.l mn/year), of reduced stability up to 0.5 cid;
g/'m("h)(l mm/year), and unstable up to 5.0 S/(m2.h)(V0 mm/yea).

at 240The resistance of titanium to mineral acids varies. It is fumingstable in nitric acid if the surface of the metal is protected such e,from mechanical damage; the stability of titanium in sulfuric, that thydrochloric, and phosphoric acids depends on the concentration of a 1ilof the acid and on temperature. The corrosion rates in hydro- has beechloric and phosDhoric acids increase with rising acid concentra- with tition and temperature; a more complex dependence is observed In than 6%
sulfuric acid.

ItTitanium is unstable in hydrofluoric acid, even in the most HNO 3 atdilute solutions, owing to the formation of readily soluble com- that thplex fluorine compounds. Pew organic compounds act on titanium; tions Isolutionz of oxalic and trichloroacetic acids, in which it is un- and chrstable owing to formation of complex compounds, are an exception. mItted
Titanium exhibits high corrosion stability In alkalis, solu- produci

tions of calcium and sodium hypochlorites, and in molst chlorine. titaniu;
Titanium is characterized by high stability in sea water and in TV
solutions ,)f almost all chlorides at normal and elevated tempera- peraturtures (except for saturated solutions of aluminum chloride and concentl
zinc chloride). and ent:

and as IIntergranular and pitting corrosion are not cnaracteristic ther, ttfor titaniur. (fuming nitric acid containing more than 20% of of titar

MID-fiC-23- 352-69 35 
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npany elec- nitrogen oxides is an exception); no crevice corroi3on has been

observed in long-term tests.

.ts results Titanium also shows no corrosion when placed under stress

face. In in many media (exception: fuming nitric acid). Titanium resists

,aniun cavitational erosion and fatigue corrosion.

acid, The following supplementary remarks may be made in ronnec-

l sodium tion with each of the above groups of compounds.

ed in

or, to a Detailed study of' the corrosion rate of titanium in nitric

hydride acids of various concentrations has shown that silicon dioxide,

which Is absorbed by the acid from glass containers, acts as a

corrosion inhibitor. It was established from tests in titanium
* rates up containers that titanium corrodes most rapidly in 40% nitric

to 0.5 acid; corrosion increases with rising temperature, to 10 mm/year

,.10 mm/year) at 240 3C £59]. Cases of explosions during tests of titanium in

s. It is fuming nitric acid have been reported. Experiments to reproduce

rotected such explosions, together with metallographic analyses, indicated

ulfuric, that the explosions were caused by grain-boundary precipitation

entration of a dispersed a-phase, which exhibitL pyrophoric properties. It

n hydro- has been reported that fuming nitric acid is explosive in -,ontact

concentra- with titanium if it contains less than 1.3% of water and more

erved In than 6% of NO2 L423.

It was established as a result of tests conducted in 99.5%

n the most H10 3 at 80°C on pipes welded up from various grades of titanium3uble com- that the stability of the metal is enuured under these condi-

titanium; tions if it contains no more than 0.05% each of iron, nickel,

it is un- and chromium. This figure is considerably smaller than that per-

exception. mitted by the technical specifications applied in the titanium-

alls, sotu- producing countries. These impurities are stabilizers of B-

t chlorine, titanium, which forms on overheating of the weld zones [119).

er and in Titanium remains stable in hydrochlcric acid at room tem-

ed tempera- perature only up to a 5% concentration of the acid. When the

ride and concentration is raised to 10%, the titanium hegins to corrode,

and as the acid concentration and temperature are increased fur-

cteristic ther, the corrosion rate rises steadily [58, 60]. The corrosion

20% of of titaniua in hydrochloric acid is sharply inhibited in the
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presence of chlorine (61).

Except for the dilute solutions, titanium exhibits low sta-
bility in sulfurit acid. The curve of corrosion rate as a func-
tion of acid concentration shows two maxima corresponding to acid
concentrations of 40 and 78%, with the corrosion-rate minimum be-
tween them corresponding to the 50-65% concentratlon range. In
fuming sulfuric acid, the corrosion rate continues to decrease
with increasing content of free 303 up to the309 point. As she
temperature of the sulfurie acid is raised, the corrosion rnte
of titanium rises sharply, especially in the region of the lirst
miximum, i.e., at a concentration of 40% [58, 62). T'he corrosion
rate of titanium In sulfuric acid with a concentration of about
100 g/liter increases in the presence of nickel and copper ions
[61, page 139].

Like other oxidizing reagents, chlorine inhibits the corr.o-
sion of titanium at acid concentrations up to 40% and temperatures
to 900C.

Titanium is extremely stable in ferric-chloride solutions.
Character'istically, the addition of ferric chloride to hydro-
chloric acid st-arply inhibits the corr-3ion of titanium.

Titanium is exceptionally stable in sea water, in which it
corrodes at a rate of 2.5 • 10 - 4 mr/year.

Dry gaseous chlorine reacts vigorously with titanium even at
300C, but corrosion is eliminated in the presence of small amounts
of moisture (0.005%). Titanium is not observed to corrode in
moist gaseous chlorine (the rate is less than 0.025 mm/year at
1000C).

Minor corrosion damage to titanium is observed in moist gas-
eous bromine at room temperature. The reaction takes place very
slowly in 4% bromine solution: tho corrosion rate does not exceed
0.0075 mm/year, Liquid bromine, dry or moist, attacks titanium
quickly. The effect of hydrcbromic acid is insignificant.

Iodine vapor reacts with titanium at relatively luw tempera-
tures (140-150*C). This reaction is the basis or the iodide
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e corro- Figure 4;. Corrosion of titanium in various
environments, a) Key to corrosion diagram:

rnperatures 1) less than 0.13 mm/year; 2) 0.13-0.51
mm/year; 3) more than 0.51 mWyear; 4) cor-
rosion rate not determined or compound de-

utions. composes; b) corrosion of titanium in in-
organic acids and mixtures thereof; I) ni-ydro- tric acid (aerated); II) nitric acid, un--
aerated; III) mixture of r.tric and adipic
acids (2:1); IV) mixture o: nitric and

Mch it sulfuric acids (0:1); V) sulfuric acid;
VI) sulfurous acid; VII) sulfuric acid +
+ cupric sulfate (0.05-1%); VIII) mixture
of sulfuric and nitric acids (10:1); IX)

Seven at hydrochloric acid (aerated); X) mixture of
11 amounts hydrochloric and nitric acids (3:1); XI)
die in hydrochloric acid + cupric sulfate (0.05%);

XII) phosphoric acid; XIII) chromic acid;
ear at cl corrosion of titanium in alkalies and

chlorides: I) aluminum chloride; II) am-
monism chloride; III) barium chloride; IV)
ferric chloride; V) potassium chloride; VI)

ist gas- calcium chloride; VII) sodium chloride;
ace very VIII) nickel chloride; IX) magnesium chlo-

exceed ride; X) manganese chloride; XI) cupric (2)
ot echloride; XII) cuprous (1) chioride + di-

titanium lute hydrochloric acid; XIII) mercuric chlo-
ride; XIV) zinc chloride; XV) stannous chlo-
ride + stannic chloride; d) corrosion of
titanium in ge-es: I) sulfur dioxide saturatedten era- with water vapor; II) hydrogen sulfide satu-

dide rated with water vapor; III) gaseous chlorine;
IV) a mixture of gases: hydrogen, carbon monox-
Ide, and carbon dioxide.
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refining process used for titanium. Iodine solution3 have no cor- stabilit

rosive action on titanium. &odium-p

Gaseous fluurine reacts with titanium at elevated tempera- Lin (the

tures, but titanium reacts slowly with anhydrous liquid hydro- phase ab

fluoric acid. Dilute hydrofluoric acid is highly reactive, and In

the reaction proceeds very vigorously in a 5% solution. Addition and detr

of nitric acid retards the corrosion of titanium. 3teel, a

Titanium dissolves not only in hydrofluoric acid, but also *n c

in acid media containing the fluorine ion. Since fluorides are to sea W

easier to handle than hydrofluoric acid, sodium fluoride is 
intro- of the il

duced into many acid etchants for titanium semfinished products alur-Inum

and to etch titanium scrap before regeneration. Som(

Titanium is distinguished by good chemical stability in a 
1. Kazarl

number of organic acids. It is not stable in a mixture of glacial amplify

acetic acid with acetic anhydride, in tartaric, formic, and 
with resp

especially oxalic acids [61, page 144]. note of t
carbon no

Titanium corrodes very rapidly in dilute sodium chloride in titanlum

the presence of air; without air, the corrosion is quite Insig- present i

nificant. Titanium oxidizer in the presence of air even under and satur

the melt, since oxygen diffuses from the environment through the well. In

melt to the metal. An oxide film with the composition TiO0. 2  gen in th

forms on the surface of the metal and then peels off. Corrosion present i

is insignificant in a neutral medium even at temperatures above

lOOC"C. 
The

whose com
The corrosion of titanium in fuseO NaCl has also been studied thoroughl

in the presence of heavy-metal salts. Salts of copper, nickel, data on W

cobalt, cadmium, and iron react with titanium. The titanium sur- VT6 permit

face forms a layer representing the colid solution with the metal below that

of the salt added to the melt (Fe, Ni, Co, Cu, and Cd). This ron'mrents'

layer breaks up and .eparates under the action of internal v 'Ious or

stresses. The corrosion process advances much more rapidly in high-tenpe

air than in a neutral medium. pressworki

Titanium has satisfactory corrosion resistance in many mol- dropped ma

ten metals. For example, the corrosion is below 0.1 mm/year in for exampl

sodium at 600 0C, and between 0.1 and 1 mm/year at 8000 C; that the c

FrD-.HC-23-352- 6 9 39 FTD-VC-23-

I.°



have no cor- stabllity Is of the sane order, in bismuth-tin, bismnuth-lead, andI
sodium-potassium allcys and In lithium, magnesium, potassium, and

tepr-tin (the above data pertain to tes;ts with no oxygen in the gaseous,
dnydr'o- phase above the melt); titanium is unstatle in molten zinc.

tive, and In contact with many metals, titanium is an efficient cathode
Addition and detrimnrtal to them. For example, the corrosion of soft

steel, aluminum, gun bronze (88% Cu, 10% Sn, 21, Zn), magnesium,

but also and calciLur is accelerated In contact with taniun under exposure

r!Jes are to sea water or salt mist. Titanium beconet the anodic component

de Is intro- of the cgalvanic pair in sulfuric acid solutions in contact with

d products aluminum and stainless steel.

Some of the corrosion diagrams given by V.V. Arndreyeva and V.

ity in aI. Kazarr. for technical titanium are reproduced in Fig. 4. To

e of glatial amplify on the high activity of titanium at elevated temperatures
and with respect to oxygen, nitrogon, and nydrogen, we should take

uote of the metal's ability to react under these conditions with
carbon monoxide arid dioxide, water vapor, and ammonia. When

hioride in titanium is heated in air, as before pressworking, water vapor
te insig- present in the air tray decompose on t-he ktrface of- the titanium

en underand saturate the metal not olily with oxsyge.n, but with hydrogen a.,
hrough the -dell. Incandescent titanium can also btrrone saturated with hydro-

Corrosio gem in the presence of ammonia or other hydrogen-containing gases
Corrsionpresent In the furnace atmosphere.
res boveThe corrosion stability of the titanium strLCtural alloys

whose compositions were given in Table 5 has not been studied as
beenstuiedthoroughly as that of technical titanIum.- However, avallable

nickel, data on the stability of OT4 allay and on VT3-1, VT5, VT5-l, and
tanlum sur- VT6 permit the infenrenee that th~jiX' stabilities are quIte far

h themetalbelow that of technical titan!Ut in a number of aggressive envi-
Thsronments, Zfld Jr..~ll in ydrochloric anti sulfuric acids and

rnal

pidly in vari;F:t organ~lc rteija. A similar eoffect is also observed after
hih-temeature auaking (750-S~OO*C), which Is applied before

preuworig t~e metal. The corroision stability of the specimens
many mol- Ir-opped ma-r-edly, but rpmain higher In the technical metal than,

*m/year in for exaymple. In OT4 alloy. There are reports (60] to t~he effect

C;tnat the t rrs-r stability of this alloy is the same in many

F~-dC-?3-32-6940



environments as that of technical titanium. According to foreign

data, the alloy Ti-3A1-2.5V has the same stability as technical Cory

titanium in hydrochloric and sulfuric acids.

The corrosion resistance of welded joints in technical

titanium and OT4 alloy depends on the type of welding, the struc-

ture of the seam metal, and that of the around-the-w;eld zone. A

diff, fence between the corrosion stabilltic of the welded Joi nt

and the base metal makes its appearance in the aggressive media

in which the base metal is in a stato of Oborderline passivity.'

This difference is not observed in oxidi zing environments - espee-

ially oxygen compounds of chlorine - or in nitric acid. Welded

joints may be subject tt, various types of faill.'e in noncxidizlng

aggressive media, depending on the composition and nature of the

impurilles present in them [56).

TABLE 9

Mechanical Properties of Annealed Corroaon-Resltant The
Alloys at

test r!Mpraturo, 'C
' S tab.

alloy d..

I. ]!

... ~no. .... 0 3 29 7" 2- 21Jl3 nI
.863 .11to45 .3 UXis 67 57, In

ti + um."4 " 227 38 -t ... 3-18 , "TI 79 IS 134 3 45 ? It763 to3
TItX- T 7 1 1 U- - '1

Alloyed welding wire with a minim.um content of gaseou3 im- prererence

purities is used to obtain high-quality deams in welding Of ti- properties

tanium alloys. billty of

The higher corrosion resistance of technical titanium 4s comi" ttally by

pared with the structural alloys has made it the materal of 
cal proper
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o foreign TABLE 10
-hnical Corrosion Sbability of Annealed Alloys [Test Time

100 h, corrosion rate in g/(m2 • h)]

cal
he struc- - I. test temperatuz,.

zone. A composition I1erl
ed joint cm iin erl

e media Z " ' -

sivi ty." unalloyed. hetitaniur .. .. ..set 120 .0 45 U1 .
espec- 3 130% M. . ... she*oXI .02. - .- 0.,',

welded joint _ ' - - OW

Welded T1 III To 0M."00

Ti 2% b. ).nQt -
oiiigwelded jointL  )AM -- - -

e of tthe Ti +0% Nb .... *beat O.COI i.T+o0.2% P . ... t~r /- I 0 -W- .- 30MI

nt *The weld seam was run crosswise through the test plate

at its center.

TABLE 11

Stability of Titanium Alloyed with Palladium (0.2%) as
le, Compared with Technical Titanlum

enviroment condition alloy *1

AK-1' 10% .oif. " o. I .

"a 1. 10% 70C, air 0,08 I 7
906 7.ft

0.1a- I 4.21

eoqs im- preference in chemical engineering. However further study of the

of t!- properties of titanium alloys has shown that there is a poes-

bility of improving the corrosion resistance of titanium substan-

iurn as com- tially by ajioylng At without detriment to the attractive mechnl-

ai of cal prope-.ties of the alloys or the highly important weldabilit
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property.

al loy i3
Alloying elements that raise the corrosion stability of ti- Thetanlum include molybdenum, tantalum, zirconium, niobium, and the follows.

noble metals. 
capacity

When titanium is alloyed with molybdenum, especially at 30% metals (PMo, the corrosion stability of the titanium alloys in hydrochlor- In the po
ic, phosphoric, and sulfuric acids rises sharply. Alloying of namic staltitaniuim with niobium (30%) raises the corrosion stability of the tendti
titanium alloys in hydrochloric acid. Alloys with niobium are Theunstable in sulfuric amd phosphoric acids at 1500 C. Alloys of improved ttitanium with zirconium (up to 15%) and tantalum (to 20%) are has been
stable in phosphoric acid. Alloying with these metals does not such as 0Improve the stability of titanium in hydrochloric and sulfuric stantlall
acids. for 3-6 h.

The introduction of palladium or platinum, even in small depth of 0quantities (no more than 0.1-0.2%) sharply increases the corre- Beforsion stability of titanium alloys in solutions of hydrochloric pic;'elea Iand sulfuric acids at concentrations up to 30% and temperatures HNO . Ano
to 1000 C. Alloying with tin and rhenium has not produced good sulfuric a
results. 

stability
Corrosion-resistant titanium-oased alloys with the following acids, alccompositions have been developed: Ti + 18.59 Mo; Ti + 30% Mc; TI + Appli+ 20% Ta; Ti + 2% Nb; Ti + 30% Nb; Ti + 0.2% Pd. tain diffi
The mechanical properties of these ai2oys are listed in Table remove the9, and corrosion-resistance figures in Table 10 [57]. The alloys mlum, nlckof the compositions listed in Table 9 can be deformed and argon- are appliec

shielded-arc-welded with good results.

Data on the stability of titanium alloyed with palladium
(0.2%) are given in Table 11 for compariion with technical titan-
ium [63).

Work has begun to investigate the aorrosion stability of
ternary alloys. It has been shown that alloys of titanium with
palladium are improved by the introduction of chromium, molyb-
denum, or zirconium; the stability of the titanium-molybdenum

FrD-HC-23-352-69 43 
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alloy is improved by addition of 5; Cr [58).ty of ti- The general relationships encountered In this question are as
n, and tn!e follows. The anodic activity of titanium can be lowered and itscapacity for passivation Increased by alloying with: a) noblely at 30% metals (Pd, Pt, and c*hers), which shift the standard potentialydrochlor- 

In the positive direction; b) elements that raise the thermody-ying of namic stability of the alloy (Ni, Mo); c) elements that enhanceLty Of the tendency of titanium to passivation (Cr, Zr, Ta, Nb, V) [581..um are The corrosion resistance of titanium and its alloys can beloys of Improved by anodizing and by the use of galvanic coatings. It1%) are has been reported that the corrosion resistance of titanium alloysdoes not such a3 OT4 and VT5-l, in 20% sulfuric acid can be improved sub-lf uric stantially by holding the finished product in air at 750-850oC
for 3-6 h. Saturati.)n of the surface layer with oxygen to asmal) depth of 0.1-0.3 mm passivates it [64].corro- 

Before anodizing, the titanium surface is degreased andchloric pickeled in an aqueous solution of a mixture of 1.5% HF and 20%-ratures HNO 3. Anodizing Can be done in various electrolytes, e.g., 26%.d good sulfuric acid. Anodizing substantially improves the corrosion
stability of titanum and Its alloys in sulfuric and phosphoricfollowing acids. alcohollc bromine, and other aggressive environments.) Mc; Ti + Application of galvanlo coatings to titanium involves cer-
tain difficulties - it is firstnecessary to treat the pece tod In Table remove the oxide film and form a film of titanium hydride. Chro-'he alloys mium, nickel, silver, copper, cadmium, and other metal platingsid argon- are applied to titanium (38, 65].

adium

al titan-

ty of
Ium with

molyb-

)denum
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Chapter 5 The

in the US,
APPLICATIONS OF TITANIUM 12 ), whi

It 1*i

The possibilities for extensive use of titanium alloys as

structural materials for various purposes stem from the ringular 3tantial
branches

properties that distinguish titanium and its alloys from other

materials. titanium

In mi

TABLE 12 entially I
flame tube

Breakdown of Titanium Consumption in the USA turbine hc

fabricatic
1q' " I$? * * r ] due to the

field of following total tonnages of amifinished pro- this figur
-_plication d u .. - -- alloys.

_-_____-_.. .. . . . .__.. . . .__"__ It ap

jet engines 3 H M if for the sk
military aircraft " 6- 3 3 n p
rockets ! 15 II IsIs proved. I
tivil aviation S 8 3 aircraft c

adcincluding 8[ ~ 77, 78J.cbmad Z._ *quip.. . '-
-- pa new allo

manufactur
-the firm,

*Estimated. ning tespe

Work to iml

pushed in
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The literature on te problems of using titanr _u is quite

voluminous and is being added to continuously. In contrast to

foreign reports and papers, which pertain to the use of titanium

in some narrow field, the Soviet literature has uffered mono-

graph- that examine the problems of using titanium in specific

fields of mechanical engineering in minute detail, setting forth

recommendations for the machining vf titanium, its welding, etc.

(38, 39, 55, 56, 5'), 66, 67). The detailed aurvey [68), which

is descriptive In nature. should be .ited among the foreign

sources on this problem.

The consumption of titanium in various industrial branches

in the USA during recent years is characterized by TabLe 12 (121-

124), which also gives projected estimates.

It follows fron, the data in Table 12 that, despite the sub-
.ys as

ingular stantial increase in the civilian usez of titanium, the indutrial

other branches servicing the military will remain the basic 
users of

titanium for a long time to come (76).

In military aircraft construction, titanium is used prefer-

entially for the manufacture of engine components (80-90%) - for

flame tubes and exhaust nozzles, combustion-chamber housirZ,

turbine hoods and rotors. The limited ,2e of titanium In the

fabrication of airframe components (10-20%) has apparently been

for- th due to the inadequate hot strength of titanium alloys. In 1966.

d p, this figure reached 30% as a result of the development of new

alloy3.

It appears that titanium alloys will be used more extensively

for the skins of supersonic aircraft as their hot strength is im-

proved. It Is projected that 60-90% of the structures used in

aircraf; capable of Mach 2.5-3 will be made from titanium alloys

(77, 78. It has been reported that the firm TICA has produced

a new alloy designated Ti679, which contains slicides, for the

manufacture of jet-engine partz. According to a statement from

the firm, use of this alloy makes it possible to raise the run-

ning temperatures of the engine parts from 400 to 480*C [793.

Work to improve the hot strength of titanium alloys is being

pushed in this context [78, 795.
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It has been reported [69] that substitution of titanium en-

gine parts for steel ones has produced the following weight sav- 
have im

ings: exhaust pipes 32%, engine coverings 39%, bulkheads and 
ium $he

nacelles 25%. In stressed elements, the weight savings is in of the

many cases ever greater, since titanium has a higher specific tat ma

strength than steel. For example, the weight savings is 32-41% specifi

for engine compresser vanes and 38-67% for compresser disks. 
and its

Many fastening components for airraft are made from titanium. dive co

Substitution of titanium for steel in these components may yield 
and its
that mu

weight savings up to 42%. As we know, a 1-kg engine-weight re-

duction makes it possible to save up to 10 kg of total aircraft ronment

mass by lightening the fuselage. 
heat ex

parts.
Use of titanium alloys made it possible to reduce the mass

of the DC-8 airliner by 430 kg. This saves $2.6 million over Ti

7 years of operation of the airplane [80]. In the XB-70A super- parts f

sonic airplane, which weighs 58 tons, 22 thousand parts weighing 
atid the

5.4 tons are made from titanium alloys [78]. 
ular int

to be h-
The effectiveness of using titanium in Jet-engine parts in mortar b

motion at high temperatures is characterized by the followirig used

comparative figures: the compressor rotor of a jet engine failed makes it

at 20 thousand rev/min when it was made from aluminum (mass -1 kg), life (6$

at 17 thousand rev/min when it was made from steel (mass 14 kg),

end at 25 thousand rev/min when it was made from titanium (nass 
It

8 kg) [70). 
plates w

The
In civil aircraft construction, as In the military, titaniumTh

is still used for the most part to make engine components and the devote

wheels of the aircraft, which last several times longer 
than con- cal engi

ventional wheels [71v 81). 
cost 1ev

In rocket engIneering, most of the titanium (more than 80%) 
As

is used to make compressed-gas tanks, casings for solid rocket from tit

s alo a asicheat exo
engines, and liquid-hydrogen tanks. Titanium Is also a basic

structural material for spacecraft. Although titanium rocket two addi

parts now cost 20-25% more than tne corresponding steel compo- well by

nents, the weight savings ranges above 40% [116]. Hastello

densers,
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i Prospects for the use of titanium alloys In submarine hulls

eight s- have improved with mastery of welding techniques for thick titan-

is and izm sheets, although this application has accounted for only 1%
i n of .. , titanium led in recent years. The properties of tilanium

ecific that make it at. ctive for use in this field are its high

is 32-41%' specific streng , excellent corrosion stability in sea water,

Jisks. and its low density, which makes it possible for the craft to

taniun. 6ilve considerably deeper than steel submarines [72, 78]. Titanium

nay yield and Its alloys are used in shipbuilding to make many components

igat re~- that must resist exposure to sea water and other aggressive 
envi-

aircraft ronments, e.g., to make diesel-engine mufflers, condensers and

heat exchangers, measuring instruments, radars, and marine-engine

parts.
the mass
bn over Titanium has been tested successfully in the manufacture of
OA super- parts for recoilless weapons. One weapon took 36 kg of titanium,
weighing and the entire run about 1 thousand tons. Titanium Is of part±c-

ular interest in that it eiiables us to lighten weapons that are

to be hand-carried or ferried by air. For example, a titanium

parts in mortar basliplate weighs 11 kg aa compared to 22 kg when steel is

lowing used. Ust of titanium in the production of artillery weapons

me failed makes it possible to secure high maneuverability and long service

mass 11 kg), life [68].
Ss 14J kg),
u (mass It is estimated that the use of titanium for tank armor
M (plates will reduce their weight by about 25%.

tItanium The foreign literature, and Awerican sources in particula'.t,

ts and the devote most of their attention to the use of titanium in chemi-

tnan con- cal engineering, which is highly promising even at the present

cost level of titanium semifinished products.

than 80%) As a prime example of chemical machinery that can be made

rocket from titanium on an industrial scale, mention must be made 
of the

basic heat exchanger, which, along with its corrosion resistance, 
has

rocket two additional important advantages. Titanium is not wetted as

compo- well by liquids as are copper, stainless steel, and 
the alloy

Hastelloy C. The result is that on condensation in titanium con-

densers, many liquids form individual drops, which 
quickly run

FTD-HC-23-352-69 48



off the surface, instead of films [82). The other property of It
titanium is that an oxide film forms or its surface and facili- autoclaN

tates removal of sediment from the heat-exchanger surfaces. As a bases w
result, a high heat-.transfer coefficient is preserved throughout
the entire operating life of the heat exchanger [83). Substitu-

tion of titanium for lead coils made it possible to reduce their
length to one-fifth and their diameter by half [841. In another St

case, the higher cost of installing t%tanium coils was covered in

1.5 years (85).

In vlew of its high specific strength, titanium has been
used to make rotors for high-speed centrifuges, for which lower Use

the rotating elements are particularly important. cost rat

Titanium 1s used to make the vanes and housings of centrifu- is sever
gal punps used to transfer solutions of chlorides, dilute hydro- material
chlorlc acid, and various organic acids. In many cases, such titanium

pumps work for years, while pumps made from nickel-chromium- life of
molybdenum steels fail after a few months (39). The service Titanium
lives of titanium injectors are correspondingly longer than those plain st
of iron types. sive, bu

In the last analysis, the basic factor responsible for the the stee

usa of titanium in various nonmilitary branches of mechanical (87). A
rate cosX, engineering has been its cost effectiveness, whiih depends to a

substantial degree on the corrosion stability of titanium under Thie pre

the particular set of conditions, and on cost in those cases in for repa

which corrosion stability is not a 2 .jor consideration. by a new
effectiv

The high cost of titanium has stimulated research to develop met of

a technology for titanium-facing of steels to be used in the manu- the temp
facture of chemical apparatus [68, 72, 86-88). One of the simpl- in nitri
est methods of cladding titanium, which is already in industrial 115).
use, employs an explosive wave to produce a bimetal. However," titanium
metal cladded without an intermediate layer cannot be heated~[931 thai
above 5000 C, since a brittle interlayer forms at higher tempera- and proc
tures as a result of mutual diffusion of the metals [89). Pro-

curred I
R- duction of steel pipes 25 mm in diameter with internal titanium introduc

linings has been set up (90). ium pipe
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roperty of It will be interesting to compare cost calculations tor an

,nd facili- autoclave 1.8 m long and 0.76 m in diameter with hemispherical
faces. As a bases when it is made from various materials [91):
Sthroughout

Relative Relative
Substitu- material cost of

educe their cost autoclave

In another Stainless steel 316, thick-
s covered in ness 3 mm ..................... 1.00 1.00

Titanium ........................ 5.00 3.30

Titanium-clad carbon steel

has been (61 + 2 mm) ................... 1.12 1.56
hich lower Use of titanium is advantageous in spite of this equipment-

ortant. cost ratio, since its stability in many aggressive environments

of centrifu- is several times better than those of high-alloy steeLa and other

lute hydro- materials. Thus, a stainless-steel autoclave was replaced by a

es, such titanium unlit tha, cost 2.2 times as much. However, the service

romium- life of the titaniunt autoclave was found to be 5-6 times longer.

service Titanium coils were found effective even when substituted for

r than toose plain steel coils. The titanium coils were 3.8 times more expen-

sive, but it was found that they were practically immune to wear;

le for the the steel coils, on the other hand, lasted from 9 to 12 months

chanical (87]. A titanium drum filter for separation of zirconium sul-

spends to a fate costs about twice as much as a rubber-faced steel drum.

niun under This premium was covered in two years by the reduction in outlay

e cases in. for repairs on the steel filter and its replacement, when worn,

n. by a new filter of the same kind (92). Titanium equipment is

effective not only in virtue of its higher stability. Replace-
h to develcp ment of titanilum for steel apparatus made it possible to raise

in the manu- the temperature of a reaction in which a material was decomposed
f the simpl- in nitric acid from 77 to 15G0 C, with increased extraction [87,

Industria 115). The examples cited above are based on the current cost of
However, titanium and semifinished titanium products. It is predicted

heated (93) that by 1970, technological improvements in the acquisition

er tempera- and processing of titanium will have reduced the cost penalty in-
89)]. Pro- cuffed-in asing titanium equipment instead of steel. For example,
1 titanium introduction of a technology for the fabrication of welded titan-

ium pipes lowered their cost by about half as compared with the

FTD-HC-23-352- 6 9 50



cost of seamless pipes; the minimum pipe wall thickness was re- castin

diced from !.6 to 0.9 mm. - furnac

Manufacture of large chemical equipments would be impossible the mo

without appropriate advances in the welding of titanium. Without T

going into deta!1s, we may note that one solution to this problem has all

involvea doing the welding inside inert-gas-fIlled polyetnylene the pr(

bottles. Fabrication of liquid-hydrogen tanks 7 meters long and chloriz

2.5 m in diameter by this method has been reported (94]. Inert- Althou!

gas-filled plastic bags are also used to weld small parts. that f,

The USSR has developed a technology of submerged-are titan- reduce(

ium iselding that makes it possible to Join pieces of practically coeffi¢

any thickness (953. A literature report r96] tells o: the de- sei

velopment of a technology for welding very thin titanium parts to tion o

very thick ones, e.g., thin-walled pipes to valves, vantage

Master f technologies for the casting of titanium, and TI

especially of parts for equipment and fittings that are now made chlorid
~stainle;

by welding, will help expand the range of application of titanium.

This will require development of appropriate furnace designs and firat c

selectlon of mold materials that will not interact with titanium. Si

Until recently, graphite molds have been used, at the cost of a fuming

certain amount of carburization of the surface layer of the east- acid at

Ing. However, graphite molds survive only a single casting opera-

tion. Use of a special graphite increased mold service life to

10-12 castings, but this was still inadequate and increased the Instead
cost of the process considerably. It is reported that the Ameri-

materia
can firm TMCA has found a new mold material that permits up ro one{ interel(
hundred castings in a single mold [97]. Cast titanium and titan-

" stable

ium-alloy compnents are even now being used successfully as re-• operati 1
placements for forged ant welded pieces. 

The largest cast titan-
coating

ium products now being produced weigh about 180 kg, are 1.8 m ic zone
long and 0.9 m wide; the minimum casting wall thickness is 2.4I mm. hco

It is predicted that improvenents to. titanium casting technology anodes o

will help substantially in broadening the nomenclature of cast used in
product5 and lowering their cost [98). protecti

Broad-scale rezearch In the USSR has resulted in the develep, duction

ment of a technology and equipment for production of titanlum other me

FTD-ItC-23-352-69 51 FPD-HC-2



kness was re- castings [993. For example, high-capacity smelting-and-teeminc

furnaces have been designed, and research is being done to find

I be impossible the most suitable materials for moidmaking.

ar.ium. Without Turning to industrial chemical processes, where titanium

o this problem has already secur,.1 a foothold, w? should first make mention of

polyethylene the production of enlorine. The stability of titanium in moist

eters long and chlorine had led to its use in the fabrication of heat exchangers.

[94]. Inert- Although the cost of I m2 of titanium heat exchanger is 1.86 times

parts. that for a graphite exchanger, the area of the exchanger can be

ed-arc tit- reduced by a factor of 1.8 because of" the high heat-transfer

-,f practically coefficient of titanium. The service life of a titanium conden-

of the de- ser is 5 times that of a graphite unit. As a result, installa-

tion of titanium condensers hai been to considerable economic ad-
vantage [83].

,anium, and Titanium pumps for transfer of hot nitric acid or heated

t are now made chloride and salt solutions last 10-20 times as long as similar

ion of titanium. stainless-steel pumps [76); this more than offsets the higher

ce designs and tirst cost of the titanium pumps.

with titanium. Since titanium presents Rn explosion hazard in contact with

the cost of a fuming nitric acid, it is used to make equipment to hold nitric

.r of the cast-- acid at concentrations no greater than 60-70% [42, 43, 87).

castir.3 opera- Platinized titanium anodes are being used successfully in
'vice life to-vicreafe the mercury and diaphragm-type electrolyzers for chlorine production

nc 

e 

the

instead of anodes made from graphite, ferrosilicon, and otherhat the Amerl- I
materials. The stability of the titanium anodes ensures that thernits up to one

ium ana titan- interelectrode distance will remain co.nstant, 
i.e., it maintains

stable operating conditions, increases productivity, ,and lowers
:t uly ttas- opera,;Ing costs '100]. A great advantage is that the platinum
,st cast titan-

are 1.8 m coating need not be continuous; it can be applied 
only to specif-

Ic zones of the anode or have porosity [101). Four foreign firms
have concluded an agreement on the uqe of platinized titanium

Ing technology anodes for the production of chlorine [102]. Such anodes are also

ture of cast
used in the production of perchlorates, for cathodic corrosion

protection, especially in sea water, and in the electrolytic pro-

in the develop- duction of gold, platinum, rhodium, silver, chromium, nickel, and

of titanium other metals and organic coDnounds (103).
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I
Chlorine-handling pipes are made from titanium. Because of 101, 109)

the absence of corrosion, the 356-mm-diameter pipelines have thin flow-cont
walls ranging from 0.8 to 1.3 mm. earlier,

tective c,
In addition to the chlorine Industry, titanium is coming to

be used successfully in the cellulose-and-paper industry, for Cathi
example in the production of calcium hypochlorite, sodium hle- are used
rate, and soda. It has be,

weak adhe:
Among the organic-chemical processes, note should be taken cathodes I

of the production of acetic acid and the dyex made with it and nickel 11
with formic and other organic acids; the production of urea from

carbon dioxide and ammonia; processing of coke-che:istry products Titai

(dilute sulfuric acid solutions containing H2 S, HCN, 0 and it is use4
organic compounds); petrochemistry and the production of synthet- This ensui

Ic fibers, also used

in galvanTitanium is used in building equipment for dye production
where the conditions of the process require high purity of the Amon
final product, as well as apparatus for the actual dyeing process large amoi
[66, 104-1063. note of mx

ternal orcAn acetaldehyde plant equipped with apparatus surfaced with titanium
titanium was placed in operation in 1962 at Bay City, Texas. The

toa acdae i214 muscle ti.
total faced area is 2140 m 2 . The largest piece of equipment is ulti.r
9.75 m long ad 3.04 m in diameter [107). u h

' ium.

In 1963, titanium was first put to use in the production of
desalinating equipment - a highly promising field of application Rail
for the metal. The first such unit used 155 km of titanium tubing flected ht
[108). Development of a low-cot technology for manufacture of cted h
titanium pipes by welding will promote their application. The caryin
firm TM1CA has developed a special machine for production of such olyowhen
pipes [76). t bu

when the I
Titanium equipment has come into extensive use in the USSR potential

and abroad in a number of hydrometalliargical processes - in the been estii
processes in which the raw material is prepared for extraction of time, on,

titanium and molybdenum (dilute hydrochloric acid solutions, solu- ium.
tions containing sulfur compounds), in the production of nickel

(acidic solutions containing Ni, Cu, Fe, Co and Cl ions) [39,

FTD-HC-23-352-69 53, FTD-HC-23,
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ause of I01, 109]. For examp! ,, it has been established that titanium

ave thin flow-control fittings last 5-10 times longer than those used
earlier, which were faced with rubber, faolite, and other pro-

tective coatings [110).
ming to
for Cathodes made from an alloy of titanium with palladium (0.1%)
chlo- are used on an industrial scale in the production of manganese.

It has been found that these cathodes have a secondary advantage:
weak adhesion of the manganesu deposit so them [71). Titaniumtaken cathodes behave similarly in the electrolytic production oftand

tand fonickel 
[109).ea from

roducts Titanium has come into extensive use in electroplating, where
and it is used to make baskets in which soluble-anodes are placed.
synthet- This ensures full utilization of the anodes [1111. Titanium is

also used to make hooks and hangers for products to be immersed

in galvanic baths (112).
ction
f the Among the fields where the use of titanium does not involve
process large amounts but is nevertheless advantageous, we should take

note of medicine - the manufacture of medical instruments and in-
ternal prostheses. it has been established that the presence ofad with
uitanium n the organism is quite innocuous, and that bones anda s. The

ent is muscle tissue concresce with it. Getters for the maintenance of
ultrahard vacuums represent 'nother field of application of titan-

±um.
tion of

ication Railway and automotive transportation is a promising field of

ur tubing application of titanium. The economic advantages will be re-

ure of f'lected here in lowered fuol consumption and increased cargo-

The carrying capacity. However, these possibilities will be realized

of such only when the cost of semifinished titanium products is reduced
to about half of the 1965 level, i.e., to $4-6 per kilogram and
when the technology of casting titanium has been assimilated. The

e USSR potential use of titanium by the American automotive industry has
in the been estimated at 16 thousand tons annually (93). At the present
ction of time, only experimental racing-car bodies are being ride of titan-
ins, solu- ium.

nickel

D15 53
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Manufacture of steam and gas turbines also represents a pro- machini

mising field for the use of titanium. ing, 7

According to predictiuns compiled by the Battelle Institute 
tons

in 1962, the annual use of titanium semifinished products in the 
and 2.

USA was to be 23 thousand tons in 1970 (Tncludlng 2.5-5.0 thousand ctherI

tons in the chemical-equipment industry) [73). dollar.
reach

Considering the data given previously (see page 7) on the

expected increase in titanium-sponge production by 1970, as well Tc

as the rapid increase in the consumption of titanium eemifinished 
it wli

products (see Table 12), we may conclude that these predictions tetrac?
areportani
are realistic. 

a con
' a cont

According to British sources, the total production of titan- titani

ium semifinished products in capitalist countries will be 16 thou- develo

sane ton- y 1970 (113] and 35 thousand tons by 1975 [19).

It has been predicted that by 1970, the maximum strength of

deformable titanium alloys will have reached 180 kgf/mm
2 , and 1

that; of the foundry alloys to 155 kgf/mn
2 ; their service tempera- ral C,

tures will be approaching 600
0 C. Cheni c

It appears that the basic mass of the titanium produced in 
413.

years to come will be used in space engineering, since 
the use 2

of titanium in this field is expanding more eapidly than it 
is in try),

aviation, A large amount of titanium will obviously go into the 
12th E

manufacture of hulls for deep-water submarines. Extensive use of 3

titanium in weapons producticn may bo expected only if its 
cost is 1, No.

reduced substantially [114. 
4

330; J

In conclusion, we should study predictions regarding the 7
scale of titanium consumption on the basis of the projected cost 6

of' enifinished products. At a semifinished cost of $4.4-6.6 per 148, p

kilogram (at the end of 1964, the average prices of titanium semi-

finished products were as follows, in dollars/kilogram: 
sheet and 8

rl')bon 11.0; plates 8.6; wire 8.0; forging blanks 5.11; hot-rolled

bars 7.1 [22]), the consumption of titanium may rise in capitalist 1949,.

countries to 56-80 thousand tons per year, including 18-27 thou- 10

sand tons for military aircraft construction, 1.8-2.7 thousand 11

tons for civil aircraft construction, 13.5-18 thousand tons 
for
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f

,ents a pro- machinery (including chemical), 1-2 thousand tons for shipbuild-
ing, 7.2-9 thousand tons for weapons production, lvi-16 thousand

Institute tons for motor vehicles, 1-2 thousand tons for railway transpo-t,
cts in the and 2.7-3.6 thousand tons for miscellaneous uses. If, on the
5.0 thousand other hand, the cost of semifinished products drops to 2.2-3.3

dollars/kg, the annual consumption of titanium may tZ expected to
reach 200-270 thousand tons [113].) on the

0, as well To cut the cost of titanium scmifinished products appreciably,
emifinishec it will be necessary to improve the technology by which titanium
edictions tetrachloride and titanium sponge are produced and refined. Im-

portant steps on the road to thIs goal will be the development of
a continuous titanium-e-.tractio:t ;,rc-gss, improved pvoduction ofn 'of titan-
titanium castings, rational utilizatfoa of all titanium scrap,be 16 thou-

193. development and introduction of secondary titanium alloys, etc.
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Chapter 6

7ITANIUM HINERALS AND ORES AND THEIR CONCENTRATION

Titanium is one of the most widely distributed elements.

The earth's crust contains 0.61% (by mass) of Ti, or about 1%

when converted to TiO 2 (1, 2)

No !'ewer than 60 titanium-containing minerals are known.
Titanium occurs _n various quantities in many rock-forming min-

erals - pyroxenez, amphiboles, micas, garnets, etc. (1-8).

Titanium is present in the quadrivalent form in practically

all minerals. ilmenite (FeOTiO2) in the most common of all ti-0

tanium minerals. The small ionic radius of titanium (0.64 A) re-

sults in the formation of stable natural oxides. The most stable

titanium mineral, rutile (TiO2), has a tetragonal cryetal lattice.

Its polymorohic modifications (anatase and brookite, as well as

leucoxene, an alteration product of ilmenite) are less stable,

and are transformed under environmental effects into the more

stable form in the sequence: leucoxene - anatase * brookite

- rutile.

Table 13 lists the most important titanium minerals, which

can be broken down into 5 characteristic groups: the rutile, il-

menite, porovskite, niobotantalotitanate, and sphene groups (2, 5,

7). Rutile is encountered comparatively rarely in nature as a

monomineral. Usually, metals with similar ionic radii are in-

cludec isomorphically in Its crystal lattice: e.g., Fe2+ (0.83 A),
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Nb5 + (0.69 '), Ta5+ (0.69 A), tin, vanadium, chromium, solid solu-

tions of hematite and ilmenite, etc. Rutile segregations are en-

countered in place's together with other stable minerals.

Anatase is the last stable polymorphic modification of titan-

5/cU
3  ium dioxide, and is usually encountered together with rutile in

sedimentary rocks, clays, and especially in bauxites.

Brookite is seldom encountered in nature, and is usually

found together with rutile and anatase. Brookite is tranbformed

to rutile at temperature above 1040 0C.

Leucoxene is formed under natural conditions as a result of

oxidation of ilmenite or other titanium minerals. The leucoxeni-

zation process may continue until titanium dioxide is formed.

Ilmencrutile iz rarely encountered in nature. Isomorphic

impurities are usually present in it: FeO (up to 12.3%), Nb205

(up to 32%), and Ta205 (up to 14.7%).

Strwverite is similar to ilmenorutile, but contains somewhat

larger amountc of tantalum. It is rarely encountered in nature

in the free form.

Ali minerals of the ilmenite group (except titanomagnetite

and hematoilmenite) are double oxides of the type RORO2 that

crystallize in the corundum lattice. Ilmenite is sometimes called

crichtonite or titanium ironstone.

Titanomagnetite, a solid solution with various proportions

of ilmenite and magnetite, and hematoilmenite, a solid solution

of ilmenite and hematite, are encountered most frequently in

rocks. Ilmenite is formed by the interaction of titanium dioxide

with ferrous oxide in much the same way as the higher and lower

oxides of iron form magnetite. During the slow solidification of

the magma deep in the earth's crust, during which di- and tri-

valent iron and quadrivalent titanium accumulate in the residual

melt, ilmenite and magneti-i crystallize out into individualized

granules, forming a mechanical mixture. Thus, titanomagnetite

and hematoilmenite can be classified in the ilmenite group only

conditionally. The presence of individual ilmenite ind ma.Dnetite
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grains makes it possible to separate these minerals by mechanical coF

concentration methods. Qu

Under certain conditions, ilmenite is subject to one or 
an- 3%

other degree of leucoxenization, and leucoxene fringes may be

observed on its granules.
man

As we noted above, the leucoxinization process may continue

to the formation of rutile, which retains the external form of

the ilmenite. qua
! of1

At high temperatures in a hydrothermal and 
oxid~zing environ- of

ment, the ilmenite lattice is reconstructed and pseudobrookite is dis

formed; the next stage is the formaion of arixonite and lucoxene. i

All of the other minerals - geikielite, negbaumite, pyrophanite,

and senalte - are seldom encountered !n nati.re, and usually occur Tit

as Impurities i'i various minerals.

Perovskite is similar to the ilmenite-group minerals, but the tio

larger ionic radius of calcium causes it to crystallize in a cubic men

lattice. The titanium can also be replaced by isomorphic mate- ore

rials in this group of minerals. Depending on the composition of

the isomorphic impurities, perovskite is sometimes known as kno- o

pite or dysanalyte. ser

Loparite is a common rock-forming mineral encountered in 
of t

alkaline rocks. Its composition is complex and inconstant. A McIn

characteristic loparite composition is (in %): 39.2 Ti0 2, 11 Oton

Nb205 + Ta205; 16-19 Ce203; 4.2-5.2 CaO; 7.8-9 Na20; 0.2-0.7 K20; niob
0.5-0.6 Th0 2; 0.03-0.05 U; 0.2-0.7 Si02 ; and 3.5 H20 [71. ium

The minerals of the niobotantalotitanate group 
crystallize of c

in the cubic lattice. These minerals are richer in the rare ele-

ments, but they have no independent industrial importance for the 
ores

production of titanium at the present time owing to the small 
ore

titanium contents in the ore, shap

Sphene is a ,ather common mineral. It is encountered In pres4

nature in the fo,:m of scattered inclusions in granites, diorites, 
The

etc. Large concentrations of sphene - reserves ranging into the The

tens of thousands of tons - are encountered in pegmatites and 
pyri

pegmatoid nephelinic syenites. On subjection to hydrothermal 
incl
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)y mechanical nonditions, sphene decomposes witb formation of rutile or anataso.
Quite frequently, it contains up to 6% of ferrous oxide, u., to

3% of manganous oxide, along with magnesium oxide, ferric oxide,one or an-

,s may be alumina, and the like.

The varieties of sphene - yttrotitanite, murmanite, and fers-

manite - are very rare minerals.,ay continue

l form of The minerals given in Table 13 may be encountered in various

quantities in titanium ores. However, rutile anJ ilmenite are

zing environ- of the greatest importance for acquisition of metallic titanium

obrookite is and pigment titanium dioxide. Ilmenite deposits are so widely

and leucoxene. distributed and large as to permit large-scale development of the

yrojhanite, titanium industry.

sually occur Titanium Ores

The titanium ores that are significant for industrial produz-

rals, but the tion can be broken down for convenience into two types: native il-

ze in a cubic menite-titanium-magnetite and alluvial rutile-i lmenite-zirconic

phic mate- ores.

mpcsition of The native titanlum-magnetite ores of the USSR include those

own as kno- of the Kusa, Kopan, Kachkanar, and other deposits [5-7]. The re-

serves of native titanium ores.in the Urals run to many millions

tered in of tons. This ore type also includes thl ores of the Piney River,

stant. A McIntyre, Tejavics, and Roseland deposits in the USA, those of

102 , 11 Otonmaki in Finland, and others. The loparites, which contain

,.2-0.7 KO; niobium, tantalum, and o,:her rare elements in addition to titan-

I7i. ium in the form of perovskite and titanomagnetite, are an example

rystallize of composite native ores 18, 9).

he rare ele- The ores of the Kusa deposit are typizal ilmenite-magnetite

ance for the ores and are confined to gabbrocrystalline rocks. The continuous

he small ore bodies of this deposit are arranged in parallel vein-ore lens,

shap~ed beds. Magnetite and ilmenite, of which the magnetite re-

tered in presents about 60-70%, account for 90-95% by volume of these ores.

s, diorites, The magnetite grain size range is 0.06-1.0 mm (average 0.P-0.3 mm.

ng into the The secondary ore minerals here are hematite, leucoxene, rutile,

Itez and pyrite, and chalcopyrite. The nonmetallic minerals encountered

othermal Include chlorite, hornblende, resorbed plagioclase, garnet,
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epidote, biotite, calcite, breunerite, and others. The average
nai

percentage contents of the components in Kusa ore, in %, are

53 Fe (including 27.6 FeO and 48.2 Fe203); 14.21 TIO 2 , 0.65 V205 ; 1

0.122 S; 0.01 P; 3.18 SiC 2 ; 2.98 A1203; 0.67 Cr203; 3.33 CaO; tt

0.50 MnO; 0.005 MgO; 0.12 K20; and Na20; 0.25 H2 0.
2 2 2and

The ores of the Chernorech'ye, Nedvadevka, Lopan, Ivanov,

Matkal'sk, and othe 0 deposits in the USSR are similar in compo-I sition and ore-body characteristics to the ores of the Kusa de-~zi rc

poisit. 
Zr.,ost

In Quebec province in Canada, the most massive native de- 1

posit of hematite-ilmenite ores is being worked at Lac Thiault !n tho

the Ailard Lake region. The total reserves of ores in this re- san

gion are estimated at 150 million tons, including 125 .dillion tons

at Lac Thiault. The main ore body is 1080-920 m across and the

thickness of the sheet exceeds 90 m in some locations. The oreb oth
of this deposit contain about 75% ilmenite, 20% hematite, and 5% (the

other minerals. The T1O2 content varies in the range from 32 to Allu
2 nes~i

36%. The Lac Thiault deposit is the raw-atcrial base for a

mill at Sorel, at which slags with a high titanium content are
smelted out. posit

AlluviaV 

titanium 

deposits 

were 
formed 

under 
the 

inf2uence 

7ne

of exogenous rock-destruction processes. Those minerals in these ently
exgnu

rocks that resisted chemical alteration accumulated In the sandy unco

fraction of the weathering crust, while the unstabie minerals and o

were carried away from the deposit. Ilmenite is one of 4he mine- manit

rals that are stable under Ghese conditio.. Hc.ffever, even it is 103 r
. kans

subject to leuxozenization. Ilmenite, rutile, zircon; and othera" arlzo

heavy minerals are carried out into the ocean by rivers and de-~and S
posited in the sand along the coast. Ihis natural concentration

is accompanied by hydrodynamic density and size grading 
of the Mesoz

sand, ,4ith the ultimate esult the formation of large deposits Gf 
ing t

~van s,

titanium-zirconium ores. yello

' ypical placer deposits are found in the littoral sands of. (the

Australia, where the zones richest in titanium extend o-ver 500- laid

600 km, of the continent's eastern shor line.
.2 6deep .
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he average The belt of beach and dune sands of Australia is comparatively

., are narrow, but reaches a width of about 800 m in spots. 
The sands

consist of quartz (which omposes their basic mass), zircon, ru-
0.63 O 2 5; tile, leucoxenized ilmenite, leucoxene, and insignificant quan-

titles of monazite jc', La)P014), garnet, magnetite, chromite,

aad cassiterite.

Ivanov, The average content of heavy minerals in the beach sands is

in compo-is dempo- 5-6%. The heavy slime contains an average of 30.2% rutile, 38.8%
zircon, 26.5% ilmenite, 0.5% monazite, and 4% other minerals.

Mot or the cre grains have sizes ranging from 0.1 to 0.14 mm.
tive de- In 1963, about 172 thouzand tons of rutile concentrates ?nd 184

Thlault in thousand ccns of ilmenite concentrates were extracted from these

this re- sands.
mfllion tonss and the In aadition to the beach sands, Australia has rich deposits

The ores of dune and underground placers. They are not as rich in titanium

tie, and 5% (their'average heavy-mineral content is 13%), but they are thicker.

from 32 to Alluvial titanium deposits include many deposits in India, Indo-

for a nesia, South America, the USA, and elsewhere.

ktent are A unique alluflal deposit in the USSR is the Samotkan' de-

po3it of zircon-rutile-ilmenite ores in the central Dnepr region.

influence The Samotkan' deposit is a buried marine placer that was appar-

al In these ently formed by a littoral submarine current. This deposit is

the sandy uncommonly thick as compared with the beach deposits of Australia

minerals and other countries. The degree of leucoxenization in the il-

of the mine- menite of this deposit is extremely high. A. V. Rudneva [10, page

-even it Is 10] reported that 80% of the concentrate obtained from the Somot-

,and other kan' placers has a mineralogical composition si'Aar to that of

s and de- arizonite. The littoral-submarine formations of the poltavan

centration and Sarmatian stages appeared during the shaping of a thick

ng of the Mesozoic chemical-alteration crust. Crystalline rocks underly-

deposits of ing the deposit occur at depths of more than 100 m. The polta-

van suite is a monotonous stratum of fine-grained light gray and

I ands Of y Iellowish-gray quartz sands ranging up to 30-40 
m in thickness

o sands of(the sheets vary from 5 to 40 m in thicknes3). This zone is over-
over 500- laid by clayey sands and greenish-gray Sarmatian clays 20-25 ta

deep -
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The poltavan and Sarmatian sands contain zirconium, rutile,
and ilmenit. 

COMP4
conp

In the poltavan sands, the heavy-mineral yield with densities Conci
above 2.9 varies t'rom 0.5 to 300 kg/mi. Higher heavy-mineral whic)
contents are found in ;he upper-level fline-grained sands. The ore J
middle and lower poltavan sands are distinguished by lower heavy- centi
mineral contents, but they have occasional lenses of commercially proce
valuable sands. 

iorph
The ore-grain sizes vary irom 0.05 to 0.12 mm; the ilmeraite studi

sourcgrains are larger than thce of rutile and zirconium. The size
of the quartz grains Is about 0.2 mm. Conce

The electromagnetic fraction of the sands makes up 50-60% of
the heavy fractLn and consists or 65-70% strongly leucoxenized relat
ilmenite (resembling arizonite), 20-35% staurollte, 1-5% tourma-
line, and such admixtures as spinels, manganoandalusite, and alluv
others. The nonelectromagnetic fraction contains 20-40% rut~le, tract
15-45% zircon, and 5-10% leucoxene, 10-40% sillimanite, and 5-i00 tors
disthene, with anatase, andalusite, and corundum admixtures. by el,

The deeper layers of the Sarmatian fine-grained sands are centr
enriched in ore materials. Heavy slime from the Sarmatian sands centr,
contaias about 13-17% rutile, 32-37% ilmenite, 9-11% zircon, and
about 40% nonmetallic minerals - disthene, sillianite, ctauro- titan'
lite, and tourmaline. The minerals are well nodulized and coarser 3cree
than those fcund in the poltavan sands. tatior

The Tobolsk deposit of zircon-rutile-ilmenite ores in the by mai
Transural region, which was discovered in 1954, is a beach placer, Concer
again of marine origin, and contains about 80% ilmenite, 10% ru-

tile, and 9% zircon. 1i 1934,
The large Irsha alluviofluvial ilmenite deposit occurs in the Bay,

Volyn' gabbroanorthosite region; its ilmenite content is somewhat built
3more than 20 kg/m of excavated mass, with a heavy-concentrate of rut

yield of 1.4 to 711 kg/m 3. The titanium dioxide content varies
from 49 to 60% in the leucoxenized 1lmenite, averaging 50-52%.

qualit

such b

classi
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rutile, All of the titanium-ore deposits listed above are of the

composite rutile-ilmenite-zircon ore iron-titanium-vanadium types.

densities Concentration of these ores yields an iron-titanium concentrate,

eral which is then further enriched metallurgically, by smelting in

The ore furnaces to rich titanium sla& and pig iron. If a rutile con-

ar heavy- centrate is used for extraction of titanium, the smelting-furnace

nercially process is unnecessary. Rutile ores occur in the so-called meta-

;orphogenouu deposits. Although these deposits have not been

studied very thoroughly, they will obviously become an important
Imenite source of supply of rutile concentrate for the titanium industry.

ie size
Concentration of Titanium Ores

50-60% of A distinctive property of the besic titanium ores is the

xenized relative ease with whict they can be concentrated.

tourma- The following scheme is usually used in concentration of

and alluvial ores: washing and size classification of the sands, ex-

rutile, traction of a combined rutile-zircon concentrate on screw separa-

and 5-10% tors or concentration tables, improvement of th( crude concentrate

res. by electrostatic separation into ilmenite, rutile, and zircon con-

ds are centrates. Flotation is sometimes used to extract the zircon con-

an sands centrate.

con, and Process f ±ow charts for concentration of ores from native

stauro- titanium-magnetite deposits usually include staged crushing with

nd coarser screening, closed-cycle grinding with e!assification, and gravi-

tational concentration with improvement of the crude concentrate

in the by magnetic separation.

eh placer, Concentration of Australian Sands

10% ru- Exploitation of Australian deposits began in 1931-1932. In

19 34, work was begun at the first concentration Flant at Byror

urs in the Bay, which used flotation to extract the zircon. All subseqtently

somewhat built plants use concentration on tables and electrostatic methods

ntrate of rutile extraction instead of flotation.
vAt the present ti"e the Byron Bay-plant produces high-

var2.Atte 
reeesieo%

quality rutile, ilmenite, and ziL con concentrates, as well as

such byproducts as monazitf concentrate, washed silicate sand,

classified garnet, and a sma"ll amount ot' tin concentrate. Most

FTD-HC-23-352-
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of the concentrates extracted in Australia are exported to the USA the pr

and Japan. magnet

Primary processing of the sands is on tables or screw sepa- A
rators. Wil fley tables are usually used. The density distribu- with i
tion of the sands is quite clear-cut; the upper fractf on Is a The Es
narrow strip of monazite head with cassiterite, followed by zones three

of zircon, ilmenite, and rutile and then by minerals with den- can or3
eities of 3-4 g/cm and a bottom fraction of quartz with a rutile a 6.5-

admixture, which must be subjected to secondary cleaning. Up to
5% of rutile is present in the 3-4-g/cm 3 fraction, the el

The monazite head contains small quantities of garnet, spin- ranged
els, or tourmaline. A monazite ccncentrate containing 92-98% mona- ity:a
zite can be obtained by lectromagnetic separation and subsequent mon--
cleaning up on tables.

S1
The intermediate-density fraction is sent to the tailings used f

and returned to the seacoast for natural classification. numberi

The Stradbroke Island plant, like a number of others, uses site.
Tampfrey screw separators, which give a higher heavy-mineral E:
extraction, for the primary processing of the sands. Fifty Samp- steel I
frey separators, each with a capacity ol? 0.8-1 ton/hour, are length
used for the basic concentration stage. In this stage, process- differt
Ing of sands containing about 6% heavy minerals produces a con-Ientrate containing more than 24% heavy minerals. This product is
further refined on 12 similar units to produce a concentrate con- S

taining up to 90% of heavy minerals. This concentrate Is then the Asi

rerefined with selective concentration. in ext,
duct ot

Before separation of the zircon, rutile, and ilmenite, the rained
resulting collective concentrate is dried in rotary driers. After 720 kg
cooling t( about 800C, the concentrate is sent for separation.
Usually, combination concentration processes are used to separate M

the collectiye concentrate, including magnetic and electrostatic -ions

separation. Ilmenite has the highest susceptibility in the col- static

lective concentrate, and monazite is second in this respect. Zir- install

con and rutile are nonmagnetic. In occasional cases, however, a ample

variety of rutile with weak magnetic propertles is observe, in

FTD-HC-23-352-69 73
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to the USA the presence of films of ferrous compounds, zircon also shows weak

magnetic properties°

ew sepa- Almost all plants on the east coast of Australia are equipped

distribu- with induction-type roller separators with high magrvtic fields.

n is a The Escolon separator, which is usually made duplex with two or

d by zones three poles on each side, is most commonly used. This separator

th den- can operate with high and low magnetic field strengths and with

h a rutile a 6.5-A load at 120 V.
g. Up to Electrostatic separation is based on the differences between

the electrical conductivities of the minerals. They can be ar-

net, spin- ranged in the following series in order of diminishing conductiv-

92-98% mona- ity: magnetite, ilmenite, rutile, chromite, leucoxene, garnet,

subsequent monazite, tourmaline, zircon, and quartz.

Septon Steel and Steel Machines roller separators are tisually

ailings used for electrostatic separation; there are also considerable

numbers of separators of various types that have been built on

rs, uses site.

neral Electrostatic-separator rollers are made from bronze or

Ifty Temp- steel pipes from 125 to 172 mm in diameter and 915 to 2440 mm in

are length. The rollers turn at 300 to 600 rev/mon. The potential

process- difference between the electrode and the roller is varied from 16

s a con- to 40 thousand volts.
product Isrodte co- Separators with 28 rollers cascaded in two rows are used at

itecn- the Associated Minerals concentration plent. Rutile concentrate
is extracted on the upper seven rollers, and an Intermediate pro-

duct on the lower seven (in addition, a zircon concentrate is ob-

ite, the tained on the three lower rollers). Such separators produce 360-

ers. After 720 kg per hour per meter of roller length.
ration.

separat Magnetic ana electrostatic separations take different posi-
trostattc tions in process flow at different plants. Recently, eiectro-

the col- static separation has usually been at the head of the chart. The
pect. Zlr- installation of Mineral Deposits Syndicate may serve as an ex-
however, a ample for this placement of the *eparators.

!rved. In
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At the Zircon Rutile Limited plant, zircon is separated fvom

the collective concentrate by flotation, with addition of eucalyp- cent:

tus oil as a frothing agent. This process extracts 95-97% of the to f.

zircon. This particular plant produces a rutile concentrate con- drau:

taining 97.75% of titanium dioxide. As we noted above, flotation or st

is no longer used at the newer plants. flotZ

Concentration of Titanomagnetites from the Kusa Deposit menit
th6 'w

The enrichment flow chart used at the Kusa concentration centr

plant Is characteristic for concentration of native rocks. As we

noted earlier, the titanomagnetites of this deposit present a to [i.
polymetallic ore consisting basically of vanadium-bearing rag-

netite and ilmenite. Proto

TABLE !4 el' Ma

Concentration Data for Titanomagnetite Ores of Kusa Deposit

tion

distri content, l_ IextractiM, Z basic
Foncent-,ate buio PC|--V a e11, ite, ibution N 1. "vA ,,

_ _ ', lite.

iron-vansdium 54.0 04. 5.5 .0 garne
ilmenite, . . 1. 36. 45.0 0.25 IS.C 67.4 4.4 fractJ
pyritei (obalt) 0,2 6. 3.4 02 o, *. 0. *.I the stcat ngs ... isJ . - #. 9. ! 7.7

The Kusa ore has the following minerological composition: 60-

70% magnetite, 20-30S l1menite, 2-10% chlorite, and small quanti-

ties of ircn glance and pyrites [10, pages 10, 11). T
tons/mIn the first concentration stage, the ore is subjected to sizes

wet magnetic separation in drum-type separators after crushing and th

to 25 mm and smaller. Ore containing 41.3% of iron and 10% titan-

ium dioxide produces a concentrate containing 46.6% iron and 12.6%

titanium dioxide. The collective concentrate ia fine-ground to

1.5-2% mesh +40, vith subsequent wet magnetic separation 
on SE128B plant.

belt separators, The intermediate products are returned for re- T

processing. slimin
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ated from The wet magnetic separation produces an iron-vanadium con-

'f eucalyp- centrate and a titanium intermediate product, whfch is subjected

97% of the to flotation after separation of sludge and condensation in hy-

rate con- draulic cyclones. Pyrite flotation with addition of 200 g/ton

flotation of sulfuric *cid, 200 g/ton of xanthogenate, and 40 g/ton of

flotation oil is provided for acquisition of a low-sulfur il-

menite concentration. Soda is introduced into the pulp to soften

the water. Up to 95% of titanium dioxide is extracted in the con-

ration centrate.

ks. As we
Data on concentration of the Kusa titanomagneties accordingsent a

to [12, 13] are given in Table 14.
ng mag-

Prototye Concentration Flow Chart for Titanium-Zirconium Sands

of Marine Origin

a Deposit A prototype flow chart hab been developed for the joncentra-

tion of titanium-zirconium sands of marine origin [14). Here the

basic minerological fractions are represented basically by ilmen-

ite, rutile, leucoxene, zircon, disthene, sillimanite, and stauro-

lite. Compansion minerals are teurinoline, chromite, spinels,

garnz.ts, corundum, andalusite, chlorite, and monazite. The light

fractions are quartz and clays. The granulometric composition of

the sands is characterized by the following data:

Fraction, mn Yield of fraction, %

+0.5 0.4
-0.5+0.25 8.2
-0.25+0.15 34.8
-0.15+0.10 35.7

sition: 60- -0.10+0.07 2.0

11 quanti- -0.07 18.9

The mass per unit volume of the sands in the bed is 1.9-2.15

tons/m 3 at a moisture content of 5.6-12.3%. The ilmenite grain

cted to sizes vary from 0.25 to 0.07 mm, those of rutile from 0.25 to 0.06,

rushing and those of zircon from 0.15 to 0.06 mm. Grain sizes are in-

,10% titan-

ad 12.6% versely proportional to the densities 
of the minerals.

;round to Figure 5 shows the process flow chart for a concentration

-n on SE128B plant.

d for re- The preparatory operations include disintegration and de-

slIming. Disl.ntegration is carried out in 1600 x 7630-mm vat
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the in,

The re:

raw sands separa

Ir tables
disintegration

. concnrton slime central
t product

concentrate product the dir

.~5!rin quartz aebdawst rLap prdc are 10(

dEY-._M drainae
dll to type di

conductive nonconductive E-
fract on frfction of whi(
ilectrt negnetic tion o

Manonmanetic producl
fraction - ractilf smnetic nonmagnetic
ilmenite - fractLon fraction

oneniat a t magnetJ
ele~.E1MLP~j~tio1 separal

nonc6nductive conductive conductive noncond tivefraction fraction - fraction fact T-!o . tu. on-fracrt con . t TrS- p

centrate to cycle producing MS-2 pi
zirconivm, staurolite, froin t*

and disthene concen- x 6500
trates and monazite

product plant I

silli :s

Titanit

Figure 5. Concentration flow chart for titanium- Cc
zirconium sands [14]. duced t

Soviet

washers. The desliWing precess uses 3000 x 8500-mm rake classi- 8; 10,

fiers with hydrauiic control cyclones at the discharge. Rake these

classifiers are used to wring out 
the washed product and spread

the sand out over the tables. The primary concentration takes';' lum dic
place on 211 type YaSK-I three-level concentration tables. OfAsmall q
these, 136 are used for primary concentration, 40 to concentrate
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the intermediate products, and 18 to rerefine the concentrate.

The resulting collective concentrate is finished by electric

separations magnetic separation, and gravity concentration on

tables for the zircon.

The collective concentrate Is wrung out in one- and twc-spi-

ral classifiers with a vacuum-drainage system. This reduces con-

centrate moisture content to 8%. The two-spiral classifiers have

Lhe dimensions 1200 x 8400 mm, while the single-spiral machines

are 1000 x 6500 mm.

The concentrates are driee in two 2200 x 16,000 mm drum-

type driers and three 1600 x 8000-mm natural-gas-fired driers.

Electrical separation is effected on 113 EKS-1250 separators,

of which 82 are used for crude concentrate, 13 for control separa-

tion of the rutile concentrate, 10 for control of the staurolite

product, and 8 for control of the zirconium concentrate.

*-tie Twelve NIORI-2-5 induction-roller separators are used for

,ion magnetic separation. Of these, 7 separators are used for primary

separation and 5 for refining.
tive

The nonconductive fraction is subjected to reworkir' on 28

MS-2 pan-disk electrostatic separators. The nonmagnetic fraction
cin5
urolite, from these separators is pumped to the gravity cycle through 1000 

x

once"- x 6500-mm buffering spiral classifiers and dust separatcrs. The

azite plant flow chart also provides for the preparation of disthene-

sillimanite, staurolite, and monazite concentrates.

Titanium Concentrates

,tanium- Concentrates with high titanium oxide contents 
can be pro-

duced by concentration. Four concentrate grades are used in the

Soviet Union: rutile, ilmenite, rutilized, and arlzonite [4, page

:.ake classi- 8; 10, page 105; 15; 18). Table 15 lists the compositions of

rge, Rake these concentrates.

t and spread The rutile and arizonite concentrates are richest in titan-

ation takes ium dioxide. Rutile concentrate is producted in comparatively

tables. Of smail quantities in the USSR.

o concentrate
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TABLE 15 The

Chemical Compositions of Soviet Titanium Concentrates, % and mang
ite cont

lattice:
0.17% Mn

arizon te . rutil.. . . The

component iJt-secind ized ilmenite rutile tains wi,od o i 4.p- ' ._1tl n iL1men t e - -- -USSR , th ,

TA 6.3 rhdO 50.78 42.0 . 93.2
65.31 3 - - deposits3.0 61.3 -- -- -i vo,-.- u J ,2o J.8 r.s , ovalue to:

FtA 25S' 123.!1 12.0 13.8i1.87er
2 .6 28.4 - -

_ .- 26.4 _ I --
' ". J - -- .. 3 . ..9 i - Mini

AA 2, 20 2,16 1.47 1.75 1.!

. . .. ____ Z4 '2.4S .50. -
CrA 1:= 1 - :- -X

4 6 5: I'S
2 3.43 2,44 -

32:1 1i 13 3.50 3.0.7 :1. KD4-:1 2.. 44 -vaue
2.140 i.0 -

.5 00..77 0.28

•0 ^ I,0 - -- c-

0: C 05,30 IO - -A

VA1L 0.99 0.16 205

,.O .A, - -.m o. I

Tab 1

taniw um e
cate, al]
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I
The arizonte concentrate is characterized by high chromium-

-rates, % and manganese-oxide contents. As a rule, the monomineral ar'izon-
ite contain3 the following Impurities, which are included into its

lattice: from 0.05 to 1.75% Cr203, up to 0.4% V205, from 0.08 to
0.17% MnO, and 0.8-0.9% :4gO.

The rutilized concentrate is quite rich in Ti02 ; it also con-

tains minimal amounts of the most undesirable admixtures. In the

USSR, this concentrate is extracted from alluviofluvial placer

deposits. Owing to the low chromium contents, it is of particular

value for the titanium-pigment industry.

TABLE 16

Minerological Compositions of Titanium Concentrates, %

1nral formula a

ilmenite... FeTWO, - -
orizonite.. . FeRA3T 3M " 10-10 -
rutile. W1.. *.$.

zircon.. 0,3~SI,. 0.crichtonite ".FT1 - , - -'
leucoxene, . T . 3.3 - i.
magetite. . FeS04  - - -

hcmatite.. -F.,S 0,' e -.
chlorite .... [i. Fe)._, (AL F.+ • 1-3

biotite .... a naxesiu-ir©n 1-2ica
s~amet ..... R3 ,+(S'o O
staprolite . . (cV.2A X) 3.2-4, - -

athone.... A00..
Mrotbsne 0 -.)P

Aidep O(MMn Ar~O 25.5- - -quart: ..... 0i- 10
Selkiplite .03 $21 -

prophaits. . NaO11 - 1.silicates . .. :1.34 --ulfides- 0 .05-

Table 16 gives the minerological compositions of various ti-

tanium, concentrates (4, page 10; 105; 15; 161, As the data indi-

cate, all four concentrate types differ in minerological

FID-HC.-23-352-69 80
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TABLE 18

Typical Chemical Compositions of Rutile Concentrates
Produced Abroad, %

Travis- I .Au atralia _

component Florida core lot coft- I2nd com-
-(India) t " positionlporition

93.64 6.42 1 97.6t 15.?4 98.77
2.5 1,14 0.64 0,40 -

- - r 0.0A 0.46 - - ,.26 0.,4o.o0°.0 - 9." 0.04 --

.. 0. _. o,0 0.0 •

P 0.10 0.04 0.46 0.12

1.02 0,43 0.5 0.65 1.28
.1 2 . -2

comPosition. This causez them to behave dif'ferently when the
iron oxides are reduced in subsequent metallurgical processing.

We list below certain physical properties of the titanium
con~centrates (10, page 105; 15; 183.

Arizonite Rutilized Ilmenite
Density, g/cn 3  3.96 il.27-4,.28 4.22

Bulk mass, tons/n 2.10-2.11 2.94-2.96 2.34-2.35
Bulk mass after shake-

down, tons/! 2.19-2.21 3.13-3-17
Initial sintering cem-perature, eC 1350 950-1000 850-90G

Concentrate resitivity,
/cm3 x .1.>4 5.75 1.38

Granulometric composiio ,
5niat grain sizes of, In m:

on t6 esistiviy5 *
_4.43 ...... *0.a6 41,11 Wt4

-4.o4n,1. ...... . . 3.10 1,W 19fW
4,1 5t .... ... 3.29 n.0
•4.12 .. ...... ... 1 3 .5 X6.14

Table 17 gives the compositions of certain ilmenite concen-
trates produced abroad, and Table 18 those of foreign rutile con-

centrates [19).
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The minerological compositions of the domestic concentrates

(see Table 16) indicates that they contain individualized minerals

that do not contain titanium. The include staurolite and chrome

spinel in the arizonite concentrate; geikielite, pyrophauite, and

silicates in the rutilized concentrate; chlorite, bictite, garnet,

and quartz in the 1imenite concentrate. Research has shown that

these nonmetallic minerals can be removed from the concentrates by

secondary purification. One of the possible methods is reductive

J magnetizing annealing of the concentrate with subsequent magnetic

separation. This removes about 50% of the nonmetallic minerals in

the nonmagnetic fraction, the yield of which is 5-10% (4, page 8).
Manu-

Further repurification of the concentrates increases their script

cost, but the investment is returned in the chlorination process Page

by the higher extraction of titanium, higher equipment produc- 83

tivity, and improved quality of the titanium tetrachlor.Lde.

A method has also been proposed for acquisition of technical

titanium dioxide from arizonite concentrate with a composition

approaching that of the rutile concentrate In this method, the

crushed arizonite concentrate is subjected to reductive annealing

with natural gas (in a fluidized bed at 800-1000°C). Since un-

diluted natural gas is used in this process, 92-96% of the iron

oxides are reduced to the metal. The reduced concentrate is then

leached in dilute acid, and the product, which contains 90-95%

of titanium dioxide, is used to produce titanium tetrachloride.

This process is economically justifiable for concentrates

containing relatively small amounts of iron.

As a result, a product similar to rutile concentrate is ob-

tained from the ilmenite or arizonite concentrate.

Titanium concentrates can be further enriched by ordinary

electrostatic separation. Then, however, 10-20% of titanium diox-

ide goes into the intermediate product, and this makes its subse-

quent refinement more difficult.

All of these new methods are under development. Only the

process in which the concentrates are smelted to produce rich ti-

tanium slags end pig iron has come into extensive use in industry.

Footnote (1) appears on---ae .
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studies

the pra

[19-21)
ite con

Titaniu
menite

In
smeltinj

titaniuj

Chapter 7 magneti
sulting

PHYSICOCHEMICAL FUNDAMENTALS OF THE ELECTROTHERMAL 
making ,

REDUCTION OF TITANIUM CONCENTRATES M.?

tric smf

Metallic titanium is now produced chiefly from titanium tetra- made at

chloride. There i'3 also a trend toward the production of pigment for sys

titanium dioxide from titanium tetrachloride. For this reason, titaniui

the industrial ore raw material must have a composition that

meets the requirements of the chlorination process. Reducti

The smaller the amount of impurities entering the chlorinator, It

the higher will be the extraction of titanium in tha purified ciates

titanium tetrachloride; chlorine consumption will also be lower, subsequi

working conditions will be improved, and the net cost of the ti- tion doi

tanium tetrachloride will be reduced. Direct chlorination of ii- G.

menite concentrate so complicates the process of chlorination and reductiq

purifying the resulting TiCI4 from the large amount of impurities agents.

that It is more advantageous in practice to separate the iron from compari

the concentrate before chlorination. This is now done by smelting tinuous

the ilmenite to rich titanium slag, with reduction of the iron pumps.
oxides to the metal [10, page 82; 11; 19J. Pig iron and titanium at cons

slags are the commercial products from ilmenite-concentrate smelt- oxide.

ing. The net cost of the slag is reduced substantially when use-

ful pig iron is produced. 
it

ium dio
Metallurgists were long ago attracted by the possibility of oxide h

concentrating titanium oxides by metallurgical methods. Early
at 1150'
ide had
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studies of titanomagnetite smelting in blast furnaces demonstrated

tie practical feasibility of producing a titanium-rich fluid slag

[19-21). The first Russian studies of electric smelting of i3men-

ite concentrates were carried ou in 1917 by M.S. Maksimenko [15).

Titanium slags were produced by ore-reduction smelting of an .1-

menite concentrate containing 49.17% TiC 2.

In 1929, S.S. Shteynberg and P.S. Kusakin experimented with

smelting of titanium ore in an electric furnace to produce ferro-

titanium [22). Ilmenite with a content of 52.3% TiO 2 and titano-

magnetite containing 14.1% Ti 2 were used for the melts. The re-

sulting slag contained 78-82% TiC2 , with iron and manganese oxides

making up the remainder,

M.N. Sobolev described certain other experiments in the elec-

tric smelting of titanium magnetites [23). Industrial studies
ium tetra- made at the Zaporosh'ye Ferroalloys Plant laid the foundations

pigment for systematic research toward a process for acquisition of rich

reason, titanium slags (16; 19; 24, pages16 and 23).

that

Reduction of Iron Oxides from Titanium-Bearing Minerals

hlorinator, It was assumed early in the research that ilmenite disso-

ified ciates into PeO and TiO 2 during the reduction process. However,

e lower, subsequent x-ray structural analyses indi-ated that this dissocia-

the ti- tion does not occur.

on of il- G.I. Chufarov and Ye.P. Tatiyevskaya [25) investigated the

ation and reduction kinetics of ilmenite for gaseous and solid reducing

mpurities agents. Reduction of pure titanium dioxide was also studied for

iron fron comparison. The experiments were conducted in a vacuum with con-

y smelting tinuous pumping of the gaseous reaction products by !igh-vacuum

)e iron pumps. It was established that the reduction of ilmenite begins
titlium at considerably higher temperatures than the reduction of fezrous

ate smelt- oxide.

when use-
it was also found that the reduction of ilmenite and titan-

oum dioxide by graphite proceeds slowly. Only 85% of the ferrous
,ility of oxide had been reduced to the metal in ±lmenite held for 15 hours

Early at 1150 0C. Under the same conditions, only 4.5% of titanium diox-

ide had been reduced after 18 hours.
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It was established that in the presence of gaseous reaction

products (mainly CO), the reduction rate increases to some degree

for ilmenite and titanium dioxide. Increasing the carbon mono- . ,

xide partial pressure also accelerates reduction. Reduction by 1 2,

carbon monoxide proceeds more rapidly in the presence of graphite
than in its absence. The authors explain this in terms of the

reaction of carbon dioxide with carbon, which increases the CO 0

partial pressure, thus helping accelerate the reduction process. 7

Reduction rate is shown as a function of the nature of the

reducing agent in Fig. 6 for ilmenite and Pig. 7 for titanium

dioxide. 

" *We see from these figures that the titanium dioxide present ow
in ilmenite Is reduced to Ti2 0.TIO2 considerably more easily than

pure titanium dioxide.

With a large graphite ex- Figure
cess and rubbing out after each tion c

by var
experiment, titanium dioxide 1) Gra

q X could be reduced to Ti203 *TiO2 at 1150
19only at 11500C.15m

150 mm

* 11500C
o~q it On the basis of their data, of gas

-* the authors concluded that il- actorwith T:
menite is reduced by carbon mono-

12 1:1.5)
to xide, and that this process ad- carbon

a vances without decomposition of and pr4
5!5) hydi

the ilmenite intc its components. preas

* Here the reduction of the ferrous
oxide accelerates the reduction studie(

degree of reduction, % of the titanium dioxide associ- were vi

ated with it. to 170(
Figure 6. Rates of re:uc-
tion of ilmenite by var- In the case of vacuum reduc- reactic

ious reducing agents at tion of manganese oxides and il- lic irc
11000 C. 1) Graphite in
vacuum; 2) graphite with menite, the authors demonstrated tagiro%
accumulation of gaseous
products in reactor; 3) an inhibiting effect of SiC2 , and ext
carbon monoxide at pres- A1203, and Fe304 additives that anosov!

sure of 150 mm Hg; 4) results from the smaller reaction vite or
graphite with carbon mono-
xide at pressure 150 mm Hg. surface presented by the chemical Footnot
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F
?action compounds that form - silicates,

degree aluminates, and ferrites. On the

nono- o other hand, alkali-metal salts, and

on ty ' f[ I l potash in particular, have a strong
t activating effect on the reduction,raphite a-,

f the o of ilmenite.

e CO 0 -- ese hypotheses were con-
'ocess. firmed by work done at the A.A.

f the -- Baykov Institute of Metallurgy.

ium 0 It was shown that the reduction of

ferrous oxide from ilmenice is
U

retaccompanied by reduction of titan-,resent

,ily than 9 0. f V X ium dioxide to lower oxides [19).
degree of reduction, Z The free energies of the reactions

that take place here and those of

te ex- Figure 7. Rates of reduc- the reactions in which titanium

_r each tion of titanium dicxide oxides are formed from the ele-
by various reducing agents
1ide 1) Grap ~ite in vacuum at ments are given in Table 19.

•TiO2  1150°C; 2) carbon monozide
at 11O°C and pressure of A.V. Rudneva established that
150 mm Hg; 3) graphite at

r data, 11500 C, with accumulation the titanium sesquioxide formed in
of gaseous products in re- the reduction process dissolves in

t il- actor (weighed specimen the ilmenite lattice [26, 27]. The
on mono-with Ti0 2 :C ratio of

on mono- 1:.) 4) grapit an reaction of natural ilmenite, which

carbon monoxide at 11500 C corresponds to the formula 3FeO*TiO2'
'on of and pressure of 150 num ; -Fe 0 with titanium sesquoxide

poet.5) hydrogen at 11000C and 2 3
ponents. pressure of 150mm i,. wa:, investigated in [28, page 75).
ferrous The change in phase composition was

uction studied as the proportions of ilmenite and titanium sesquioxide

issoci- were varied from 0.1:1 to 4:1 and temperature was varied from 1300

to 1700 0C. It was established that up ";o a ratio of 0.5:1, the

'mn reduc- reaction takes place in the solid solution with formation of ifttal-

and il- lie iron. This reaction is preceded by formation of the mineral

strated tagirovite (FeO'TiO2 .Ti2 03 ). Beginning at proportions of 0.5:1

WO2$ and txtending to 1.5:1, reduction is accompanied by formation of

s that anosovite [(Fe,Mg, Mn)O'2TiO 2 Ti305 ]
I ) Here, there are no tagiro-

reaction vite or ilmenite phases. Beginning at proportions of 2:1 and up

chemical Footnote (1) appears on page 109.
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TABLE 19T
Variation of Pree Energies for Certain Reactions peratur

reacti

from th

I ti" J A cal/l :iter-t

reaction (dAx aole) attuit
v.0. t+on de

' ' F 2 % C moxide p• ~ ~ ~ ~ ~ ~ 71 •.W tc-tr.l, i: :l ill

, - ,0, 0. + O S4-49W reactio

does no

0 - 60+3.76? anosovi
--' l" 'J.W proport

. auin-as P... *pq $ che'.re

it

monoxid

-ibserve
to 4:1-, ilmenite appears in the solid solution, containing up to

10 T1203.

Because of the fornation of solid solutions in the ilmedtte-

titanium sesquioxide system, the reduction processes under real

concdtions differ substantially from those calculated from thermo-

dynamic data without consideration of solid-solutior formation.

It has been established that 1.95% of ilmenite added to Ti2 03

is completely dissolved in the titanium sesquioxide lattice, with

the result that a single-phase solid solution forms. Use of

smaller ilmenite additives results in the fornation of Ti305 and

metallic Aron [10, page 42].

"he reaction of titanium monoxide (TiO) with ilmeiiite was

studied in '29]. The starting materials were natural ilmenite

containing no trivalent iron and titanium monoxide containing

96% TiO and 4% TiO.. The ilmenite-monoxide ratio was varied from

0.1:1 to 3:1. 
from
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The experiments were conducted in an argon atmosphere at tem-
peratures ranging from 1300 to 17000C. The completeness of the
reaction between the ilmenite and titanium monoxide was determined
from the amount of metallic iron in the reaction products.

It was established that the extent of ferrous-oxide reduc-
tion declines witis rising temperature at all ilmenite-ticanium
oxide proportions. More of the titanium oxide than the sesqui-
oxide is broken down. Characteristically, as in the case of the
reaction between ilmenite and titanium sesquioxide, the reaction
does not go to completion owing to the formation of tagirovite and
anosovite solid solutions. The authors conclude that with the
proportions PeO.TiO 2 :TiO < 1:1, the reaction proceeds on the

scheme

FO. 74M+310 -F...+ZTip

but for FeO.TiO 2 :TiO > 1:1 according to the scheme

Va.0. T1% + 110 -F%~, +2MO -2710r

It has been reported that the products fuse as the ilmenite-
monoxide ratio is increased beyond 1.5:1 -something that was not

ng up to observed in sesquloxide experiments.

lmenite-
er real -
om thermo-

mation. 4 #

ice, with ,

e o2

i' 3 0 5  a n d t i n * , n i#
tima, sin

Figure 8. Reducibility of ilmenite
te was concentrate by hydrogen at various

temperatures, 0 C: 1) 800; 2) 900;en1te 3) 1000; 4) 1100; 5) 1200.
tining
tried from These studies indicate that the reduction of ferrous oxide

from ilmenite is complicated by the presence of lorer titanium
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41

reduction time, min

Figure 9. Reducibility of titan-
ium concentrates by solid carbon
at various temperatures: 1) il- Pi
menite concentrate; 2) arizonite ofconcentrate. ri
ct I)

oxides. A- the ferrous oxide content declined in the system, +

lower titanium oxides accumulated. ce
co

V.A. Reznichenko et a!. [16] studied the reducibility of il-

menite concentrate. Figure 8 presents data on the reducibility of phase a

ilmenite concentrate by hydrogen, while the reducing agent in Fig.

9 is solid carbon. Figure 8 indicates tha t when hydrogen is the Tb
Ilmenit,reducer, the best resu2ts are obtained at 1100 0 C. A further rise

in temperature inhibits reduction. This inhibition is not ob-

served during reduction by solid agents. concent:
-that of

The hydrogen reducibility of a finely ground mechanical mIx- of argoi

ture of Fe203 + 3TiO 2 (which corresponds to tie composizicrn of the ri:

arizonite), natural arizonite concentrate, ana rutilized ilmentte rutiliz(
was studied in [10, page 82). The results presented in Figs. 10

and 11 indicate that the iron is most easily reduced trom the

'mecanicl mxtur of eOChfmechanical mixture of Fe20~ + 3TiO [sic] and that the arizonite

* concentrate is most difficult to reduce. Relucibility was studied

up to 9000 C, at which point practically no lower titanium oxides

formed and, consequently, solid solutions of ilmenite with these

oxides and anosovite could not form. The results obtain3d by

these authors indicate that rutilized ilmenite and the arizonite

FTD-HC-23-352-69 91 FTD-HC-



0 0I . - .
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444

w

reduction time, min reduction time, min

Figure 10. Reducibility Figure 11. Reducibility
of titanium-bearing mate- of titanium-bearing mate-
rials by hydrogen at 7000C. rials by hydrogen at 900"C.
1) Mixture of Fe 2 03 + 1) Mixture of Fe20 3 +

tem, + 3Ti02 ; 2) ilmenite con- + 3TI0 2; 2) ilmenite con-

"centrate; 3) arizonite centrate; 3) arizonite
conceJit :,at*, c or.cen trat e.

y of 1l-

bility of phase are more difficult to reduce than the free ferric oxide.

t- nFiI

tis thig The same source repor ; a study of the reducibility of pure

her rise ilmenite, rutilized ilmenite, and arizonite concentrates by solid

t ob-carbon at 12500C. Bricqu,,Ltes were made from a mixture of the

concentrate and ground petroleum coke, taken in a mass of 10% of
that of the concentrate. The material was reduced in a current

cal mix- of argon. The results, which appear in Fig. 12, indicate chat
c.n o." the arizonite concentr e is acore difficult to reduce than the
il]menite rutilized ilmenie concentrate.
igs. 0T

the TBE2Chemical Composition of Ilmenite Concentrates,

ofttnimbarn at-o ttnumbain ae

s studied

rdy i a b d n0C. na. lyo o g n

)Mtre oIF 2 3 +1 ixueo e0
ten + 51i10; 2) ilent con- +05 3Ti02 2) 0.mnie on

izonite
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Scaled-up laboratory studies the

MV were also carried out to investi-

0 a gate preliminary reduction c, il.1- redu

_ - - menite concentrates In a rc try the

- -electric furnace 100 mm in inside quen

1 .diameter and 1.5 m long. Powdered feri
time, min slag and granules were used for ite

the experiments [10, page 96).

Figure 12. Reducibility of
titanium concentrates by The temperature in the reduc- agen
solid carbon at 1250 0C. 1) tion zone was varied from 900 to bilit
Ilmenite concentrate; 2)
rutilized ilmenite concen- 12500 C. Table 20 shows the com- ture
trate; 3) arizonite con- positions of the initial concen- concecentrate.

trates. Optimu4 conditions were diffe

determined for this process, as follows: temperature 1250 t 100 C, a bri

amount of reducing a&ent 10% of concentrate mass, furnace tilt

angle 1.50, charging rate 4 kg/h. Under these conditions, the Kozlo

iron oxides were 58-65% reduced. Sroun

The authors established that Iron and titanium are reduced the i

simultaneously as the temperature is raised. At 1200-12500 C, no nite
ilmenibe is found in the reduced product, but there are larger 800 k,

amounts of tagirovite, anosovite, and metallic iron. O.a the basis 30 mm

of these experiments, the authors submit the following scheme for they

the reduction of ilmenite at temperatures above 1150*C: blank
thatt

AFeAo. m(F. ft In)o tha

M")O 0fO - ZM X(N. 7%% .

The source cited here [10, page 96] attests to the unique-

ness and difficulty of the process In which iron oxides are re-

duced from 'Imenite in the solid phase as compared with the re-

duction of purely iron-ore minerals.

In (10, page 86), a study was made of the reduvibility of

unground ilmenite, rutilized, and arizonite concentrates at tem-

peratures from 1000 to 1350 0 C. The granoloetric compositions of
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ory studies the starting concentrates were given on page 82.

to investi- It was established that the ilmenite concentrate has the best

;ion of il- reducibility at 12000C, the arizonite concentrate is second, and

a rotary the rutilized concentrate the most difficult to reduce. This se-

* in inside quence of the concentrates is explained in part by their dif- IPowdered fering granulometric compositions. The coarser rutilized ilmen-
used for ite concentrate was reduced more slowly.

ge 96). It was established that the fineness to which the reducing

the reduc- agent - antitracite - was ground influences concentrate reduci-

om 900 to bility. Use of fine-ground anthracite (-0.074 mm) in the tempera-

5 the con- ture range from 1000 to 12000C increases the reducibility of the

1. concen- concentrate by comparison with coarser anthracite (0.25 mm). This

.ions were difference is levelled at 13000 C. At 1300°C, the reducibility of

250 +_ 100C, a briquetted charge is higher than that of a powdered charge.

ace tilt Interest attaches to the research of M.B. Rapoport and V.M.

ons, the Kozlov [15). In these studies, the charge was composed of un-

ground concentrates with anthracite added (13 parts (by mass) for

,e reduced the ilmenite concentrates and 9.5 parts (by mass) for the arizo-

.12500 C, rno nite concentrates]. The charge was briquetted under a pressure of

.e larger 800 kgf/cm 2 after addition of 6% of sulfite liquor. Briquettes

On the basis 30 m in dianeter and 20-25 mm high were formed. After drying,

scheme for they were placed in a graphite crucible under an anthracite
blanket. The crucible with the briquettes was placed in a furnace

that had been preheated to 1000-1300
0 C.

TABLE 21

(1) Degree of Reduction of Iron and Titanium Oxides from

Titanium Concentrates

* unique- - dearee of ox- reduction , .

* are re- temprs- riuit3 I a
ture l_ i lmute arzo]t

h the re- I- - - _i
we* --

two 8! 5 0. o " * 0. . .
ility of 7 I IS. I '3.0 7I .* 1

es at tern- W;o 0.5 7. 7' * " .8 °

ositions of
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The Fetot, Femet, Tito, TJ2+, and Ti3+ Jn the final final
product were determined. The results of these experiments appear ce
In Table 21. This table shows that reduction of ferrous oxide at Th!
temperatures above 10000C is accompanied by simultaneous reduction tra
of the titanium diox!de to a lower oxidation state. At tempora- Ing
tures above 13000C, on the other hand, the reducibilitv of the
charge declines because of the onset of sintering and formation rat
of tagirovite and anosovite solid solutions. est

The reduction of titanium dioxide by carbon (calcined petro- [32
leum coke) mixed with hydrogen-reduced metallic iron, alumina tiol
concentrated by acid washing, quartz sand, chemically pure cal- the
cium oxide, and metallic silicon as additives was investigated in deti
[30). ilmf

It was found that the reaction of TiO2 with carbon begins at by

about 9500C. At 1800 0C, reduction proceeds to the formation of
ac ca TIO-TiC solid solution. Reduction is more complete in the pre-

sence of iron and in the 1600-18000C temperature range all of par

the titanium is converted to TIC or, vore probably, to TiCN. The tha

Al203 additive promotes more complete reduction. Silica, calcium
oxide, and silicon have no discernible influence on TiO 2 reduction. nate

It has been established by O.A. Yesin, P.V. Gel'd [31, 32) ture

and other investigators that the slowest stage, that whch deter-
mines the rate of the iron-oxide-reduction process at high tem- dc
peratures, is the gasification reaction of carbon: dae

Cal c
C+cOs--,20. (2)

The carbon monoxide formed in this reaction is the basic re- rant
ducing agent in this particular aystem. in i

Z.F. Chukhanov [25, page 161 indicates that it is Impossible
to bring about a state of the process in inlustrial furnaces such tani
that the reaction rate wculd be high enough to cause all of the pera
CO2 to interact with carbon to form carbon monoxide, and for this are
reaction to be independent of coke activity. Accollding to Z.F. Most
Chukhanov's calculations, this would require a temperature ab,ve molt

20000C. the
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nal final It has been established that the reduction reactions are ac-
ents appear celerated in the presence of alkali-metal salts and mineral oxides.
us oxide at This is because the metals in these additives are capable of pene-
us reduction trating into the carbon lattice, deforming It, and thereby enhanc-

tempera- Ing its chemical activity.
y of the Addition of alkali- and alkaline-earth-metal salts accele-
formation rates the reduction of ilmenite in the solid phase. This was

established by E.V. Britske et al. [33], O.A. Eysin and P.V. Gel'd

ined petro- (321, and G.I. Chufarov [253. E.V. Britske found that tha addi-
alumina tion of K20 in an amount equal to 10% of charge mass accelerates
oure ;al- the reduction process by a factor of 5-10. G.I. Chufarov et al.
tigated in determined that a potash additive accelerates the reduction of

ilmenite by carboa monoxide in the presence of carbon at 10500C

begins at by a factor of 8-9, while carbon monoxide alone accelerates it

ation of only by 1.5-2 times. This indicates that the above additives

n the pre- accelerate gasification of the carbon, lowering the carbon dioxide

all of partial pressure and raising that of the monoxide. It is this

TiCN. The that accelerates the reduction processes.

ca, calcium The effects of soda, calcium carbonate, and magnesium carbo-

2 reduction. nate on the reduction of arizonite concentrate at various tempera-

[31, 32] tures were studied in (10, page 86]. It was found that reduction

.1ch deter- is accelerated by addition of soda only up to a content of 3%.

;lgh tem- Increasing the soda additive above 3% does not accelerate the re-
duction of ferrous oxide. Sodium chloride has a similar effect.
Calcium and magnesium carbonate additives inhibit reduction.(2) Reduction of ferrous oxide in the molten slag is an impor-basic re- tant factor in the smelting of rich titanium slags, Just 4s it is

in iron smelting [34, 35].
impossible it has been established that when a charge consisting of ti-

naces such tanium concentrate and a reducing agent is melted - even at tem-
1 of the peratures of 1350-14000C - the ferrous oxide and titanium oxides
nd for this are reduced only to an insignificant degree in the solid phases.
to Z.F. Most of the reduction of the ferrous oxide takes place in the

ure above molten slag. As we noted earlier, Ti203 and TiO accumulate in

the slag as the iron is reduced from its lower oxide. The
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contents of FeO, TiO 2 , 2 0 3 , and TiO in the slag are interrelated The p

J and determined by the equilibrium conditions established in this when calci

process. be borne i

To ascertain the mechanism by which ferrous oxide is reduced oxide and

in thermal smelting of the ores, it will be necessary to dwell on material-b

the behavior of titanium carbide in this process. We know that From

there is practically no reduction of titanium oxides to the metal that the 1

by carbon, because titanium carbide, which is a stable compound, times grea

is formed at high temperatures instead of metallic titanium. When in [25, pa

ferrous oxide is present in the slag, the titanium carbide reacts vapor with

with it as follows: certain fr

TIC +2FeO -710 + 2fe +O. (3) with the
~melt to fi:

Since titanium oxicarbide (TiO-TiC) is present in the slag,

another possible reaction is isst

T1, T1C+3eO-t, r CO+Oe. (4 Dis t

Thus, firrous oxide can b' reduced rrom **,c slag not only with

X solid carbon, but also with titanium carbide, which forms at tem-

peratures above 16000C (formation of titanium oxicarbonitrides is

also possible). Since carbon monoxide io formed in all of these

reactions, vigo.'ous bumping of the vat facilitates contact between

the solid caroon, the slag, and the iron.

TABLE 22 cC's

Losses of Calcium Oxide and Magnesium Oxide During Smelting PON

402

charge agne

powdered 9 J ; *_ metallic mn
I, _duction of

podeed .. .. .. .. 3. ,I1 44 l 1,'X is

uized.with liestone action of

additive .......... . .0 8,0 10 1.31 1.05. ig

The f

the r-duct
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nterrelated The possibility of activation of the ferrous-oxide reduction

d in this when calcium and magnesium oxides are present in the slag should

be borne in mind. Table 22 gives data on the losses of calcium

Iis reduced oxide and magnesium oxide during smelting, as calculated from

o dwell on material-balance results [16).

now that From the above, and from the data given in Table 22, we see

the metal that the losses of silicon, calcium, and magnesium are several

compound, times greater than those of titanium and iron. It is demonstrated

nium. When in (25, page 126] that calcium is reduced to metallic calcium

ide reacts vapor with subsequent formation of calcium carbide. Naturally, a

certain fraction of the calcium vapor escapes from the furnace

(3) with the current of reducing gas and is oxidized outside the

melt to finely dispersed calcium oxide.the slag,

TABLE 23

(i) Distribution of Silicon in Smelting Products [16)

ont only with__ _ _ _ _ _ _ _ __- -

at ten- Civen I k

itrides is jsilicon silicon . So U
ith con- obatned a ( e

of these ins 0
charge .0jo 0

act between U

cobined (752 briquettes,
251 powder charge. 1.0h 349 " I.3$ M 17. 6.18

Smelting powder 2....34. 1.8 1.e 5 41,7 0.,M1
mixed (60% briquettes, 2 1
40% powdered charge) . .37 2134 74 16 1.

Magnesium oxide present in the slag can also be reduced to

metallic magnesium, which transfers to the vapor phase. The re-

duction of magnesium oxide to the metal can also occur on inter-

action of MgO with titanium carbide, according to the reaction [2)S2MgO I -ftt + OI +TO. (5)

The formation of calcium and magnesium vapor helps accelerate

the reduction of iron oxides from the nolten slag.
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It follows from the survey given above that the reduction of Thei
ferrous oxide from liquid slags during smelting of ilmenite con- occurs it
centrates in an electric furnane can take place at a high rate, an expli
and this is observed in practice. This poAnt is of great impor- for the
tance for intensification of the smelting process. There is no products
need for the smelting to wait for a slow stage in which iron is the regic

reduced in the solid phase; it Is recommended that its reduction been stu(
be forced directly in the liquid slag. This peculiarity of fer- Acc
ouso-oxide reduction forms the basis for a fluxless method of states,

smeltinG ilmenite concentrate to rich titanium slag(2)
lformula 9

Silica reduction processes are an important factor in ther-

mal ore smelting. Like carbon, silicon is a very strong reducer

of silicon dioxide to the monoxide. Siltcon reduces SiO more
2

rapidly than does carbon.

Under these conditions, the reduction of SiO 2 by silicon can

be represented by the scheme

§'0o1- + SkII- -*Si (6)
2SO0 4 + 2Q,) = 21,, + COM* (7)
SO.) + X,.o = S(..j + 2CG:,. (8)

FiEThese reactions result in considerable depletion of silicon gr
monoxide from the melt during smelting.

Pig iron contains 0.36-0.7% silicon. Table shows its dis-

tribution among the smelting products. While 95-96% of the ti- 278] in z

tanium dioxide is extracted into the slag, the figure is only pared slz
57-82% for silicon dioxide. This is a result of rapid depletion TIC that
of the monoxide from the furnace because of its high volatility. si 2 taskite) wc

The Role of Titanium Oxides in the Electrothermal Process slag at

Data were given above to indicate that the reduction of iron that the

oxides from titanium concentrates is accompanied at temperatures duced as

abcve l000-1100C by simultaneous reduction of the titanium dio- composit]

xide to lower oxides. 'The latter determine the electrical con- tion timE

ductivity, viscosity, and other properties of the titanium slags.

It is therefore necessary to devot special consideration to the

properties of titanium oxides and to the lower oxides in particu-

e (2) appears on page 109.
-23-352-69 99 FTD-HC-2:



duction of There are now more than ten known oxide* in which titan:ium
nite con- occurf. in its di-, tri-, and quadrivalent states. The lack of

gh rate, an explicit phase diagram that has adequate experimental support
at impor- for the Ti-TiO2 system [36) makes it diffJcult to investigate the
e Is no products of metallurgical titanium-concentrate processing. Only
iron is the region of the diagram between Ti and the compound Ti20 S has

reduction been studied in detail.

y of fer- According to (37], the Ti-TO 2 system has intermediate stable
hod of

states, and, in particular, a series of compounds with the general
formula T! n0 2n-l.

in ther-

g reducer Al

02 more J6 -

ilicon can I
221°

(6) ,,
(7) ' "

% -
(8) Cr"

Figure 13. Phase dia-
f silicon gram of CaC-TiO-TiO2  W.

system [51.

its dis-
It waZ established in [10, page U PS £0the ti-

278) in a study of an artificially pre-

dpon pared slag containing 21% CaO and 79% Figure 14. Equilib-thdehpcmludeprtiounascmpstin

latility. TiO2  CaOTiO2  in reduction of pure
skite) was invariably present in the titanium dioxide by

SS slag at various stages of reduction, and hydrogen at 1000-1I00° C.
on of iron that the excess titanium dioxide was re-

peratures duced as though it were in the free stage. The titanium oxide

nium dio- compositions found here are given below as functions of reduc-

cal con- tIon time in a Kryptol furnace at 1440 0 C.
ium slags.

on to the

r. part! cu-
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TiO2 is

time, h
1.4 ........ ,

4 . TI4 .......... T3A.T

completely reduced
Slea. . TIA Qc

Figure 13 reproduces the triangulation of the ternary CaO-

TiO-TiO 2 system [41].

Reference [38) studied phase relationships in the TiO2-Ti1.75
system, i.e., in the region in which Andersson [37] used x-ray
diffraction analysis to establish the existence of a homologous

series of oxides with the general formula T1nO2n-1, where n - 4,

5...10 (TiOi. 5, TiOI.80' TiO 1 ,833' T0 1.858 , TiO. 873 , Ti0. 889,TO01.90)"

Highly purified titanium dioxide was used to investigate the

equilibrium of titanium oxides with H2 /H 2 0 mixtures. The tests

were made at a temperature of about 10000C, mince no equilibrium

states were reached below that temperature. It was established All

that hydrogen reduction proceeds only ar far as the oxide of the weak re(

approximate composition TiO 1 .7 at 1000-11000 C. Equilibrium was quires

established after 3-4 hours at 1030*C, and much later in oxida- Fil

tion. tant syi

The results of these experiments appear In Fig. 14, from However

which we see that six phases of variable composition exist at high work is

temperature in the TIO1 75190 interval: TiOI 87 -1 90, of TiO 2

TiO 1. 8 6 -1. 8 7 ' TiO 183-1.86' TiOI. 81-l.83' TiO 1 7 7-1 8 1' tri- on(

TiO1 75-1.77' TItaniW

Titanium Dioxide TiO2  
Til

(211, paj

Pure titanium dioxide is white in color and has a density In type. :

the -inge from 3.9 to 4.25. It is one of the most stable oxides Its mell

e- z.vd in nature in the pure form. The density of TiO2 in-

with calcining temperature. It is 3.89-3.95 at 6000C, Se

.. at 8000C, arA '.25 at 1000-12000 C. The melting point of

$ 5 2 6 9 " ̂  " 3 eD -2 -. 7



TiO 2 is 1840 + lOC.

U~ft Is~j.~dYlI~IS+ L Af4.

ary CaO- '1

TiO2-TI /'W
2-1.5 W X

d x-ray UN

mologous .olJ • ,,b.e

re n - 4, m,,1,1 1 ! I !1 1 I 1 [ ._ .'

1 8 8 9 , M cont~nt A

tigate the Vigure 15. Phase diagram of FeO-TiO2 Sys-

he tests tem.

ullibrium

ablished Although titanium dioxide is a dielectric, even in a

de of the weak reducing environment it loses some of its oxygen and ac-

brium was quires electronic conductivity.

n oxida- Figures 15-21 present fuseability curves of the most impor-

tant systems containing TiO 2 that are encountered during smelting.

from However, it must be remembered that practical bigh-temperature

;st at high ,work is done not with pure titanium dioxide, but with a mixture

of TiO 2 with the lower oxides, in which the titanium 1s in the

tri- and divalent states.

Titanium Monoxide TiO

Tit&erlum monoxide is stable in the TiO 0 .60 Tio1.25 interval

[24, page 64] and crystallizes in a cubic lattice of the MaCl
density in type. Its density varies in the range from 4.88 to 6.00 g/cm2.

le oxides Its melting point is 20200C.
TIO2 in-60 0 c, Several methods are known for the acquisition of titanium

Dint of ,onoxide: reduction of titanium dioxide by carbon in a vacuum,
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reduction of titanium dioxide in a vacuum by reducing metals (Mg, Ot

Zn, TiC, TI), etc. the pur

Reduction of titanium dioxide with wood charcoal at atmos- A

pheric pressure and temperatures in the range from 1100 to 1500"C at high

results in a solution of the monoxide and titanium carbide with tions o

33 to 60% TiC 139). In [24, page 64), titaniu.n monoxide was pre- TiN i3

pared by the reaction titaniu

TiO, + Ti -2TI. (9) monoxid
~It

In this case, a mixture of 
detecte

TiO2 with titanium in briquette 
leparat

form was held for 2 hours at 15501C /A liquid slaro . slag me
in a vacuum induction furnace. •

.50 ---- reacted
The coarse-grained product had

a yellowish-gold color. Micro-

structural analysis detected only -.

single phase -- TiO - in the , .U

form of large irystals. When it 6 L I'll
t was oxidized to constant mass at 0 4150 t0M AN 11M

W 4V

1000 0 C, the weight gain was about content, %

24%, or near the theoretical gain

for oxidation to TiO Figure 16. Phase diagram
2. of TiO2-MgO system.

22

/A F4
S14 liquid

i t  , uit

e volatil(

"by ms) oxide ai

Figure 17. Phase diagram Figure 18. Phase diagram
of CaO-Ti02 system. of Si02-TiO2 system. In the I

with tit
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als (W, Other methods of preparing titanium monoxide do not yield
the pure product.

atmos- A characteristic property of titanium monoxide is its ability

1500*C at high temperatures to form a continuous series of solid solu-

with tions of the Ti(O, C) type (40], which may also include TiN (41.

4as pre- .'.IN is most stable up to 16000C. At higher temperatures, the

titanium carbide content increases, and at 19000C, titanium

(91, monoxide has been fully converted to titanium carbide.

it is reported in (42] that the Ti(O, C) solid solution is

detected not in the final slags, when the metal and slag have been

Mgo, separated, but in individual nonequilibrium zones of the primary
liquid

slag melt that have been saturated with beads of metal and un-

reacted coke.

4, cryato-\liquid i i'
0 balite *-~~~

+iW -iq.
dt IV AN 

u i

40tridywite A.-

Lagram * -±r4P I

a1,*JE.WUMII7III*FR 4 44, conteut, % 174

content, %

Figure 19. Phase diagram Figure 20. Phase diagram

of CaO-Ti02-SiO 2 system. of Al203-TiO 2 System.

It was established in (42] that compounds with oxygen con-

tents lower than that of TiO (Ti20 and Ti302) do not occur in

these slags. It is reported that the compound Ti302 is highly

volatile in a vacuum at 1100
0 C.

N According to (43), titanium dioxide is reduced to the mon-

M. oxide and carbide according to the scheme

rT, TI-..TO-.TIO-41C- (10)
graw

In the last stage, the titanium monoxide forms a solid solution

with titanium carbide and, according to (0), the chemical
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Figure 2
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% 14000C;

MW 5) 170001
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Figure 21. Phase diagram ot CaO-SiO2 -TIO2  is nade
system. abcve 15,

conposition of this solutinn can be stated as TiO, C). A.V. ranging

RudnevL [42] also notes that a continuous series of solid solu- was !0.8!

tions of this type forms at the last stage of reduction. Ti0 2"
product,

Ttanium monoxide reacts vigoroubly with iLmenite, but this In 10,1

interact2on does not go to completion and dimlnisi'es with ri.'!g

temperatures (Fig. 22). Ti2{
dissolve-

Titanium Senquioxide T1203 L10 pag

Titanium sesquioxide is stable in the range from TiO1.4 to

TiO. It crystallizes in a lattice of the a-corund,m type. TiO2 , whj
1.56* iron.

Several methods of preparing Ti 2 0 3 are known (24, page 64]:

reduction cf titanium dioxide by carbon at 1 000 C with 20 Tit.

hours' holding; 
ties of I

and the

hydrogen reduction of titani'un dioxidu at 1000-12000 C with ing poini

3 hours of holding, or hydrogen reduction with passage of tit&n- exceed 51

imm tetrachloride over the dioxide at 650"'C; concentri

reduction of titanium dioxide by calcium and magnesium at from 47 1

1200°C" the lowe-
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Altreduction of titanium dioxide

or by magnesium in a hydrogen ctmos-
H phere at 750-8000C;

4

_0_, reduction of titanium dioxide

by titanium carbide in an inert

atmosphere at l000-1200OC;

, , t ~ ): by heating mixturf-s of MgO +
FeO'TiO2:TiO ratio + TIC, ZnO + TiC, and CaO + TiC at

1000-1200*C in an inert atmosphere;
Figure 22. Degree of decomp- reduction of titanium dioxide
osition of titanium monoxide
by ilmenite. 1) 13000 C; 2) by metallic titanium in a vacuum.1400OC; 3) 1500oC; 4) 1600 0 C;5) 1700 0 C. This last method was used in

(24, page 64), in %hich briquettes
were heated to 1400-15500C. It was found that heating to 1550*C

is inadequate for complete reduction of Ti 2 0 3 . At temperatures

above 15500C, a single phase is obtained in the product: crystals

A.V. ranging from pink to ora:nge in color. The oxidation weight gain

id solu- was 10.8%, which is close to theory for the oxidation of Ti 2 0 3 to
TiO2 , The praduct contained an oxygen excess. To obtain a purer

product, the charge was prepared with a deficiency (07%) of TiO2
but this in [10, page 42).th sn

th rising Ti2 0 3 exh.bits basic properties. At high temperatures, it

dissolves ilmenite, forming the minerals tagir:vite and waosovite
[10, pages 42, 28, 29]. Titanium sesqujoxide was detected by T.S.

10146 to elyakin and V.V. Lapin (44, 45) in slap containing 25.79-14.30%

im type. TiO2 , which had been obtained in smelting of high-titanium pig

64): iron.

with 20 Titanium sesquioxide exerts a strong influence on the proper-

ties of titanium slags. When the ferrous oxide content is small

00 C with ad the Ti 2 03 :TO 2 ratio dos not exceed :.75, it lowers the melt-

ing point of the slag. When the ferrous oxide content does not
of titan- exceed 5%, stable rich titanium slags are obtained in the Ti 2 03

concentration range from 0 to 45% at titatlum dioxide contents
sium at from 47 to 92% [,63. Slags with Ti2o3:TIO 2 ratio3 of 0.6-0.8 have

the lowest viscosities at ferrous oxide contentn below 10%.
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The Oxide T'305 establ1
gl ven ti

The oxide Ti305 has a rhombic strLcture. It has been re- ascrlbe(

ported stable in the concentration range from TIOI. 7 to TiO .8 .  are two

In [24, page 64], Ti305 was obtained by reducing TiO 2 with carbon percent,

and metallic titanium at 1200-1600 °C with a holding time of 4-8 PoS.-Ior

hours, and by the reaction between the oxide 'TiO + 2TiO2 and TiO2 "

Ti203 + TiO 2 at 1420
0C. Another modification with a higher oxy-

gen content than Ti305 was obtained by reacting titanium dioxide Act

with carbon and titanium. 
containj
rea. sli

The oxide Ti305 is the base of a mineral detected in titan-

ium slags - anosovite. F.V. Syromyatnikov originally gave the 2eL0.qu

name "calcined rutile" to anosovite [47). E.V. Britske et al. Op,

referred to it as "reduced rutile" or the "black mineral" (33]. in the j

K.Kh. Tagirov later named it anosovite in honor of the noted rutile,

Russian meta.lurgist P.P. Anat.ov (48, 49]. It was established rrat!on

by x-ray ana.ysis in (501 that anosovite has a rhombic structure TIO 2.

and a forinulht of the tl3 05 type. A

In 1951, D. ,. Belyankin and V.V. Lapin (49] isolated ancso- the -1O.

vite from a titanium slag containing 30 to 64% of Ti%2 and de- co:mplex

termined its chemical composition. The authors reported composi- varlatl1

tion inconstancy of anosovite resulting from solid-solution forma- 71.'01i.

tion. According to (52], anosovite may be given the formula even at

Ti 2 03 .Ti0 2 or TiO'2TiO2 , because of the possibility of mutual r-itile

solution of compounds of the MeO-2TiO 2 and Me20 3 Ti0 2 types. ture ha

hus, anosovite is a solid solution based on the high-ter- tios I,

perature modification of the oxide Ti305. According to [42, 52], also ap

the composition of anosovite can be described by the formula lated c4

m ((TI. M. Fe).O -2M) . a (M. Fe. AI),% . Ti)I. Ne
viduali:

In addition to the high-temperature 
modification, Ti 0 also dioxi

3 5' dioxide
has a low-temperature modification, whici± crystallizes in the form

of short prismatic crystals.

The Oxide Ti 0

An oxide of this composition was investigated in [4, page 21].

The concentration range in which this dark blue phase exists was
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established: Ti0 1 .8 2 -TiO 1 7 0 * Th is o Ke r-tad P ious 1y bLen

given the formula 3T1 2 3-LITiO2 133; : - (2-14, t)59 641 it was
een re- ascribed the formula Ti 6 0, 1 . Accordijr to Alie"IsorI [37J, there

Tb 1 8 . are two oxides in this interval: T1i5 0 0 d T1 4O7. Tf we take the

tharr.percentage reduction of titanium dioyi-q Vz T1 30~ S , 100, the: com-

le of 4-8 position of the oxide Ti. 5 09 is obtainel 3V 60,101 reduction of

2 and TiO 2
'4her oxy-

m axteAccording to (142), the compound fJ 15 isbaerlt f'rom systems
m dioxide ~ containing Ions that substitute Ti 2 + 0 1,, 314a th e case i n

real slags).
In titan-

ave the Opaque Rutile

et al. Oraque rutile is a solution of T;%- O3 :Vn T~IO 2 that; is formed

1" [33. 
in the Initial phase of titanium dicx:%-q rf~rdUet;4 1541 - Unlike

"ted rutile, crystals of this solution are t~ts-ty o~qe 'he concef-

lished tration range in which opaque rutile 40t vaC 1 es train TiO1, 9 ( to

,tructure TiO02. At TiO1.9 0, the T1.2 03 content :%A~ tn s0olUtiol is 20%.

A rion-.nineral aggregate of opaque OrV1e %-5 rou-nd Jin slags of

_d anoso- the TIO 2 -Ti 2 03 syster, containing 80 tO 9$% TO 9 *T slags of more

and de- complex titanitui-oxide-content cops-~r :~1. e 0 'tl i

i composi- variably accompanied by anosovite cry_4t415 -oh%-1 vhe canpound

ion forma- Ti6ol is not formed at all. In the 0O. -2 2 07eo slag systemn,

mula even at smaall 7120 3 contents, two pha-,* O-Ze oV~tred: opaque

utual rutile and anosovite. No solid solutjq4, lzaied; 04 the TiO02 struc-

P7es. ture have been observed in slags produ.Vd t-andee~ tritstrial condi-

;-h-ten- tions In the presence of Fe Kg2 , P, P n i3'in.Ti

£42, 52), also applies to the homogeneous serieO of _,trtjOtU~.&lly :Interre-

.nula lated compounds with the genera norintA- '

Nevertheless, the opaque-rutile ot~uot-ure la 0 bvioxialy Indi-

also ~ vidualized in the smelting of slags Vt, kIalle Viry high2 titaniumn
also5 dioxide contents.

nthe form

Kpage 21).
cists was
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Chapter 8 pig

cumu
PRODUCTION TECHNOLOGY OF 1ITANIUM SLAGS

featt

Basic Requirements Made of Titanium Slags

The quality of a titanium slag is determined by its titanium oxid

dioxide content and impurity composition. Slags used ir. the pro-

duction of ti:tanium tetrachloride must have titanium dioxide con- a slz

tents approaching that of rutile, i.e., they must contain more reduc
than 80% TiO 2. They must also con ain minimal amounts of alumi- melt!
num oxide (no more than 1.5%) and ferrous oxide (no more than 3%). high-

This is because a major part of the aluminum chlorides and ferris this

chloride condenses together with the titanium tetrachloride during

chlorination of the vapor-gas mixture, forming a suspension that~conic
does not readily settle. The slag may not contain large amounts

of manganese, chromium, or magnesium oxides, silicon dioxide, etc.

The smwiller the amount of impurities in the slag, the higher the
economy of the process. Impurity-free slags make it -possible to nace
increase equipment productivity and titanium extraction yield at ditio

the chlorination and purification stages and to obtain high- ferro

quality sponge titanium from the more thoroughly purified titan- limes

ium tetrachloride.

A slag used in the production of pigment titanium dioxide by in th
the sulfur!,: acid method may contain no more than 0.3% chromic ,crco
oxide, but ferrous oxide contents up to 9-12% are permissible. fusio

ph.1e

FTD-HC-23-352-69 1 FTD-11



There are two known methods of smelting titanium concentrates

for titanium-rich slags: intermittent and continuous. As the name

implies, the intermittent method is characterized by charging of

the furnace with enough slag to fill the entire furnace space.

After reduction of the ferrous oxide to the content specified for

the slag, the vmel.ing products are discharged from the furnace.

The cycle is then repeated.

In the continuous method of slag smelting, fresh charge is

injected continuously or at frequent intervals. The slag and

pig iron are removed from the furnace periodically as they ac-

cumulate.

The intermittent process is characterized by the following

features:

1) the possibility of refining the slag to a low ferrous

itanium oxide content;

he pro- 2) the possibility of quick fusion of rhe charge to rroduce

de con- a slag containing 10-20% ferrous oxide, which is subsequently

more reduced from the molten slag. The slag produced during the

alumi- melting phase has a low melting point and the transition to the

han 3%). high-temperature-melt phase occurs only as the slag is refined;

I ferris this helps reduce heat losses and Improve furnace productivityl

.e during 3) the pocsibility of producing slags with high titanium
mn that conten's, ranging up to 90-92% converted to the dioxide.
mounts

de, etc. The characteristics of the continuous method differ:

er the a, owing to the absence of the slag-refining phase, the fur-

ble to naca temperature must be constant and quite high; under these con-

eld at ditions, slag fusibility is ensured either by retaining a high
.h- ferrous oxide content in the slag or by injecting a flur, such as

titan- limestone, into the charge;

b) a reducing agent is injected into the charge immediately
xide by in the amount that ensures acquisition of a slag of the desired

omic composition, This eliminates the possibility of rapid charge

ble. fusion, and much of the reauction process takes place in the solid

phase.

FTD-HC-23-35269 112
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There are several varieties of the continuous and intermit- electrod

tent smelting methods, including: smelting with an.1 without flux- tilatior

ing additives, smelting of briquetted, untriqitetted, and mixed Ste

charges, agglomerated-charge smelting, and the so-called two-stage with ste

smelting process. nace. A

The Thermal Ore Furnace and Preparations for Smelting cool the

In principle, titanium concentrates can be smelted in thermal The

ore furnaces of any construction. The furnaces may be stationary in diame

or rotary, with closed or open tops. Stationary furnaces are lined wi

usually built for high productivity, while the rotary furnaces are given to

made in comparatively small sizes. Closed-top furnaces are pre- which th

ferred, since they make it possible to utilize the flue gas that appears

forms and improve working conditions. It is st
the slag

The

face bet

very hig

zone, mc
face.

In

blocks a
because

carbon c
L carbon I

determin
Figure 23. Diagram of shaft brickwork
of thermal ore furnace. 1) asbestos apparent
sheet; 2) magnezite grit; 3) M9l-3 mag- oxides' a
nezite; i) graphite block; 5) fireclay; Is made
6) N01 magnezite.

furnace
The design elements of a thermal ore furnace for smelting ,.,aI is

titanium-rich elagns are practically the same as thobe of similar that a

furnace designs used to smelt out ferroalloys. It will therefore

be convenient to limit tre description to the design and operating The~walls a.-

mode of the Soviet 500O-kVA stationary open-top furnace (10, page

105]. This furnace consists of a foundation, a shell, a bottom, 
is 310 11

machinery for loading the charge and tapping the pig iron and slag form of

FTD-HC-23-352- 6 9 313 ?TD-HC_2



ntermit- electrode devices, secondary-circuit wires, and cooling and ven-

out flux- tilation systems.

mixed Steel I-beams are laid on the furnace foundation, and covered

two-stage with steel alabs, which support the bottom and shell of the fur-

nace. Air circulates freely between the steel beams, helping to

cool the bottom.

in thermal The cylindrical steel shell of the furnace, which is 5.5 m

tationary in diameter, is made from two welded-up halves. The shell is

s are lined with magnezite brick on the inside. Special attention is

rmaces are given to high-quality lining work on the furnace in the zone in

are pre- which the pig iron accumulates (a diagram of the furnace brickwork

gas that appears in Fig. 23). The pig-iron pool ranges up to 1 m deep.

It is strongly overheated owing to the large difference between

the slag and pig-iron melting points.

The brickwork is particularly liable to damage at the inter-

face between the pig iron and the slag. It must therefore be of

very high quality. To prevent damage to the brickwork in this

zone, molten charge is allowed to harden into a lining on its sur-

face.

In contrast to the furnaces used to nmelt ferroalloys, carbon

blocks are not used to line the furnace walls and bottom. This is

because smelting of titanium sl4gs forms a pig iron with a low

carbon content that dissolves carbon readily and quickly erodes

carbon liners [551. The chenizal activity of the pig irgn is also

determLied by the presence of a certain amount of titanium In it,

apparently in the form of the carbide, which reacts with lining

oxides ani reduces them [56). In practice, therefore, an effort

is made to prevent contact between the overheated pig iron and 
the

furnace lining, especially at the interface. A deep pool of pig

f smlr iron is maintained to protect the bottom; here it is necessary
f similar

there fre that a layer of metal freeze at the bottom of the pool.

d operating Tx-he furnace shaft is A m in diameter and 1.6 m high. The

E10, page walls are st&ggered upward as indicated in Fig. 23. The tap hoic

a bottom, is 310 mm above the lowest point of the bottom, which takes the

on and slag form of an inverted vault with a sagitta of 195 mm. The furnace
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walls, which are about 700 mm thick, rest on a bottom 1.4 m high. carbon

The space between the furnace walls and shell (70-100 mm) is normal

filled with magnezite grit, which takes up the thermal forces that Th

arise as the brickwork expands. The furnace tap hole is provided other c

with a shunt unit for electrical heating out. til the

The charging unit Is mounted above the top of the furnace and lining

consists of three hoppers with Jaw-type gates through which thp 50 thou

charge material is fed into the furnace via rotary chutes that in diam

make it possible to aim the charge at the desired spot in the if

furnace. The gases escape through an exhaust hood. thickne

A newly lined furnace can be used for slag smelting only 2000 me

after thorough drying, baking out, and slag-liner buildup. Ty

The brickwork is dried for 4-5 days by a wood fire or resi6- i33.5,

tance furnace on the furnace bottom. During this process, the rent to

furnace shaft is closed at the top to retain the heat. and pio

When drying Is complete, the brickwork is baked out with nace 13

current supplied through graphitized electrodes. To protect the meA1 s 0

furnace bottom from arcing, a stack of magnezite bricks is placed 
stages

under each electrode. Coke is loaded into the fur,..:O to form a Thi

layer at least 0.5 m deep. Current is then switched to the elec- eter, w

trodes and the load is progressively increased in accordance with pended

a special diagram. The current is switched off at intervals to winches

allow equalization of temperature through the entire brickwork, an appai

The burned-out coke is replenished at intervals to keep the bed sity is

depth constant. After the refractory brick has been baked out, Se:

the next step is building up a liner on the furnace walls. A 6-E- tbermal

ton charge is loaded into the furnace for this purpose. The power f

charge is a conical heap that covers the bottom of the furnace tc

a distance of about 0,5 m from the walls. The eectrodes are In

lowered and the charge begins to melt. When a slag melt has form- eletro

ed in the zone between the Bicctrodes, 100-150 kg of anthracite tact is

are loaded Into it, with the result that the melt boils up, fills another.

the remaining space between the cone and furnace walls, 
and very car

freezes in this space to form the liner. This liner is more re- with a

fractory than the slag, since it is formed with an excess 
of electroc

graft.
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1.4 m high. carbon in the charge and therefore does not melt through under

mm) is normal smelting temperature conditions.

1 forces that The unsolidified melt is released from the furnace and an-

is provided other charge is loaded to repeat the lining-buildup operation un-

til the lining has reached the top of the furnace walls. When the

e furnace and ]ining is built up in this way, about 40 tons of charge and up to

which the 50 thousand kWh of electric power are used for a shaft 4 meters

utes that in dian-ter.

ot in the If the condition of the liner is watched carefully and its

thickness is maintained, the furnace can be used for more than

Ing on!y 2000 melts before relining.

idup. Type ETTsPT 7500/6m transformers with five voltage stages:

"e or resia- 133.5, 118, 106, 96.5, and 89 V are used to supply electric cur-

eess, the rent to the furnace. The transformer windings are delta-connected

and provided with forced oil cooling. The amperage to the fur-

ut with nace is held constait, and the voltage stages are maintained by

rotect the means of relay-conl;actor automtic controllers. The voltage
s is tZhd stages are selected with the furnace off.

to form a The furnace uses graphitized electrodes 500-610 mm in diam-

o the elec- eter, which are held in four-Jaw ring-type electrode holders sus-

rdance with pended from traverses that are raised and lowered by electric

tervals to winches. The electrodes have a resietivity of 8-14 Q.mm2^m-1 and

rickwork. an apparent density of 1.6-1.8 g/cm The permissible current den-

,p the bed sity is 12-30 A/cm2 .

)aked out, Self-annealing electrmdeq have come into extensive use in

lls. A 6-8- thermal ore furnaces. They are the only ones possible in high-

a. The power furnaces, which require electrodes 900-1100 mm in diameter.
furnace tc

des are In the furnace design being described here, the graphitized

it has form- electrode consists of several parts, between which electrical con-

nthracite tact is established by screwing one part of the electrode into

S up, fills another. Hence the end surfaces of the electrodes must be fitted

end very carefully. The tightness of the contact Joint is checked

s more re- with a feeler gauge - a steel plate 0.25 mm thick. In changing

ess of electrodes, the electrodes may not be !lamped at the point of the

graft.
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Suspension-type electrode holders are generally used for smelting r(

thermal ore furn ¢es. However. cantilevered electrode holders stage (133

are also encountered. he most critical part of an electrode limit. As

holder is the eiec~rode clampi which musT ensure good elecrricai ..u ui. pli

contact between the electrode and the current-conducting Jaws and consumptio

hold the electrode firmly. It must have good magnetic insula- productivi

tion to reduce electrical losses and heating of the ring by induc- Flux Smelt

tion currents, and must be reliably insulated from the contact
In th~jaws. aw.furnaces,

As a result of periodic electrode changes, the contact Joint trical con

is continuously being broken, and this complicates operation of (up to and

the furnace and makes this unit extremely vulnerable. The Jaws plicate th

are at all times exposed to hot gases and dust, and this shortens hy the hiw

their useful lives. The best materials for casting contact Jaws lum dioxid

are copper alloys, which offer minimum electrical resistance and electronic

high thermal conductivity. Steel Jaws also perform satisfactorily of defects

in contact with graphitized electrodes. The lower

The pressure at the contact, an increase in which lowers eiec- (anosovite

trial resistance, is of great importa"nce for reducing resistance than those

at the interface between the Jaws and electrodes. To improve the slag conta

service conditions of the contact Jaws, it is necessary to in- fl.cm - 1 a

create the contact ares and improve the finish on the contact

planes. lum dioxid

The contact-Jaw hangers bear against the carrier ring. Cur- A tiiuan

rent is fed to the encased jaws through water-cooled copper tubes. slag rises

rhe ring and Jaws are encased and also water-cooled. containin

I Current from the furnacc transformer i.s supplied to the fur- a c~flUUUV1X

nace through a so-called secondary circuit, which usually consists The

of tlree segments. Current is delivered direct from the trans- us to see'

former through a bundle of copper busbars, then through a flexible fluxes.

section ("strins") osembled from bundled copper cables, and from ,-mting pc

the flexible bundles through the water-cooled current-carrying 45: of cz

copper tubes to the electrode-holder Jaws. Reference [10, page of titanitI 119) reports a study of various sets of electrical conditions used

in smelting out titanium slags, It was establisned that the beSt 2% A1 20 3 ,
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used for smelting results are obtained in operation on the upper voltage I
e holders stage (133.5 V). It was concluded that this voltage is not the

IZ~~~~t)'A~~~~~~ ziMi r.. As Q evlae5s~aoA~........5ujie

electrical more completely, and this is" accompanied by a decrease in power
ing jaws and consu-,ptlion ruoo ameibing the slag and an increase in furnace

a insula productivity.

ing by indue- Flux Smelting
e contact In the smelting of rich titanium slags in electric smelting

furnaces, the most important property of the slag is its elec-
ontact joint trical conductivity. The high melting points of titanium slags

eration of (up to and above 1700 0C) and their tendency to freeze quickly com-

The jaws plicate the smelting process, These complications are aggravated

is shortens by the high conductivity of the slags. As we noted above, titan-
-__ 'Jium dioxide, a dielectric under mild reducing conditions, acquires

stance and electroni, conductivity, apparently as a result of the appearanceatisfactorily of defects in the rutile lattice owing to partial oxygen loss.

The lower titanium oxides and the solid solutions that they form
lowers elec- (anosovite and tagirovite) have conductivities 100 times higher
Sresistance than those of silicate slags [10, page 3]. According to [57], a

I improve the sla o0 19.q FeO and 8% T40 o aco .,nduc.ti.iy, 110 l

v to in- -l *cm- at o0#m-, at -o4 Waen and 95%T!0iVcontact
According to [4, page 24], slags containing up to 40% titan-

ium dioxide have conductivities close to those 0f -41cate sag.
ring. Cur- At titanium dioxide contents above 50%, the conductivity of the

jopper tubes, slag rises sharply in both the solid and liquid states. A slag
containing 90% TiO 2, 3.75% SiO2, 2.25% FeO, 2% A!203, 2% MgO had

to the fur- a conductivity of 150 A-L.cm- .EIly consists The combination of high conductivity and melting point forces

he trans- us to seek ways to step up the slag-melting process by adding

......... • ~~ wui... e addi tion or -ma~ia v't .-f ia.--.------- ::
s, and from melting point and conductivity of the slag. Addition of up to

[10, page of titanium-containing slags.

ditions used
:at the best Study of the TiO2-Ti202-CaO system with contents of 2% SiO 2,

2- 3Ai20G , ani -- =.-U i.di........... .. -
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point of a slag with the ratio Ti203 :TiO 2 = 1.5:1 ranges from 1550 about 88
to 1600 0C (4, page 73). 6% CaO.

inereasing the T1203 content at any calcium oxide content
raises the melting point and viscosity of this system. ,evert,,e- the Sl g 1
less, addition of calcium oxide reduces these par'ameter-:, substan- to 67 9-i
tially. 

A d

TABLE 24 furnace m
Melting Point of Slag as a Function o its Comoosition suits of

and T1203 :TiO 2 Ratio of the si

TiO 2 rati

8 contents of co poOieas, % Ti20 3:Tio
0 I. . .- ' ... . . 50 degree

. Jn. ,~ ~ ''A mi

slas sueted from arizonite concentrate page 86)
1 143.30130.91!~.I.. 0,3 ,aI-361OG 1390 of the ti2 90.M0 - j 7 316810.3 1.29 -6-t
3 II.10 - 11, .I 0.91 3.8 0.86 1.30 - 16M ing point4i.m3 - 220 4.A 1.1 3.10.62 2.63 - 10
ioI aiinm i---i.. . I -' . . i ...- I .- I. coit an6 :J,13, - -- I 2.63! 444 - 1.44 0.70 1575
7 82,2DI - 3.20 4 00 ,200 t2,10 0.70 5.20 - 300
4 41.27133. 2.80 3 .0 I 3.23 0.70 1.56 0.94 51u0 H owe
9 5.e0l- , !i." - I 51 3.2 - f.2 0.V 1470

10 . - f2.4013.45 1- 2.64 1.45 .84 - I0M0 with the
11 4 I - - 3.60 - 1,23 0.75 1640
32 8.,o5 61 - 2.50 4.92 - - 0.55 1570 duction o13 00.00 1 22.42 - J2,00 4.18 - 10 0,37 1635f4 47.1 4.4 M ia2 4.18 - ,* 0.73 1560 lum tetra

!S 54.60 25.371 - 2:19 .3,05 - ,07 0,47 25slags smelted from rutilized ilmeitetchoo
11 to flux0 M:i -2 3,? 62 z - 0,4011410

357:5 252 2.0 4,2 I- I0.441 153 form of' h4* 56.0 ". 0 - 2.2 5,2 - I O,8 1 450
525 29. - 0.2 6.3 - 0. :5i I361Smltn3.0 5.6 - 2.4 2,4 ..0 610m

.LZZ Z( The

of admixt

of slag i
The conductivities of slags to which calcium and magnesium tures of

oxides were added were studied in (28, page 95). In a slag of chromium,
the composition 3% FeO, 3% SiO 2  25 Ai2.., arid 2% g^u, titanium, ties in i
dioxide was replaced by calcium oxide as the latter's content was applies I
-,-^a4 S -. ^. 'n 'A^ '5 Th ,,,,-Avlfy of the slag at 16oooc wa;*~.,-v% ,,, ± -....-. -
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from 1550 about 88 1'cm-i on addition of 4% CaO and about 50 1-'cm- wIth

6S CaO.

Addition of magnesium oxide also lowers the conductivity of

Neverthe- the slag (addition of 4% MgO lowers slag conductivity at 1600
0CL substan- to 67 Q-1 'cm-l). I

I
Addition of limestone as a flux was tested on industrial-

furnace melts [16]. The industrial-scale tests confirmed the re-

suits of laboratory research. The compositions and melting points

of the slags melted out of a rutilized-ilmenite concentrate with a

flux are given in Table 24, from which we see that even at a Ti20 3TiO2 ratio of 0.72, a slag containing 5.3% CaO has a melting point

of 15601C, while the preceding slag (No. 6), which has a similar

Ti2 03:TiO 2 ratio and a 2.4% CaO content, melts at a temperature

50 degrees higher.

A mixture of limestone and soda was tested as a flux in (10,

page 86). Addition of 2-3% soda promotes more complete reduction

of the titanium, while the addition of limestone lowers the melt-

ing point of the slag. On addition of a dolomite flux, the vis-

cosity and meltIng point of the slag rise [16).

However, our appraisal of these encouraging results obtained

with the use of fluxes must be critical when it comes to the pro-

duction of rich titanium slags for use in the production of titan-

lum tetrachloride. Despite the difficulties that arise in the

technology of smelting without fluxes, it is apparently preferable

to flux 3nielting in view of the advanages ... ...... ...... he

form of higher titanium contents in the slag-chlorinating process.

Smelting without Addition of Fluxes

The features of slag smelting without fluxes include the use

of admixtures present iAn th, cnenrate as .i!uents and control

of slag melting point by varying its fe'rous oxide content. Admix-

.nesium tures of the oxides of aluminum, calcium, magnesium, silicon, and

-" ;1&u liuu , WIIU.. p-- - -- -in -

A.tanium ties in titanium concentrates, are fluxing components. This

ntent was applies in particular to the ferrous oxide content in the slag.

According to Li0, nage ij, slags conazLn- ,. . -.

FTD-HC-23-352-69 12
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conductivic.es equivalent to slags containing 4% CaO. According to 
either fli

r58), a slag containing 0.75% CaO, 8.26% FeO, and 85.7% TiO 2 pours The tI satisfactorily from the furnace, Ierrinat- ,

The variation of the FeO and up to 50%

T i . -ontent- in s ag dur ing the furna"

fluxless smelting is displayed The nelti" "^ f~m N 0 power ratJ
In Fir, 2h £1n, page 'Or', from p rat.... ... •of ferrou,

which we see that the basic . o r

peculiarity of the fluxless proc- accumulat

ems is the need to maintain a 4rd' I %*. L > tofel n
high ferrous oxide content in the 4 . timely 1n3

slag through about 70% of the time fro. start of smelting, h then retu

smelting time, after which the As we

slag is refined with addition of Figure 24. Variation of ti- fusable(
tanium dioxide and ferrous

a solid reducing agent directly oxide contents in slag dur- to reduce
into the melt. In this. smelting Ing smelting process. 1 and runs ahead
method, only enough reducing 2) with reduction from mol-

tel slag; 3 and 4) with ad- was addeo

agent to produce a slag with a dition of all reducing agent slagW"t

ferrous oxide content higher than to the charge. the first

10% is added to the charge at the MiS
outset. But when the entire charge in the furnace has MeltedT

refinement of the slag is initiated DY addlng reducing agent to melts quic
it. The reducer is added slowly to prevent the slag from erupt- til i f
ing from the furnace. smelting

The conductivity of the melt during refining is of no parti- 4 fusabe

cular importance in the range in which it can ,ar,,, since the as has ee

electrodes are automatically retracted from the melt and the fur- power cons

nace is oerated onefl-r~rn alZA------------ - 1--------. Withotit 11

fluxiess smelting. The

According to r161. a slag containing 18.9% FeO; 1f i

i and 60% TiA nas a conductivity of 74 to 77 *cm I in the tem- melted wit

perature range from 1450 to 1700C, while a slag containing 5% dlacharin

U- reO and 7)4 ''U2 nas a conauctivity that rises mainom l24 So i3 itain f

am-.cmU in the same temperature interval. H' ,r i5 riiow.s that

with in ing conc"uct-i Y, a , t ferrous " o f A e 1he e
- --~~A i4epleted, . e frna w.,l go io opcn-arc ope.ain

..i... ..... .. . ...-- - - - - - - -. .
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rdl ng to either fluxed or fluxless smetng.

02 pours The basic difficulty encountered in fluxless smelting is de-

termlnation of' the .d of' the refining ppoets. A slag containing

up to 50% or more of titanium sesquioxide can easily be frozen In 

the furnace if the ferrous oxide content is lowered below 2-3%.

The melting point of the slag then rises sharply, and the furaace

power ratin, is incapable of raising the temperature to keep ahead

of ferrous oxide reduction. Titanium lower oxides and oxYcarbide Iaccumulate in the slag, and it solidifies quickly. Only a smelter
:i of long experience cari detect the onset of slag freezing. A

timely injection of unreduced concentrate into the molten slag

rltina, h then returns it to the fluid state.

As we have already noted, ilmenite is characteristically

of ti- fusable (1380-14000C) and its ferric oxide content is difficult
mrrous
g dur- to reduce. Por this reason, the slag-fusing process generally
I and runs ahead of the iron reduction. Even when enough reducing agent
Mo-

.th ad- was added to the concentrate and carbon briquettes to produce a

.C agent slag with 3% FeO, a slag containing i4-1.8% FeO was obtained during

the first hour of smelting [16).

This property of lmenite is utilized in fluxless smelting.

The initial charge is coiounded with a deficiency of carbon, it
rt- omelts quickly and then the iron is reduced in the liquid slag un-'rupt-

til its fluidity limit has been reached. An advantage of this

smelting methoe, is that the furnace operates at low temperature on
parti- a fusable melt for at least 2/3 of the smelting time. Therefore,

he as has been shown by specially designed experiments, electric
e fur- power consumption is practically the same for smelting with and
and without fluxes [10. page 105].

The utility of fluxless smelting must be examined for each
ITiO," "vne of titanium concentrate. Generallv. all concentrates can be

Stem- reted without a flux in the intermittent process. Normal slag

5% discharging is en,_,red by ieaing eno,_,gh fy-'hin foxide i it to

.. In-ain "iulaIty •

the The smelting process consists of a group of operations that

in... must be oarried out in sequence. Before charging. it is necessary

FTD-~~-~-~ 12



to clean the furnace top, removing solidified slag spatter. The Tow;
charge is distributed uniformly around the tA W-E-, it may be ium oxid;
piled higher under individual electrodes only when It is necessry dctvit,
to build up a wall or tap-hole liner. The space between the elec- over to
trodes and the wll must be filled with charge to pr. erve the
liner. Usually, a mixture of unbriquetted and briquetted charge Dur:
is smelted. The proportions depend on concentrate composition. anthracil
For example, 40-50% of powdered charge and 60-50% of briquettes the slag
used in smeltine rutilz.ed concentrae. Th brquetted a - severe b
the charge may represent 75-90% for arizonite concentrate. The next

TINe charge is brlquetted on warrle-iron briquetting presses. anthracil
Coal pitch or sulfite-cellulose liquor is introduced into the slag is
charge as a binder, in amounts ranging from 3 to 6% of charge mass. the condi
The briquettes withstand loads from 60 to 250 kg in crushing tests. tically 4

The powder charge is loaded into the ."urnace first and fol- In
lowed by the briquettes. An effort is made to charge the furnace signs ari
in such a way that the' briquettes will not fall against the bottom tion frot
of the furnace wall. They melt poorly at these points and may addition
collapse at the end of smelting, causing the melt to bubble slag cari
v oron.uslY and erupt from the furnace. slag is

After charging, the furnace is switched into the first trans- order to
former stage (133.5 V). Before switching on, the electrodes are settle.
set 200-250 mm above the level of the iron pool to prevent them may slid,
from shorting across the Iron. When the charge hae melted around 15 minutt
the electrodes and the furnace has built up sufficient power, the the same
automatic system is switched on to regulate the electrical load solidify
of the furnace. released

In the initial phase, the target of smelting is a slag con- slag run

taining 10 to 20% ferrous oxide. During this phase, the molten increase(

slag is saturated with gases liberated as a result of the reduc- The
tion reactions. At th-s point the conductivity of the melt is -lds.
low, so that the work can be done with the electrodes immersed in- under th,
to the slag. After the entire charge has melted, the first smelt- which th,
4nm nhafte 4a -re' es4 a bou t60 An_?n Q""'n1'*'""n Ie. o

then continues for reduction of the ferrous oxide from the molten thor0ough
lag.
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ter. The Toward the end of the first phase, the content of lower titan-
may be ium oxides In the slag- r se;....-, consequently, so does Its con-

p necassaxoy ductivity, so that the electrodes are raised and the furnace goes

[n the elec- over to open-arc operation.

ve the
ed charge During the second smelting phase, a reducing agent, usually
osied o. cranthracite, is injected into the melt to continue reduction of
osition.seeebmigoth lgadeetooflafrmtefnc.

iquettes the slag. The reducer Is added in 40-60-kg batches to avoid
i Uqr. nfsevere buming of the slag and ejection of slag from the furnace.

re The next batch of anthraeite !s added after the bubblifig of the

g presses. anthracite is added in small doses, since the frothing of the

to the slag is especially strong during this period. At this point,

charge mass. the conductivity of the slag is high, and the furnace is in prac-

shing tests. tically continuous open-arc operation.

and fol- In addition to quick slag analyses, certain characteristic

he furnace signs are read to determine the completion of ferrous oxide reduc-

the bottom tion from the liquid slag: the bath does not stop bumping after

and may adiof n oil' the reducer batches, or a rabble samPle of the

ubble slag carries a thin yellow film after quenching in water. Thbe

slag is cooled for 20-30 minutes after completion of reduction in

rst trans- order to allow the beads of iron that have remained in the slag to

rodes are settle. During this time, charge that has adhered to the walls

ent them may slide in, in which case the settling time is lengthened by 10-

ted around 15 minutes. The smelting products are tapped together through

orer, the the same hole. This is dictated by the fact that titanium slags

w." '1Uiidiy qukly.. au u p.a.u tow= %, Is ,A..,. ., ..........

released together, the tap hole is ^satedA by the iron, and the

slag con- slag runs out through it after it has been thoroughly heat and

e molten increased in cross section.

he reduc- The iron and slag are usually discharged into cascaded chill

melt is molds. These molds are lined with fireclay brick; the first one

mersed in- under the hole is primed with sand and the subsequent ones, into

irst smelt,- which the slag flows by gravity, with fine slag. The molds are

Smelting Kept hot at all times so that 4he priming materials will b'e
the molten thoroughly dry before the smelting products are released.

!

I
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Before opening, the tap hole is cleaned out with a rabble as Productior

far as the hot zone; it is then heated with electric current Smelt

passed through a steel shunt rod until a drop of iron appears. increased

At this point, the hle is quickly burned open with oxygen. For of lumped

cold slags, recourse is sometimes taken to further expansion of divided c,

M- the discharge hole by continuing the oxygen during discharge. lost. Ag:

When boiling slag is released, it may froth and overflow smelting.

the molds. Frothing is prevented by throwing fine moistened slag Refer

into the molds. When routine operations have been estab'lished, eration of

a quite definite amount of charge that has been established by trates in
trial and error is usually smelted out at one time. Nevertheless, showed tha

occasional overcharging of the furnace may occur and upset the fluence or

LT smelting procedure; this is explained by incomplete melting- ese. The

through of the charge in the preceding melt or by incomplete becomes ve

tapping of the slxag. Such overcharglng of the furnace tends to. trate had

draw out the reduction and fusion processes, the furnace operates~Indus
open-are for longer times, and this is accompanied by cooling of with a 75-
the lower zones of the bath, with intensified bumping of the melt.

To arrest this process, a melt of reduced weight is processed, netlte con: about 7% j
with 1/3 of the usual load in the furnace. the new ch

The increase in bath volume that results fom washing awayused as th

of the liner also upsets the smelting routine; reduction and melt- The c

ing of the charge are protracted. The charge that fills the space

previously occupied by the liner is last to melt and often pro- Sio 0.4t

duces slides at the end of smelting, which are accompanied by 21 0P

vigorous bumping of the slag, Moreover, softening of the liner MgO; 2.13%

is dangerous for the refractory brickwork, with which 
the molten satisfacto

slag may not come into contact. For this reason, the condition The a

of the liner must De watched at all times. nace with

After a melt has been discharged, the tap hole is 
usually magnezite

plugged with a mixture of equal parts or clay and anthracte. The

After discharge, the pig-iron mold is allowed to stand for 40- and 3.27%

60 min. and then the Iron is ,o rd into sand molds from ,nder ft wa

the crus that has formed; this slag crust is th.-,n plaed ia titanium c

metal box for dispatch to storage. ilmenite d
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ble as Production and Smelting of Agglomerate

t Smelting of unlumped fine charges in ore furnaces involves

increased power consumption and is less productive than smelting
For of lumped charges, It is practically imnop ibfle f- m.14-. !4.-.'.

divided concentrates because of the large imounts of dust that are I
lost, Agglomeration is one method used to lump concentrate before

low smelting.
d slag Reference [28, page 50) describes experiments in the agglom-

hed, eration of a mixture of perovskite and titanomagnetite concen-

by trates in 25:75 proportions. Preliminary laboratory experiments I
,eless, showed that the moisture content in the charge has a strong in-

the fluence on the quality of the agglomerate and the sintering proc-

ess. The optimum .citure contcnt was 5-6%. The lumping process

becomes very d..,cu1 , without moistening. The initial concen- |
to trate had particle sizes from 0.1 to 0.5 mm. j

3rates 

j

7g of Industrial-scale experiments %ere run on sintering machines
melt, with a 75-m 2 sintering area. At the perovskite and titanomag-

LS netite concentrate proportions indicated above, 5-5.5% carbon, I

about 7% moisture, and 25-30% of recycling charge were added to I
the new charge. oke fines with an ash content of 15-18% waswaya meltused as the fuel.

space The chemical composition of the resulting agglomerate was as
0r- follows (the principal components are listed): 14.19% Ti0; 4.6%

VSi0 2, 0.6% A1203; 47.04% Fe,03 ; 13.76% PeO; 11.56% CaO; 2.75%

ner MgO; 2.13% Fe. The screen composition of the agglomerate was

lten satisfactory (the yield of minus-five-mm fines was 42.5%).

*ion Toawas melted ini a n2VV vn V&U4U Uiv { ur-
nace with self-sintering electrodes. The furnace was lined with

magnezite brick and the vault with Dinas brick. I
The result was a slag containing an average of 77.3% TiO2

0- and 3.27% FeO.

er It was established according to [19) that agglomeration of
a

titanium concentrates breaks down the ilmenite (the aegree of I

Ilmenite decomposition ranges up to 70%) and forms hematite,

IF~n-"- 3-32-69126
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perovskite anosovite, and other minerals; the reducibility of the i ldustria

agglomerates is improved over that of the ilmenite concentrateq. small sca

An agglomerate obtained from an ilmenite concentrate consists Jshiy t
of Primar , mineral granules and newly formed phases. The litemachinery

A which is the principal phase in the agglomerates, differs from the Continuou
original ilmenite. A substantial quantity of newly formed miner- Orga
als is found in the. agglomerate: secondary magnetite, lamellar si:. to i
hematite, and henatite in the form of rims around ilmenite and is as yet
magnetite grains. As a rule, the hematite is confined to pores. slag with
Elongated prismatic black crystals of anosovite are also present
in the agglomerate. Dendrites of perovskite, isometric spinel As w

crystals, and crystals of fayalite and baikalite (MgT!2 04) are-! making it
encountered. The principal cementing phases in agglomerates ob-

from thetained under industrial conditions are titanaugite
m[(oa0"go0)2SIO 2]n[Cao(Al, TI)203 "SIo2) and a glass. The glass To _
has, a composition -imilar to that of the titanauite. sarv to e

m lurgical
Agglomerate obtained from rutilized ilmenite concentrate at

1300C with a coke content of 4.5% is gray in color with a semi- firm Queb
metallic luster and about 20% porosity; however, i t.. trn.th ie day.
low.

The general relationships that unfold during agglomeration
:of ilimenite concentrates can be reduced to the following state- A d La
ments: under subjection to high temperatures, the ilmenite decom- proportio
poses owing to the limited solubility of Fe203 in FeTiO 3, with the The
result that the hematite in the ilmenite is precipitated. The into two
-solubility of hematite in ilmenite is quite high at high tempera- concentra

Z 'tures. Addition of 2% of slaked lime to the charge results in separated
.: inore active deeompoiition of the ilmenite with formation of anosc- frey spir

vite, perovskite, titanaugite, and iron and glass beads. A lime 36.8% TiO
-- additive tends to _produce a stronger agglomerate. --fed-by -ex

Thus, the initial processes of slag formation take place dur- The
)| Ing agglomeration, sulfur an

The work done has demonstrated that agglomeration i quite 'grove i
feasible as a method for preparing a charge of ilmenite concen- Anth
trate for smelting. However, agglomeration is not used under ducer, in
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ry of the industrial conditions at the present time owing to the relatively

grates. small scale of titanium-slag production, which Js not enough to
justify the installation of the expensive charge-agglomeratingconsists
machinery.

.minier- Oraiaino otnospocs sa motn pvnl

from the Continuous and Two-Stage Smelting
miner- Organization of a continuous process Is an imoortant nreren,,l-

liar site to intensification of titanium-slag smelting. However, there

and is as yet no industrial, method for the production of titanium
pores. slag with a low ferrous oxide content in a continuous-flow process.
resent
reel As we have noted, titanium slags containing less than 8-10%

ferrous oxide are very high-melting and can freeze quickly, thusaree ob- making it difficult to release the pig iron and slag separately
from the furnace.

glass To form a conception of the continuous process, it is neces-

sarv to examine the smeltin. process desg eat an ea-rbC-tY!-'

at aurgical plant constructed in 1950 and belonging to the Canadian
sere- firm Quebec Iron and Titanium Corporation (Sorel). This plant has

5 furnaces, each of which smelts about 300 tons of concentrate per
day.

ation The raw mieriai for smelting is an ilmenize ore mined in the

tate- Allard Lake region and containing hematite and ilmenite 
in 2:1

decom- proportions. Table 17-gives the composition of the ore.

,ih the The ore is ground to -10 mm and separated by wet screening
T'he into two fractions: +11, mesh and -1II mesh. The coarse fraction is

mpera- concentrated on hydraulic cyclones, while the fine- fraction is

in separated from the slime in a thickener and concentrated in Temp-

anosRo- feY s - ze-r-a., -p tor~s. .f-h.. combined cn .,h

lime 36.8% TiO2 and 41.8% Fe, is dried and roasted in rotary furnaces

fed by exhaust gases from the electric smelting furnaces.

ce dur- The object of rotary-furnace roasting is evidently to remove

sulfur and oxidize part of the iron from the ilmenite in order to

uite improve its reducibility. Thus, the roasting is oxidative.

icen- Anthracite is introduced into the smelting charge as a re-

ler ducer, in an amount equal to about 16.'5% of the concentrate mass.

i
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No flux is added for smelting. The electric fur iace is rectangr.- metallic

lar. with a shaft length nf 1R.9 m .aith ,t f ^ .! :n' and a , .. _. 2mewh
of 6.1 m. Furnace power is about 20,000 kVA. The furnaces are of (8-11%).

F the closed type with suspended vaults, and are lined with magne- Ti2a3 (U

zite firebrick. A row of 6 graphitized electrodes 620 nm in diam- The
eter is installed along the long axis of each furnace. There are 0.11% s,
two electrodes per phase. The electrodes are traversed automatic- ladles a

ally by amplidyne-controlled electric motor drives. Sorel me

The charge is fed continuously through a system consisting17 of a large number of hoppers and loading chutes, which permits in- Sorel is
Jcction or the desired amount of charge into the desired zone of slag to
the furnace at the desired rate. The charge is introduced into charge t
the furnace in such a way as to prevent contact between the molten substant

slag and the furnace lining, and hence erosion of the latter. TIi slag, Wh
furnaces are run open-arc. Furnace temperature during smelting is

about 1650
0 C. A small positive pressure is maintained 

in the

furnace. A gas containing about 80% CO and 12% H2 is taken from The
the furnace and, after washing and compressing, used to heat the high yie

rotary furnaces and driers for the anthracite. About 65000 m3 o advantag
duct ingas are obtained from each furnace in a day.

~The
The metal and slag are discharged separately and intermit-

interest
tently from the furnace: the slag -6 times a day, and the metalng t

i2-3 times. They are drained down to a certain bath level, which
is carefully monitored. The slag is discharged from the furnace In

directly into chill molds mounted on carts. To speed up cooling, technolo

the slag blocks are sprayed with water and dumped onto a platform so-calle

T In thR n broken lip Into half-inch fragments and sent for stor- point of

age. iron ox

The slag is used basically for pigment production, and has the prop

the following composition, in %: 70-72 Ti0 2 ; 12-15 FeO; 1.5 (max.) mixture

Femet; 3.5-5.0 M!02; 4.0 Al203; 1.2 (max.) CaO; 4,5-5,5 MV; 0.25 1300 0C t

(max.) Cr2O3; 0.5-0.6 V205; 0.2-0.3 MnO; 0.03-0.10 C; 0.025 (max.) formatio
P205; 10.0-15.0 Ti203 (in Ti02 ). 0.15 to
2 -0process

T addition to the slag produced for pigment titanium dioxide i in

production, the plant makes a sla_ for use in production of

M' D-H-23-352-69 __Q FTD-HC-2
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rectangu- metallic titanium; It differs from the former type only in having

nd a heizht a somewhat higher content (74-76%) of TiCE. Ann fI 1A-z m i',, o:jr

Saces are of (8-11%). A major part of the titanium in this slag is bound in

th magne- Ti,0_ (13.0-20.0%).

imm in diam- The iron tapped from the furinace contains 1.6-2.5% C, up to

There are 0.11% S, and 0.025% P. The sulfur is first removed from it in the
automtl - - .adles and then in electric furnaces, at which point the so-called

Sorel metal is ready for delivery.

nlsting Thus, continuity of the titanium slaga melting process at

'Permits In- Sorel is provided by leaving a high ferrous oxide content in the

zone of slag to render it readily funable and mnalr it- I e- 1 = to dis-

Iced into charge the smelting products separately from the furnace. The

the molten substantial contents of SiO2 , A1203 , and MgO in the charge and

The slag, which act as fluxing copon s, s'so -ot. c , ontinuity.^o
smelting is Mel!ting.

in the
aken from 'h-e process at the Sorel plant is economical because of the

heat the high yield of pig per ton of slag (0.74 ton); as a result, it is

000m 3 of advantageous to refine the iron and sell it as a commercial pro-

duct in view of the large production scale.

termit- The experience gained at this plant is unquestionably of

interest for the organization of continuous titanium slag smelt-

F, -eta! ing in the USSR.

furn ace In the S ..... Uni.on, the A.A. Baykov Inotituto proposeda

-^co ecnonSyfo eotnos melting of !Ifaerlte coneentrate by the

platform. so-called two-stage method in 1962 [10, pag . 96]. The essential

or stor- point of this technology consists in pre!!-1nary reduction of the

iron oxides from the ilmenite concentrate In the solid stage. In

and has the proposed process, the ilmenite concentrate is briquetted in 
a

1.5 (max.) mixture with carbon and reduced in a shaft or tunnel furnace at

gO; 0.25 13000 C to produce a cake. These cakes are smelted without the

025 (,max.) formation of boiling slags, and the Ti203:TiO2 ratio ranges from

0.15 to 0.20. Thi3 slag melts at about 15000C. Although the

m dprocess has not yet advanced beyond the laboratory testing stage,

o uit Is unquestionably of interest.
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The two-stage smelting nthod is characterized by reduction Composi
of the Iron oxides preent in the concentrate to the metal in the
solid phase during a first stage. A wide variety of methods may The Lhr
be used for the first-stage concentrate reduction, just as in the nese d

contentdirect reduction of iron ores.cotn
In the second stage, the concentrate reduced in the first of the

stage is smelted in an ore furnace; no substantial amount of storace
Lower lanium oxides accumulates in the slag during this process. lizatio
Experiments in the smelting of prereduced concentrate were carried the dio
out in a scaled-up laboratory furnace [10, page 96]. They showed dioxide
that smelting proceeds quietly, without bubbling of the melt and
With substantially lower electric power consumption- it i. sug-
gested that the PrCred-un-ebd might bc amelted withut" Va
adding additional reducing agent [10, page 3]. The preliminary
reduction uhould be performed on granules formed in pan granula-
tors or on briquettes mixed with reducing agent.

Irt has been establisned under industrial conditions that
briquetting of titanium concentrates mixed with a reducer makes it
possible to step up the iron-oxide reduction nrocess during smelt-
Ing [ n, pages !6, .105 1. However, when briquettes that have not
been prereduced are used, two undesirable effects result [59):

1) the briquetted charge undergoes sintering, and the gas-
4 impermeable layer that formed in this process prevents contact

with the reducer and retards smelting. For this reason, briquette
smelting is often combined under industrial conditions with per-
iodic loading of an unbriquetted powder charge into the furnace;~Th(

2) during smelting of briquettes, the reduction of iron possibl-
oxides takes place at high temperatures and ij accompanied by re- in flux:
duc~tion of titanium dioxid to alower oxidation ztatc t.us.. centratt

. raising t-fm-alt ng poln of the slag and causing practically use-

less expenditure of power on this process, Siae the lower titan- because
ium oxides oxidize in air on cooling of the slag, forming titanium concenti
dioxide. loft in

However,

of ferr
iency o1
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Sy reduction Compositions and Properties of Titanium Slags

metahoin mhe Table 25 gives typical compositions of slags smelted..= out of

mnethods may the three types of titanium concentrates that we have discussed.

st as in the These data pertain to fluxless smelting. The titanum dioxide

contents are indicated here as the results of conversion of all

the first of the titanium present in the slag to titanium dioxide. During

ount of storage, the slaw rni-hle-- A----a--- ) a a result o" recrystal-

tnis process. lization accompanying oxidation of the lower titanium oxides to

were carried the dioxide. The mass of tho slag increascs, and its titanium

They showed dioxide content declines by 3-6%.

re melt and TABLE 25

It is u- Typical Compositions of Titanium S1-Ps S'ltod Out of

d wt.hout Various Types of Raw Material without Addition of Fluxes

,ellminary [10, pages 16, 58, 105]

n granula-

co centrafte,_ X

C ostionenti1z4 l.j~e

',cer makes it . I

luring smelt- F ................. a,. 0.5 I 2.7

kt have not .. ... .., .... . . . . . . .. . . . . . . . . . . . . .. . . . . . . . . ..: 1 0.ll I ,71 J ,
tA 11 l .:..

L JJJJt; . .. . . . ii .. ~leI 11M, . ......... I - ;-

the gas- ..II.....001 : 0.36 0,O14 -

S ................. I . . -00 -1
contact C ...... 0 -

n, briquette + .. + |g.

Swith per-

e uThe ferrous oxide content in the slags indicates that it is

f iron possible to produce a slag with a rather low content of this oxide

Sied by re- in fluxless smelting. Slag smelted from rutilized 1lmenite Con-

%Ahu5 centrate, where the ferrous oxide content is twice that in a slag

tically use- smelted out of arizonite concentrate, is an exception. This is

ower titan- because of the comparatively low impurity content in the rutilized

ng titanium conct:trate, a consequence of which is tnat more ferrous oxide is

left In slags ssneled from this concentrate to ensure fluidity.

However, it is necessary to state a reservation: the lower limit

of ferrous oxide content in the slag also depends on the profic-

iency of the smelting process. Slags containing less than 2-3% of 3
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ferrous oxide are rarely produced because of the sharp deteriora- Sol

tion of their fluidity that results from the increased contents of tagirovI
I--- vite, an

r The most stable crystalline form of high-titanium slags pro- 
detected

~( the pre
duced under industrial conditions is anosovite, whose temperature a smalle
of formation varies as a function of the content of isomorphous a ma-le

Impurities and titanium ions in various valence state- that are

A4.~..A 44.0.81% Fe
7- Cr203; I

Anosovite incorporates titanium ions ,f all valences, and tected r
di- and trivalent I. taniuz ions may substitut-e metal 'Ions In the paeaa.o .o.te.t.a - .. 2+ 3" phase an2e 3+,
anosovite that have similar ionic radii (for example, Mg , Fe Content
etc.). Calcium ions, whose radii are considerably larger than~Per
that of titanium (1.01 1), cannot substitute titanium ions, andkCaO is p
calcium is therefore not a constituent of anosovite; the same
applies to silicon. Calcium and silicon are the base for foria- The

tion of a new compound - titanaugite or silicate slag cement a low-me

e.1iss: mF(CaO.MgO).SiO n[CaO(Al. Ti)03310J. The tempera- in the r

ture at which titanaugite forms is about 1300
0 C. According to An

-24], anosovite has a density of 4.4 and titanaugite a density of 8-10% Fe

3.8 g/cm 3  solid sc

Anosovite has a higher melting point than the other slag com- geikiell

ponents and is first to crystallize from the slags. On subsequent (Mg 2 SIoL

cooling, the anosovite crystals are cemented by titbnaugite. The

o,- -- e ati -f-h Ti 3 05 latie a he udit...*...... .. . . ..... UTU4 A1 ..43 .o . , a' v t

new mineral based on the rhombohedral labblee of T2r? 3 vite [I(

n he next reduccion c'age hen thL_ sia corit oreIS ,,W taUn,, 78% studied

titanium dioxide); this is tagirovite, whose formula is [42 ] solid sc

mI(M Fe, T)O0 TOi .n(Fe, AIl. T). (11) amount
~that Mg(

which is a solid solution intermediate between compounds of 
the

types MeO'TiO2 and Me 03 in ta girovite titanium has all of Its

three valence states, and the tagirovite lattice may incorporate Th4

impurities of di- and trivalent metals with ionic radii close to sesquio:

that of titanium. ably di:

tanate I

phase,
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oriors- Solid solutions of the TI(O, C) type form on reduction of
Ptents of tagirovite. Hnw~vP," tv, -!Cp pu--- --__ . O!t

vite, and only at high titanium dioxide contents is tagirovlte
n. ro- detected in them. Two varictles of anoso,;it€ - a pink variety

stature (the predominant. Ti20B-rich forn) and a bluish-gray variety with
phous a smaller titaniun, sesquioxlde content - w~re found in a titan- |

S---eiurn-rich slag ofe comosiio 11WI Tio. .; 2.7% !Fe,- ,
0.81%$ Fe met; 3% A12 0 3; 2.35% St02; 0.67% CaO; 2.6% MgO; 1.415%

anOr C03 1.1% MnO; 3.6% TiO; 28.4% Ti 0,; tagirovite was not de-
lln the ~tooted [80). It appears that . .... recilition of the tagiro.!te
_ +phase and Ti(C, 0) intervenes at an even higher titanium dioxide

thncontent in slags with low cal.it~m nyi CC, tent rl", CO IM1

than

and Perovskite (CaO.TI02 is formed in slags in which up to 3-5%
meCaO is present.

orma- Thi presence of S1O 2 in the slag results in the formation of j

rt ........ lo-e n ........ (sea Pigs. 4^7-211 that does not participateI',era- in the reduction processes. Cm

tt of An ilmenite phase is detected in slag containing ro.oe than
S d8-0% Feo 2 page 50 . As the MO content Is raised (0-1i ) I

solid solutions based on magnesium orthotltanate (4g, Fe)TiG ,
ag cor- gelkielnte (MgT i0 3), b-kovite (MgO'Ti 0 ), and forsterite w

ahos, sm are also doected.

Si "-~The presence of ma nesium oxide in the slg In the for" ofe:e, a the dititanate MgO'2TiO helps convert the oxide Tiw0 to anoso-
s dur- ite 0). Ite appa- The praction of T io wth e oxlidc was

phn a14 studied in [28, page 80) . It was established that MgO.TiO2.Ti0;0 0

n solid solutions were formed in the slag on addition of MO in th 5

(!)amount of 3.85% of the T! 3 35 mass. The hypothesis was advanced i
the that MeO and Ti305 react as follows:

Sorate The resulting stable compound - geikielite and titanium

seto

sesquicxide - formz a solid solution. The magnesum oxide prob- |
ably dissolves in the anosovite lattice in the form of the t -
tanatet 0ftMgi 1) 2 A wh 3 L deteUtedAra the foa Uf a alsooelceeald.
phase, magnesium anosovite iT0,, Specially designed f

2!
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experiments confirmed that the addition of 1.95% gelkle2ite to

T12 03 results in its complete solution In the sesquloxide with1

solid solution formation. v
Like calcium oxide, magnesium oxide binds titanium dioxide, 4,

inhibiting its reduction to a lower oxidation stage. As an iso- V

morphous admixture to minerals based on titanium sesquioxide,
magnesium oxide raises the melting point of the titanium slag,
with the detrimental conspqupntn, for the e.citing pr . :aa

Fewer experimental data are available on the Influence of

Al203 on the Properties of titanium slags. We may conclude from Figure 25

[28, pages 42, 80) that, like MgO, an A203 admixture promotes the titanium

formation of anosovite. However, in slags containing TiO2, more .... 2-3

than 75% of the Ai203 dissolves in the tagirovite; fro wing a pha.c tents of

that can be represented schematically by the formula m(Fe,Mg,Mn)$' 
Cr203, an

•TiO 2"n(Ti,Ai,Fe ' 3O

Inspection of the phase diagram of the Al20 -TiO, aystem in-

dicates that the presence of -small .= ount of alu ,inum oxide in

the slag has no appreciable effect on its fusability. Thvs, a slag

containing 3% FeO, 3% A1203; 2% Cr203; 2% Si02; and 3% MgO has a tablished

melting point of A1600C even at a Ti203 :TiO 2 ratio of 1.25. As and vI4co;

the TI203 :T±.nO ratio is lowered to 0.75, the slag melting point contents.

i drops to 1550°C (Fig,. .9 Th olas ha about the same meling 15oo-160o'
I0 titanium i

point when the FeO content is raised to 10% and that of 4 203 to
10%. important

A higher Al205 content in the slag results in the 
formation The

fluenced I
of spinel (MgO'Al203) and titanaugite [153.2 increase

Like ferrous oxide, magnanous oxide tends to lower the fusa- slag vlsc(

bility of the slag. Even in the insignificant quantities in which quite higi

they are present in rich titanium slags: chromium oxides also tond

to lower slag melting pointq. is I,,rated by "1Ig. 25 [06 El ci

as it applies to Crpo, Sin-1 fsabi!ity is considerably lower at property

a Cr20 3 content of about 3%. Reduction of chromic oxide from the variation

slag begins at a slag content of less than 10% ferrous oxide, and tion of f:

the more completely the forrous oxi.e is reduced, the greater is 
been devol

the decline in slag chromium content.
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te to The viscosity of a titanium

,l th ,--- slag is an important property in

u,, L.... determining the smelting technol- j
loxide, ogy. It depends on the composi-

kn iso- I&,-]. tion and temperature of the slag.

ide, K/ 4'A _ It follows from the data

3lag,~I given in Table 24 (see page ll)

ee of T1203:TiO 2 ratio are fluid at temperatures below

die fr .o 15500C .18.. Slag smelted from
Figure 25. Melting points of arzntcoetrewihua

;otes the titanium slags as functions

more of Ti2 03:TiO 2 ratio and con- flux have low viscosity at higher

a hase tents of FeO, S1.0, -g-, temperatures, and such slagg must

,Mg,Mn)'. Cr2 03 , and A1203: be overheated to 1600-16500C for

I M0 A1.: 2% 00,normal discharge from the furnace.

stem in- -, ,N The lower oxides of titanium

ice tn c '  Slg a have a strong influence on the

a, a siag slag viscosity. it has been es-

has a tablished that up to 10-15% of T1 2 03 depresses the melting point

25. As and viscosity of the slag and then increases it [sic) at higher

point contents. Thus, in order to obtain slags with low viscosity at

ltinv 1500-1600C. it is necessary to prevent the accumulation of lower

203 to titanium oxides in them. Extremely rapid smelting is the most

important prerequisite for this.

rmation The viscosity and fusability of the slags are strongly in-

fluenced by their contents of ferrous oxide and chromic oxide. An

e fusa- increase in the sum of these components makes it possible to lower

in which slag viscosity even when the content of lower titanium oxides is

als quite high.

• 25 (16) Electrical conductivity is another important techological

lower at property of titanium slags. Certain data characterizing the

rrom the variation of slag condutivity were given earlier in the descrip-

Ide, and ion of flux smelting. it should be noted that little study has

ter is been devoted to the conductivities of titanium slags.
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A typical property of rich titanium slags is their tendency The e

to .rurlbl cpont-neously on cooling in air. Screen analysis of are govern,

the crumbled slag indicates that it contains 86.16% of the frac- ratio of t]

tion -1..6+0.175 mm, and that the remainder is finer [60). A study iron

of this friability of the slaSs has shown that it apparently re- produced ii

sults from oxidation of the lower titanium oxides present in the .mei.ngs

slag [16]. However, the mineralogical composition of spontan- Ti, and 1.1

reously crumbled slag has not yet been definitely established.
The -:

Pig Iron Produced from Smelting of Titanium Slags chromium i

Table 26 lists data on the compooition of pig irons smelted content soi

out of the above three types of concentrates. On the basis of sIgned stu

carbon content, the pig may be classified as chilled. A regular determine
!I 1lished th.a,

TABLE 26 .h .t

Impurity Contents in Pig Iron Smelted OuL of Various major d £r
Concentrates [I0, pages 16, 58, 105) present in

'In e e

b: the ie
, M' , 0 tent. On

, aeutltle ,- 0.2% Cr cacocnre r " 1
C ca T1 .v sI into t ,

S n - 2 low 3%. I
10 te1tea the iron,ryil ±ente.' I, ~MI 00 91'- - 0.21 - -?--w

1peIt' 1$(0 10
,lwite... 5:. 0.11 0.0 .o,10 .23 0." 46 concentrat

cal feasib

from the C

decrease in carbon content with decreasing iron yield is char-

acteristic for the compositions given in Table 26. The highest 1. Li

iron yield is obtained from smelting of ilmenite concentrate, ium and It

which contains more iron. Technical

According to [16), 96.5% Fe; 11.8% Si; 45.8% V, and 0.85% Ti 1945.
2. V.

go over into the iron during ilmenite ccncentrate smelting. When

arizonite concentrate is smelted, on the other hand, only 87.5% Alloys), P
ian SSR (Iof the Fe, about 18-20% of the Cr, about 3.5% of the Si, and 03%3.D

of the V are extracted into the iron. 3. De
* (Concentra

I ~7 FTI) HO-23-

L



|I

i

idenc' The extraction Percentagcs of these components into tne iron

~ 01-.are governed by the Initial concentrate composition and the mass

I

frac- ratio of the iron and slag. o
study . . -'-... t ,ium, uiicon, ana Chromium can be

re- produced in small furnaces. Thus, the iron from experimental I
the meltings in a closed 250-kVA furnace contained 1.92% C, 1.95% 1

ian- Ti, Mid 1.015 % Si. I
d.

The greatest practical interest attaches to extraction of

chrom uM into the iron from -.4oni.te concentrate, in which its

e... content sometimes ranges up to 5% (see Table 26). Specially de-

of signed studies [29, page 221 brought out the relationships thatL
ular determine extraction of chromium into the iron. It was estab-

lished that the transfer of chromium to the iron depends to a

major degree on the iron's carbon content. When about 3% C is

present in the Iron, its chromium content rises to 2.5%. I

The extraction of chromium into the pig is also influenced

by the yield of iron on the slag and the slag ferrous oxide con-

bent. On addition of metal to the slag, a slaw containing 0,!- I

0.2% Cr can be obtained. For better extraction of the chromium

into the iron, the ferrous oxide content in the slag must be be-

low 3%. In view of the difficulty of extracting chromium Into I

the iron, it is more advantageous to extract the chromium during

concentration. Reference [29, page 2R] demonstrates the practi-
cal feasibility or partial magnetic separation of the chromium

from the concentrate.
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VI

Chapter 9

CHLORINATION OF TITANIUM-CONTAINING MATERIALS

Titanium tetrachloride is prepared either by direct chlori-

nation of titanium-containing concentrates and slags or by chlo-
rination of pure titanium oxide obtained by hydrometallurgical
refinement of these materials. At the present time, the former

1 - *.,o -tcc zIcaIn "d 0I a tv 'A& aII a ~ a ri. o r .tU LII uar 41r WUZJPU .

industrial practice.

The advantages of the chlorination method:

1. The high reactivizy of gaseous chlorine at elevated tem-
peratures and its relatively low cost, which still shows a down-

wa*rd trend as a result of the development of electrolytic methods
of producing metals and chlorine from chlorides, e.g., the elec-

:trolysis of magnesium and sodium chlorides.

2. The relative simplicity and efficiency of beparating the

titanium tetrachloride formed during chlorination from the other
chlori-des that accompany it in this process.

3. The high productivity of the basic tachnolo a!-e-a'-
ment In the chlorlnatlbn a d dhlokid.-sepaiation 9rocesses.

The chloriation method makes it possible to break up the

titafnim-oontaining materials quite completely and quickly and
separate the basic mass of the Impurities from the titanium tetra-

chloride-during the chlorination process itself and on

PTD-HC-23-352-69
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-- o ts

oienAt o teeue$n purodtutt rahord isetaohor-

I- ---e t- -- product has colors vayi, rrom

ithe impurities present in it. The titanium tetrachloride molecule complete Y

has the form of a regular tetrahedron with the titanium nucleus at equation:

its center and the nuclei of the chlorine atoms at its vertices.I: The distance between chlorine nuclei in the molecule is 3.61 +
I!- i -- Liquid t'it

+ 0.04 X, and that between the titanium and chlorine nuclei is

• 2.1n + 0.04 1 [1]. B6;&uai of these structural features, the explosive'

Tic14 molecule has no dipole moment, 
and there Is a weak inter- solves, ar

F- molecular interaction in liquid and solid titanium 
tetrachloride.

. '!l.incomplete
As a result, the latter is characterized by relatively low melting ircome

point (-250C), boiling point (136.5
0 C at P - 760 mm Hg), and heat is fieC

of vaporization (45 cal/g at 136°C). Density determinations made is TiOCl 2

on vaporized titanium tetrachloride at 960C and 191 m Hg indicate tanium tot
... drogsn oh]

that it consists of single molecules [2]. According to calcula-

tion, the critical temperature is about 628 0K (3). The density of Hexac

liquid titanium tetrachloride at 19.840C is 1.72796 g/cm
3 , and that chloric ad

of the solid form at -790C is 2.06 g/cm3. [6]. The
. state [9].

The heat of formation of liquid tit.anium tetrachloride from ate o)

j the elements at 200C is 185 kcal/mole, and the entropy of forma- action on

tion is 47.9 cal/(mole.dsg). The heat capacities of titanium the leduci

tetrachloride: solid (-25C) 31.0 cal/mole, liquid (+21
0C) 36.6 elementary

cal/mole, vapor (20-1360C) 24.5 cal/mole. Pure W%,anium tetra- titanium t

chloride has practically zero electrical conductivity [43. The black proc
[ I visco!ity of titanium tetrachloride is n.00826 P, at 20*C and Nicholson

I.0.01012 P at 0OC.

Titanium totrachloride is a chemically active compound that

reacts with many substances at room temperature or on heating. Iron

At room temperture, titanium tetrachloride does not react 
desence I

j with thoroughly dried air. If, however, the air contains mois- At tt

ture, a white smoke forms immediately as a result of formation of hydrogen e

solid hydrolysis products. Dry oxygen reacts with titanium

IlI
- -I~~~ F'PD-HC-23-352-69PD-C23
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tetrachlorde above 500C with formation of tltan.um dioxide and

ride chlorine:

LS a color- Tlad +O06Ti% + 200.(
raryina from The rate of this reaction rises rapidly with temperature. In
A type of contact with water, titanium tetrachloride is subject to almost
de molecule complete hydraulysis In accordance with the following overall
L nucleus at equation:

vtes3.61 +(2

iclei is Liquid titanium tetrachloride reacts especially "olent,6y, almost
3s, the explosively, with water. Some of the T 2a)that is formed dis-
k int.er -  solves, and some of it is precipitated in the form of a gel. When

........... tianium tetr achlorlde ima tlreatped with a email ---_t of .v.s.apr;
low Jmelting incomplete-hydrolysis products with indeterminate compositions

iand heat are formed, depending on conditions [73. Most stable among these
ations made is TIOC12 [8]. At temperatures above 400oC, water vapor and ti-

gitndicate tanium tetrachloride react with formation of the dioxide and hy-

calcula- drogen chloride.

density of Hexachlorotitanic acid H 2TiC16 forms in concentrated hydro-
3 , and that chloric acid solution on passage of hydrogen chloride through itr[6]. The potassium salt or this acid can be prepared in the solid

ride from state [9]. Metals and hydrogen have a characteristic reducing

iof form&- action on titanium tetrachloride. Depending on conditions and

tanium the reducing agent used, the trichloride, diohloride, and even

C) 36.6 elementan, titani,- mil, be formed; metallic copper reacts withtetra- titanium tetrachloride at room temperature, tb formation of ad
4 . The black product on the copper surface. According to Koontz and
OC and Nicholson [5, the process involves the .reactions

ound that W +TA ,,C*M. (4)
eating. Iron does not act on titanium tetrachloride at red incan-

not react descence [6 .
ns mois- At the boiling point titanium tetrachloride eacts with I
rmation of hydrogen sulfide to form titanium sulfochloride and sulfide:
i .um Tt i + td MO t+ 2W. , (5)

FTD-HC-23-352-69
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I

Acco
TiSCI, + $, Sj + 2HC1. (6)

gas press
When titanium tetrachloride vapor is passed over hot metal sul- tial pres

fides, titanium disulfide and the chloride of the corresponding

metal are formed: these rel
Uns tal prs

TO# + --TIN + " . ( 7 ) nation re

Titanium thiochloride forms when TiC14 is reacted with titanium responds

disulfide [61: volume) I

TMd + T' IS. 2TMC_: (8) WI Lh risi

Titanium tetrachloride reacts with hydrocarbons, esters, alcohols, .eaction

aldehydes, ketones, cyanides, acids, acid derivatives, amines and concentra

nitriles, and azo compounds. Carbon tetrachloride and, to all cordingly

appearances, other chlorinated hydrocarbons are inert with respect rium chlo

to titanium tetrachloride. The

Thermodynamic Background of Chlorination tically i

of titan!
The chlorination process is carried out at 700-1000°C under 1000C on

industrial conditions. Since the reactions that take place dur-

Ing chlorination arrive at equilibrium comparatively quickly at

these temperatures, many aspects of the process 
can be explained the righI

by reference to thermodynamic relationships. 
oxides ar

The titanium concentrates subject to chlorination are complex added to

oxide systems. ceeds ace

However, to ascertain qualitative relationships in first ap-

proximation, they can be regarded as mechanical oxide mixtures. 
and

Titanium dioxide reacts with chlorine in accordance with the Since the

equation tion does

% + 20@-'TM+Or (9) equations

The change in the standard isobaric potential 
of this reaction at the sum c

10000K is AZO000 u 30.4 kcal, and the heat effect -AH 0 00 * -45.8

kcal. Consequently, the equilibrium constant of Reaction (9)

equals Thut

um 2,24. 1 " r o 
AZ10 and

A the equil

FTD-HC-23- 352-69 FTD-HC-2
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According to this reaction. - p,. Since the total
(6) 4 2

gas pressure in the system is one atmosphere, the chlorine par-

rrmetal sul- tial pressure equals PCl2 
1 (TiCl4 P2) 1-2PTiCl,' Using

these relationships, we find that at 1000 0K, the equilibrium par-

tial pressure of the titanium tetr~chlorlde vapor for the ohlori-
tit 7iu 4NO'Onation reaction of titanium dioxide is 4.78 - i0-  atm. This cor-

th titanium responds to a tetrachloride vapor concentration of 1-0.05% (by

volume) in the vapor-gas mixture. At 10000K, C . U- .. jS.j>0

WIth 1ising erupeerute, therefore, the equilibrium constant of

ers, alcohols, Reaction (9) increases. The equilibrium titanium tetrachloride

s, amines and concentration in the gaseous chlorination products increases ac-

d, to all cordingly, reaching 10.5% (by volume) at 1000
0C, when the equilib-

t with respect rium chlorine concentration is "99% (volumetric).

The thermodynamic data given above Indicate that it is prac-

tically impossible to design an effective process for acquisition

of titanium tetrachloride from the dioxide at temperatures below1O000C under
10000C on the basis of Reaction (9), since the degree of utiliza-

'c place dun- 4. d b.~ ... A~...1

q u i c k l y a t 
c h l o r i n a t i o n - e l u

tremely low. To shift the chlorination-reaction equilibrium to
the right, it is necessary to bind the oxygen liberated as the

oxides are chlorinated. For this purpose, a carbon reducer is

on are complex added to the charge. In this case, the chlorination reaction pro-

ceeds according to the following over-all equations:

in first ap-()
e mixtures. and To+2C+-20- (11)

ance with the Since the change in isobaric potential as a result of the reac-

tion does not depend on the reaction mechanism, each of these

(9) equations can be regarded from the thermodynamic point of vier as

is reaction at the sum of Reaction (9) and one of the carbon-combustion reactions

H100 0 , -45.8 06+C-006 (12)

ction (9) OA -C-2. (12a)

Thu, Z~ - Z A~ 2 and AZti w AZ; 4 6Z12a' At 10000K,

AZ 0 and AZOI equal-64.0 kcal and -64.9 kcal, respectively, and

the equilibrium constants of these reactions are:

FTD-HC-23-352-69
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.% o"_-,, SWI ( 1 3 )

mediate

(14) libria
of Reacl

Both reactions proceed almost comnpletpy . to the right in practice, other dc
Unlike Reaction (9), therefore, the chlorination of titanium dio- ThUS.

xide in the presence of carbon can give a high degree of chlorine

utilization and high process productivity, assuming selection of

Iconditions under which the reaction proceeds rapidly enough.

Reactions (10) and (1L) take place simultaneously during the~for the
chlorination of titanium dioxide. Consequently, calculation of

the equilibrium coposition of the gaseous products iii the chlori-

nator requires simultaneous solution of a system of equations ex- between

pressing the equilibrium conditions of Reactions (10) and (11). must be

the mass-balance conditions in the system, and equality of the In
total pressure to one atmosphere: sider ti

occur ii
( Rioample,

tion of
" ,(16) by the i

fte (17) eystem i

The ratio

M (19)

represents the equilibrium constant of the Boudouard reaction:

(A+ (20)

, If K20 >> I (temperature >10000C), then Pc0 << PCO. In this where a

case, the equilibrium of Reaction (10) can be excluded from con- 'h

sideration in computing the equilibrium gas composition, and we and 22b
can assume that the chlorination reaction proceeds by Eq. (11) practic
alone. equilib

If K20 << 1 (temperature < 4000C), then pC02 >> PCO. In this parison

case, Reaction (11) need not be taken into consideration in gardles

FTD-HC-23-352-69 FTD-HC-
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2

ccmputing the equilibrium gas-phase composition. In the inter-'13)
mediate temperaturi range, it is neces.ary to consider the equi-
libria of both reactions. At 700-8000C, the equilibrium constants
of Reactions (10) and (11) differ relatively little from one an-

practice, other despite the substantial difference between the heat effects.

ium dio- Thus,

chlorine - AIlo)., 48,4 k/eel;

tion of -f, 1 1 1 - 7.6 1~eal.

ugh.
Thus, the amount of heat liberated as a result of Reaction (10),ring the
for the 2 moles of chlorine is 40.8 kcal larger than the heat

ion of

e chlori- effect of Reaction (11). The same difference is also obEerved

ions ex- between the heat effects in chlorination of other oxides. 
This

(11), IIIu+zi be takc intor%. a1o6 in fiurn " lor

of the In selecting the reducing reagent, it is necessary to con-

sider .the equilibria of all of the independent reactions that may

occur in the system under the particular conditions. As an ex-

(15) ample, let us consider the chlorination reaction with participa-

tion of a cer.al.. reducing agent whose molecule we shall denote
(16) by the symbol E. Th6 following side processes (22, 22a, 22b) will

probably take place together with the main Reaction (21) in the

system utder consideration:

T(1+eZ+21a.-T4+ V. (21)
a, + 2,-- X.04, (22)

(19) T+L - -
- T,,-,- T-.V.. (22a)

cion:

(20) (22)

In thwhere a is a positive whole or fractional number <4.

am con- The reactions in which titanium compounds are reduced (22a

and we and 22b) can take place under equilibrium conditions only in the

practically total absence of c..lorine in the gases, since the

equilibrium constants of these reactions are very small by com--

In this parison with those of Reactions (21) and (22), respectively, re-

in gardless of the nature of the reducing agent. Progress of the

FTD-HC-23-352-69
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side reaction (22) is undesirable owing to the unproductive con- chlorl

sumpt.on of chlorine for formation of EaCl 4 ' dition

Carbon, which is usually used as a reducer in chlorine chlo- for Re

rination of titanium dioxide, is attractive not only for its reacti

availability, but also because practically no side reactions take libriu

place when it is used. in the
if K21

In the presence of side reactions, the nuMbet and composi- the co

tion of the phases existing at equilibrium will vary, depeding The la

on the component proportions in the starting mixture, the chlori-

nation conditions, and the nature of the reducer. We shall limit

ourselves to examination of a single particular case. Let us as-

sume that the process takes place at atmospheric pressure and a T)

constant temperature in the system (the chlorinator). Let us as-

sume further that the starting substances are TiO 2 , E, and C12 , and re)

and that the TiO2 , E, Ea02 , and EaCI form separate condensed

phases. Assuming that equilibrium is established instantaneously (21) a:

in the system, let us find how the chlorine is distributed between reacti(

TiC14 and EaCl4 at the end of chlorination. Only the oxidized

forms -Ti102, Ea02 , TiCl4, and E aCl 4 - can be stable compounds whose

under these conditions. Thus Reactions (22a) and (22b) need not sequent

be considered in the thermodynamic analysis.

In accordance with the conditions adopted, the equilibrium iz not

constants of Reactions (21) and (22) will be expressed as follows: chlorir

- - (23) the ini

the ch]
X - - (24) and (K

The chlorine partial pressures calculated 
with Eqs. (23) and all th,

II(24) using PC,2 + PTiCI4  I are chlori
C L2  Eim (25)

(26)
P{ 

where c

(we disregard the vapor pressures of the condensed phases). At number

equilibrium, the system may be under the partial presstWe of 
ing a c

FTD-HC-.23-352-69 FTD-HC-
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ctive con- chlorine alone. However, as we see from (25) and (26), this con-

dition cannot be satisfied at an arbitrarily assigned temperature

orine chlo- for Reactions (21) and (22). Simultaneous occurrence of these

or its reactions is therefore impossible. The one for which the equi-

ctions take librium chlorine partial pressure is lower will take place first

in the system. It follows from (25) and (26), for example, that

iif K21 > K2 2, Reaction (21) will take place. With (K21)1/2 >> 1,

the condition for occurrence of (22) takes the form K22 > K2 1 .
tependlng The last two conditions are equivalent to
the chlori-

shall limit A,,-A<. (27)

Let us as- h-AZ& >o. (28)

re and a The exchange-reaction equation is

Let us as- (29)

and Cl2,

Idensed and represents the difference between the equations o! Reactions

mtaneously (21) and (22). The change in standard isobaric potential for this

Ated 1 etween reaction is given by the difference

)xidized ,,,-Ael,- (30)

compounds whose s1n, according to Conditions (27) and (28), determines the
need not sequence in which Reactions (21) and (22) occur.

,!libriu Thus, if AZ*9 < 0 and the TiO :E ratio in the initial mixture
lis not below stoichiometric according to Eq. (21), all of the

as follows:isntblwsocimtiacodntoE.(1,llfth

chlorine will be bound in TiC14 at the. end of the process. If
(23) the initial mixture contains an excess of E, it will react with

the chlorine after Reaction (21) has been completed. If AZ9 > 0

and (K2 1 )/
2 >> 1, Reaction (21) will be practically absent, and

all the chlorine will be bound into EaCl4
•(23) and

In Reaction (21), in which we are interested, the maximum

chlorine utilization will be

(25) - - - - . (31)

(26) where c is the maximum degree of chlorine utilization, n0Ol2 is the

es). At number of gram-molecules of chlorine entering the chlorinator dur-

e of ing a certain time interval, and npc1 2 is the number of gram-

FTD-HC-2 3-352-69
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molecules of chlorine leaving the chlorinator during the same time 
If

with the equilibrium vapor-gas mixture. is stoic

Since the total pressure is 1 atmosphere, the chlorine par-

tial pressure is numerically equal to its molar fraction: In addit

P", ; -W. (32)

where n is the number of gram-molecules of TiC14 leaving the Aft

4pTiCl equatio

chlorinator with the equilibrium vapor-gas mixture. the chl,

Substituting these expressions into the formula fo" c, we the chl,

finally obtain equilibi

- -' •() Mu
• !__ zation

If one or more of the substances E, Ea02, or EaC14 is gaseous

at the chlorination temperature, the number of degrees of freedom

in this system will be increased, and its thermodynamic analysis

will be more complicated. Calculation of the equilibrium will re-

quire simultanecus solution of a system of equations expressing 
The fra

the equilibrium and mass-balance conditions and equality of the 
librium

total system pressure to one atmosphere. If the reducing agent,

and its oxide and chloride, are gaseous at the chlorination tem-

perature, simultaneous solution of this equation system is most

time-consuming. In this case, if Reactions (22a) and (22b) can be 
The rat
is dete

disregarded, we have the following equilibrium 
conditions: (29):

(34)

(35)
" The sma

where al, a2, and a3 arL the numbers 
of molecules of the gaseous 

this re

products Ea02 , E, and Ea'1i, respectively, that are formed or

consumed in Reactions (21) and (22) for each two chlorine 
mole- (29) mL

cules. 
nent ti

bon. I

compon

FTD-HC-23-352-69 FTD-HC-
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same time If the reducer Is placed in the chlorinator in an amount that

is stoichiometric with the chlorine, we have

ne par- OSP=2,D. (36)

In addition,

spr.os (%37)
(32) P + + -+ (38)

aving the After determining the equilibrium partial pressures from this

equation system, we found the equilibrium degree of utilization of

the chlorine and the fraction of the amount of chlorine fed into
c, we the chlorinator that goes into the useful product, TiC14, under

equilibrium conditions.

(33) Much as in the preceding case, the degree of chlorine utili-

zation

s gaseous (3+9)+ (

freedom A.

nalysis a (40)

will 
re-

essing The fraction of chlorine that has gone into the TiCl 4 under equl-

of the librium conditions is

agent, *%RK-- 4410 - (41)

on tern- (11. , +-

s most

b) can be The ratio of the equilibrium partial pressures of TiCl4 and EaC14
Is determined by the equilibrium constant of the exchange reaction

(29):

(34) Ono$ (42)

(35)
The smaller AZ* 9 , the larger wi. be the equilibrium constant of

gaseous this reaction and, consequently$ the larger el.

d or The equilibrium of oxide-chloride exchangs reactions such a

mole- (29) must also be taken into account In chlorinating multicompo-

nent titanium raw materials with chlorine in the presence of car-

bon. The reactions between titanium tetrachloride and the oxide

components of the raw material play an important role in the

FTD-HC-23-1352-69



processes taking place in the chlorinator zone in which there is
practically no free chlorine. If the titanium tetrachloride par-
tial pressure in the vapor-gas mixture ir below the equilibrium
pressure for Reaction (29), the chloride EaCl4 will become a
chlorinating agent for the titanium dioxide, i.e., Paaction (29)
will proceed from left to right. If, on the other hand, the ti-
tanium tetrachloride partial pressure is above the equilibrium As wi
for Reaction (29), the titanium tetrachloride will instead chlori- ium raw m
nate the corresponding oxide, and the reaction will go from right of their
t o le ft . " H 2 0

?4gO, HO :
It is interesting to note that reactions of the (29) type can is contro

take place between an oxide and chloride of the same element, with as comple
formation of an oxichloride. are pract,

The equation of Reaction (29) can also be regarded as the oxides do
difference between the equations of the reactions of chlorine with Usually,

the corresponding oxides: As acres
the chlorrialt + 2a, - 20A~a + 06 ( 43) lag)qlarge equ

Zs%% + 2O as - ,ACI.+O- (44) nated by

Consequently, the change in the standard isobaric potential tion of t
of Reaction (29) equals the difference between the standard iso- the syste
baric potential changes of these reactions. If AZ < AZ the s w
equilibrium of the exchange reaction (29) is shifted toward the in this 3formation of E alC. If, however, AZ~o > AZ I, the equilibrium
is shifted in favor of E2a2Cl4, pletely

The standard isobaric potential changes for the chlorination
reactions of a number of oxides are given below for 10000K in
kcal/g-atom of Cl:

The occur

.... ... ...............................+s.. and easil
Aw" O *m . . . . . . . +.4 (7, page,+,lI'i '+o ......... +v,.I an active

"P." ,+C10 ,,,- *,:,W+ -L A*",, ......... ,1.0 at compa-
dioxide....... 2 s,, -- takes pla

FTD-HC-2 3-352-69 PTD-HC-2
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there is "60 + 0 I
ride par- 2

ilibrium C000 + cis"* I . -14.0

me a

Ion (29)
the ti- + o uW".........

"ibrium As we see from these data, the oxide components of the titan-
ad cnlo.I- um raw material can be arrayed in the following series in order
rom right of their tendency to chlorination: K2 U > Na20 > CaO > MnO, FeO,

MgO, H2 0 > TIO 2 > Al 2 0 3 > Sio2 . Since the chlorination process
type can is controlled in such a way as to chlorinate the titanium dioxide

ment, with as completely as possible, the oxides before TiO 2 in the series
are practically completely chlorinated. Aluminum and silicon

as the oxides do not chlorinate as completely as titanium dioxide.
orine with Usually, the degree of their chlorination does not exceed 40%.

As a result of the large drop of the standard isobaric poteixtial,
the chlorination reactions of the oxides of K, Na, and Ca have

(44) large equilibrium constants. Hence these oxides can be chlori-
nated by chlorine without a reducing agent. Efficient chlorina-

ctentlal tion of the other oxides requires introduction of a reducer into
rd iso- the system.
044d the As we noted above, the oxides and chlorides of the elements

ir m the in this series can react with one another. Thus, for example,±itanium tetrachloride can chlorinate oxides below It almost com-
p~etcly (see no- 156-157):

rinati on

K In T*+ WAO-T.* + W4 (465)O.+cao-. o+sa,(36
The occurrence of such reactions between titanium tetrachloride
and easily chlorinated oxides ha been demonstrated experimentally
E7, page 143; 46]. Schafer [38) showed that altumiium chloride is
an active chlorinating agent for many oxides, including T1O2 even
at comaratively low temperatures, but does not react with silicon
dioxide. Under these conditions, the reaction of TOC2 with ACl3
takes place with formation of aluminum oxychloride:

T4+ 2A1,- TO.+ 2A100, (47)

FTD-HC-23-352-'69
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which is a white, practically nonvolatile solid. At temperatures accordan

above 60000, it decomposes with formation of ACI3 and A203.

Chlorine compounds containing carbon and sulfur are also

sometimes used as chlorinating agents to obtain titanium tetra- In Addit

chloride from the dioxide. Then the chlorination reactions pro- containi

ceed in accordance with the following over-all equations:

TiO,+2COO,-T0 4+120. (48)
TK W a, +c (49)

TK + 2%Qs,-T + 3S+s. (50)

The equilibrium of each of these reactions has been shifted The star

practically all the way to the right. However, note must be taken 1000 0 K a

of the following. If the chlorination is conducted at tempera- The larg

tures at which the chlorinating agents are thermodynamically and (52)

stable with respect to dissociation into reducer and chlorine In chlor

molecules (the AZO of formation of the chlorinating agent from ratio of

the reducer and chlorine <0), the drop in the standard isobaric higher t

potential of Reactions (48-50) will be smaller than that for explains

chlorination reactions of the (21) type. factors

In such cases, the equilibrium constant of the reactions in will be

which chlorination is by chlorine compounds is smaller than that (53) and

of the chlorine-chlorination reaction in the presence of an ap- T1203 ph

propriate reducing agent. In practice, however, there are fre- the Ti02'

quent cases in which the use of chlorine compounds instead of a Mechanist
mixture of chlorine with an appropriate reducer makes it possible

to raise chlorinator productivity substantially and increase 
the Lit,

degree of chlorine utilization. This is because the indicators oxides a:

of the process are determined under these conditions by kinetic 
prevalij

factors rather than-by thermodynamic equilibrium conditions. 
Thus, to titan!

for example, Reaction (48) advances at considerable speed at 450 0C, Fir

while the mixture of chlorine and carbon monoxide shows practically dioxide I

no riaction with titanium dioxide at these temperatures. and elere

As we noted in Part II, the titanium in the slags is not only CO2 or Ct

in the quadrivalent state, but also in the tri- and even the di- Sec_

valent states. Unlike titanium dioxide, the lower oxides may re- duced by

act directly with chlorine in the absence of a reducer, in

FTD-HC-23-352-69 PTD.-HC-23
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emperatures accordance with the reactions

A1203. 2Ti0+2CIr ' +110= 2 (51)

re also 2%as + 2C, ..-'F 3 . (52)

um tetra- In addition, the lower titanium oxides may be oxidized by carbon-

tions pro- containing gases:

ns : i w + ( A (53 )

(48) Z+cO,- no +c, (53)

(49) TIA +C(A- =0+CO. (55)

(50) 2TIA +(A-4TI% +C. (56)

en shifted The standard isobaric potential changes for Reaction (51-55) at

ust be taken 10000K are -131, -107, -66.9, -34.0, and -20.5 kcal, respectively.
tempera- The large loss of standard isobaric potential for Reactions (51)

ically and (52) makes it possible to bind practically all of the chlorine.

hlorine In chlorinating titanium monoxide in the presence of carbon, the

ent from ratio of the CO and 002 concentrations in the exhaust gases is
isobaric2itfori higher than in titanium dioxide chlorination [453. This may be

at for explained by the occurrance of Reaction (54). Leaving kinetic

factors aside, we may state that the lower oxides of titanium

actions in will be chlorinated more -actively than the dioxide when Reactions

than that (53) and (56) proceed from left to right. In this case, the TiO and

of an ap- Ti20 3 phases will be thermodynamically unstable with respect to

are fre- the TiO2-carbon mixture.

tead of a echanism and Kinetics of Chlorination

it possible

crease the Little study has been devoted ,;o the mechanism by which metal

ndicators oxides are chlorinated by chlorine in the presence of carbon, The

y kinetic prevailing conceptions of the chlorination mechanism as it applies

tions. Thus, to titanium dioxide can be broken down into the following groups.

eed at 450 0 C, First groug [10, 46, 47]. The chlorine reacts with titanium

3 practically dioxide by Rbaction (9), with formation of titanium tetrachloride

s. and elementary oxygen, which then combined with the carbon to form

is not only C02 or CO by reactions (12) and (12a).

en the di- Second &rou [12, 13, '463. The titanium dioxide is first re-

des may re- duced by C or CO to a lower oxide:

in 410 + C -2A + W6 (56a)

"TD-HC-k3-352-69
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6T4O + C 2-3,O + 00a (56b) slower.

This oxide then reacts with the chlorine by Eq. (52) and
forms TiCl4 ; an alternative is the reaction The

chlorinal
2110 + 2C1, Ti 4 + f. (56c) dioxide

Third group [15; 7, page 115; 48; 49]. The titanium dioxide It
is chlorinated by phosgene formed as a result of the reaction of basie ca
chlorine with carbot monoxide in the presence of carbon: dioxide

co+ a. 5  ax (57) result ol
T+j2OCi - Tfa,+ COg, (58) secondar.

C.+ C -- 2cO. (20). of brlqu

Fourthgug.g [15, 49, 50, 51). Chlorination is effected by the ordei
chlorocarbons forbied on the surface of the carbon.

(Ti 2 03 oi
Fifth m [u7, page 135; 14, 15]. Chlorination proceeds the othe

via an intermediate stage in which radicals whose molecules con- solution
tain oxygen are formed. The process takes place in the absence may not
of direct contact between the titanium dioxide and carbon parti-

cles.

We ran experiments to test the first three groups, whose where K
schemes have been formulated in quite specific terms. Coked (56a) or
briquettes made from a mixture of rutilized titanium dioxide and
lampblack were subjected' to chlorination. A 40% solution of sugar in the s
in water was used as a binder. The briquettes contained 24% car- assumed
bon. If,

It was established from study of the rate of chlorination by by the cl

a chlorine-oxygen mixture at low t.emperatures, when there is no librium I
diffusive stagnation in the gas stream or in the pores between should df

bAquette particles, that the observed titanium tetrachloride (Ti305 ) I

vapor concentration in these pores was 7-9 orders higher than the ever, exi

equilibrium concentration for Reaction (9). This does not imPly tion proi

incompatability of the first variant of the titanium dioxide tent in 1

chlorination mechanism with the experimental data. Comparison chlorina

of the chlorination rates of briquettes made from a titanium- the rapii

dioxide-lampblack mixture with the rate of reaction of lampblack stage is

briquettes with oxygen indicated that the latter process is librium,

FTD-HC-23-352-69 FTD-HC-2

159

I

I _ _I . . _



(56b) slower. This fact indicates that the reaction of oxygen with car-
bon cannot be a stage in the chlorination process.

and
The inconsistency in the hypotheses to the effect that the

chlorination process passes through a stage in which titanium
(56c) dioxide is reduced results from the following circumstances.

dioxide It was established in a special experiment that CO2, the
tion of basic carbon-containing chlorination product of mixed titanium

dioxide and lampblack briquettes, is formed at 400o0C as a direct
(57) result of the chlorination reaction, and is not a product of the

(58) secondary reaction 2C0 - CO2 + C. During chlorination of a bed
(20), of briquettes, the CO2 partial pressure in the gas current is of

ted by the order of tenths of an atmosphere. Therefore, as a thermody-namic calculation indicates, intermediate chlorination products

eeds (Ti203 or Ti305) cannot be isolated as a separate phase. If, on
the other hand, Ti203 or Ti305 is present in the form of a solids con- solution in titanium dioxide, their activity in this solution

sence may not exceed the equilibrium activity

parti-

ose where K is the equilibrium constant of the reduction reaction
ed (56a) or (56b); s is the equilibrium activity of Ti2 03 Ti305 )de andU

of sugar in the solid solution (the activity of TiO 2 in this solution is

car- assumed equal to unity).

If, during chlorination, the reduction reaction is catalyzed

tion by by the chlorine or by chlorination products and is close to equi-

is no librium (the rapid stage), the rate of the chlorination processiseno should decline with diminishing equilibrium activity of the Ti2 03we en23
(Ti305) as the CO2 concentration in the gas stream rises. How-

han the ever, experiments conducted in the kinetic region of the chlorina-

iziply tion process indicated that an increase in the carbon dioxide con-
ide tent in the gas stream from 10 to 80% had practically no effect on
ison chlorination rate. Consequently, the reduction reaction cannot be
um- the rapid stage of the chlorination process. If, however, this
black stage is not catalyzed during chlorination and is far from equi-

librium, the inhibiting action of its products can be disregarded.
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t

In this case, the observed chlorination rate should be about equal 418-4560
to the rate of the reduction reaction in the forward direction. inconsis
But the latter, even at temperatures around 10000C, is much lower phosgene

than the observed rate of the chlorination reaction at 4000C. by chlor
Hence the chlorination mechanism involving a reduction stage is any sing

not confirmed.
A n

The authors of [52] cite the following facts in support of nation o
passage of chlorination through a stage in which phosgene is and V.P.
formed: nation o

a) the activation energies for chlorination of ru'ile by is deter
phosgene (22 kcal/mole) and chlorine in the presence of carbon page 115
are closely similar; to step

of the g
b) the rates of chlorination of pyrochlore by chlorine in particle

the presence of carbon and of niobium pentoxide by phosgene at etics of
3200C are approximately equal.

pended i
Bergholm [14) offers a critique of the mechanism in which that the

phosgene acts as a chlorinating agent in the process. He remarks 800 0 c, t

that, as was established by Dunn (16), the reaction rate vs. 11.1-kca
temperature curve for the chlorination of rutile by phosgene has sume tha
a minimum resulting from thermal dissociation of the phosgene. that its

In chlorination by chlorine in the presence of carbon, on tion. H

the other hand, this curve does not have the minimum, and there- page 135
fore indicates a different mechanism for the process. is sever

Moreover, Bergholm showed in hi's own experiments that the choid
addition of carbon monoxide to chlorine at 6000C has no influ- tanium d
ence on the rate of chlorination despite the fact that the phos- is tha9a
gene concentration in the chlorinator should be higher in this up to 90
case as a result of the reaction trasertenpe rat

CO+C*COCI (57)a study

The authors secured supplementary data to test this variant chloride

of the chlorination mechaism. it waz shown that the rate of contents

phosgene chlorination of briquettes made from mixed titanium dio- a substa

xide and carbon, referred to unit mass of chlorinated dioxide, is the PeCi

lower than in chlorination of the same briquettes by chlorine at The proc

content
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ut equal 418-456 0C (the kinetic region). These results also indicate the

tion. inconsistency of this mechanism for chlorination of titanium by

h lower phosgene, since the rate of the overall process (chlorination

OoC. by chlorine in the presence of carbon) cannot exceed the rate of

ge is any single stage (chlorination by phosgene).

A number of authors have studied the kinetics of the chlori-

rt of nation of titanium slags and titanium dioxide. V.A. Reznichenko

is and V.P. Solomakha established that at 7000 C, the rate of chlori-

nation of briquettes made from mixed titanium dioxide and carbon

e by is determined principally by the rates of diffusion processes (7,

arbon page 1153. At this temperature, in their opinion, the best ways

to step up the chlorination process would be to raise the velocity

of the gas stream and increase the exposed surface area of the

*e in particles to be chlorinated. In a study of the chlorinatiorn kin-

e at etics of a mixture of titanium dioxide and carbon powders sus-

pended in fused chlorides, Kim Meng Ring and B.P. Melent'yev found

hich that the optimum chlorination temperature was about 900°C. Below

remarks 8000C, the reaction rate drops sharply in accordance with the

11.1-kcal activation-energy value [7, page 120). The autb.rs as-

ne has sume that the melt is merely an inert medium for the process and

ene. that its components do not participate in the chlorination reac-

on tion. However, A.B. Bezukladnikov and Ya.Ye. Vil'nyanskiy [7,

there- page 135) showed that the chlorination rate of titanium dioxide

is several times higher when small amounts of iron and aluminum

chlorides are added to fused carnallite. In chlorination of ti-

theu- tanium dioxide in pure fused carnallite, the chlorination' process

kfp- is characterized by an activation energy of 11.2 kcal/mole right

his- up to 9000 C. The addition of 2% ferric chloride to the carnallite

this transfers the chlorination process into the diffusion region at a

temperature of about 680
0C (activation energy n0.7 kcal/mole). In

(57) a study of the chlorination kinetics of titanium slags in fused

rariant chlorides, P.P. Khomyakov found that increasing the FeO and CaO

of contents in the titanium slags to 10 and 6%, respectively, gives

um dio- a substantial increase in the rate of the process. 
Increasing

cide, is the FeC1 2 content in the melt to 11-12% 
produces the same reas"

ine at The process rate is adversely influenced by increasing the CaCI 2

content in the melt to 10%. The optimum C-C 2 ratio in the
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melt is closely similar to their proportions in natural carnallite the d:(313. of th4

chlor:
In a study of the chlorination of titanium monoxide, A.. depen

Zelikman and T. Segarchanu [53) established that, in contrast to is del
the dioxide, it chlorinates quite rapidly at 300 0 C without carbon. ertie
In 'e 400-700*C temperature range, the maximum degree of chlori- eri
nation of the titanium is 50%, because the reaction takes the

course of Eq. (51). The authors established that in the presence s 1la:.
of carbon at 5000 C, titanium monoxide is 97% cilorinated, whilethe maximum chlorination of titanium dioxide under the same condi.- ing il

tions does not exceed 50%. The explanation offered by the authors the rffor this result is that the monoxide chlorination process passes
through a stage in which titanium dioxide is formed. This dioxide
is chemically active and practically all of it is chlorinated in oxide.

the presence of carbon at 500 0 C. V.A. Reznichenko and V.P. Solo- spondJ

makha [453, who studied the chlorination of titanium monoxide, ess.

confirmed the research results of A.L. Zelikman and T. Segarchanu the ct

that were set forth above as to the influence of temperature on amount
the relative chlorination rates of TiO and TiO 2. Like those ties cauthors, they conclude that the chlorination of titanium monoxide to the

ii the presence of carbon proceeds via the formation of TiO 2 as an outer

intermediate product. As we noted, they established the interest-
ing fact that the CO/CO2 ratio in the exhaust gases at tempera- chlorl
tures up to 800 0 C is higher in the chlorination of titanium monox- tals J
ide in the presence of carbon than in the chlorination of the takinE
dioxide. of ad%

In another study, V.A. Reznichenko and V.P. Solomakha [7, of the
page 102] studied the chlorination of titanium slags with various chlorJ

contents of lower titanium oxides. The authors concluded that the

presence of the lower oxides lowers the chlorination rates of the
titanium slags and raises the carbon monoxide content in the e;.- where

haust gases. On the other hand, the presence of calcium and mag- of dis

nesium oxides accelerates slag chlorinatJon. However, it had been
established earlier [53) that the chlorination rate of titanium kcal/n
oxide in the presence of carbon is higher at low temperatures than

the chlorination rate of the dioxide. At high temperatures (in
py ro c
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Sarnallite the diffusion region), on the other hand, the chlorination rates

of these oxides should be determined by the diffusion rate of

chlorine to the unreacted briquette surface. This rate does not
A.N. depend on the chemical properties of the chlorinating agent, and

-ast to is determined by geometrical relationships and the physical prop-

carbon. erties of the gas stream and the chlorination residue surrounding

chiori- the reaction zone. For this reason, the authors' conclusion to

the the effect that the lower oxides have a detrimental influence on

presence slag chlorination rate appears doubtful. The experimental data

while on which this conclusion was based cannot be regarded as indicat-

e condi- ing it without ambiquity, since the paper gives no information on

authors the reproducibility error of the experimental results.
passessdioxide We should accordingly expect the presence of lower titanium

ted in oxides to activate chlorination at the low temperatures corre-

?. Soio- sponding to the kinetic or internal-diffusion region of the proc-

kide, ess. At high temperatures (external diffusion region), however,

earchanu the chlorination rates of titanium slags containing various

ure on amounts of the lower oxides would be determined by the proper-

ose ties of the chlorination residue, through which chlorine diffuses

nonoxide to the reaction zone, or by the rate of chlorine arrival at the

1O2 as an outer surface of the briquette.

interest- S.L. Stefanyuk and I.S. Morozov [52] established that the

empera- chlorination of loparite, zircon, euxenite, and pyrochlore crys-

um monox- tals in the presence of carbon at 550-10800 C may be regarded as

the taking place on the geometric surface of the crystal. The rates

of advance of all points of the reaction front toward the center

[7, of the crystal are the same, do not depend on the degree of its

various chlorination, and are subject to the Arrhenius equation:

that the a (60)

s of the

the ex- where c is the activation energy of the process and kr is the rate

and mag- of displacement of the reaction front.

had been The minerals listed above have c ranging from 23.3 to 25.8

tanium kcal/mole and widely varying multipliers before the exponential.

ures than After studying the chlorination kinetics of loparite and
es (in pyrochlore, the same authors [55] established that the chlorination
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of a spherical briquette made from a mixture of concentrate with whei

carbon localizes in a narrow zone in the diffusion region of the dio;

chlorination process. The rate at which this zone moves toward of

the center as the briquette is chlorinated does not remain con- has

stant. As a time function, the depth of the chlorinated zone is men

described by the empirical equation nat(

(61) the
of

where x is the depth of the chlorinated zone, k and m are con-

stants, and T is the time elapsed from the start of chlorination.

The order of the chlorination reaction with respect to chlo-

rine if fractional (0.5 for loparite concentrate and 0.8 for the

pyrochlore concentrate). The authors suggest the following for- 
The

mula for rough calculation of briquette-chlorination depth for

a mixture of loparite concentrate and carbon:

i
3VF 9(AjR (62)

where Z is the depth of the chlorination zone, R is the specific

productivity of the chlorinator, R0 is the briquette initial rad-

ius, and yo is the density of the briquette.

However, Formula (62) does not reflect the influence exerted

on the chlorination process by such factors as the chlorine con-

tents in the supply and exhaust gases, the rates of motion of the

briquettes and the chlorine in the chlorinator, the manner in
which they move (forward or countercurrent), or the degree of

chlorination of the concentrate at the exit from the reaction zone.

We studied the low-temperature chlorination rates of small tor

briquettes made from a mixture of titanium dioxide with lampblack.

A 40% sugar solution was used as a binder. It was shown that chlo-

rination proceeds uniformly throughout the entire volume of the rat

briquette. The chlorination rate is proportional throughout 
the the

entire process to the "active mass" of the briquette, 
and is ex- of

pressed by the equation 
is

to
&V e (.- X,). (63) twe|A
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ite with where w' is the instantaneous chlorination rate of the titanium

of the dioxide throughout the volume of the briquette, x. is the amount
toward of titanium dioxide that has been chlorinated when the process
in con- has come to a complete stop (for an unlimited time of the experi-

zone is ment), xt is the amount of titanium dioxide that has been chlori-

nated at time t, and k is a coefficient that does not depend on

(61) the degree of chlorination of the briquette and is of the nature
of a rate constant.

e con-

rination. Integration of this equation yields

to chlo- Ia (17 -! ) -. - ,. (64)(66
for the
ng for- The experimental data are presented in Figs. 26 and 27.

th for

(62) 0A..

specific 00.

tial rad-
time, D.n time, mm r

e exerted

ine con- Figure 26. Amount of chlo- Figure 27. Chlorination of

on of the rinated titanium dioxide as a briquette made from a
a function of time and tem- mixture of titanium dioxideer in perature. and carbon in the kinetic

ee of region.

-etion zone.

smell As we see from Fig. 27, this last equation agrees satisfac-
lampblack, torily with experiment up to 4580C.

that chlo- The chlorination reaction is a heterogeneous process. Its

of the rate should be proportional to the particle surface area on which

out the the reaction unfolds. But for a porous briquett in the absence

d is ex- of diffusion retardation in the pores between particles, this area

is proportional to the volune of the briquette and, consequently,

to its mass. This explains the proportionality noted earlier be-
(63) tween chlorination rate and briquette mass. On this basis, the
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expression for chlorination rate can be rewritten

(65) where C

where S' is the total area of the pores in the briquette per unit tides.briquette mass at time zero. 
aleRelating the reaction rate to briquette unit volume, we ob- these d

tain of briq

w = ' - 's (.-e (66)carbon.
So(66) rcess

~a)
where x0 is the mass of the briquette before the start of chlorl- the bri
nation and Po is the density of the briquette. b)

If the proportions of titanium dioxide and carbon in the the port briquette are near stoichiometric, the proportions of the compo- c)
nents does not change in the course of the reaction, and the mass

of the briquette is proportional to the amount of titanium dioxide
present in it. Therefore, Th,

A'S* (e - 6, c ol

motion
where S0 is the total initial surface area of the pores in the impossil

chlorination of the titanium dioxide, and E is the degree of mechani

chlorination of the titanium dioxide at the particular point in ships o1
time. 

Lei

We have c,.- const at a given carbon content in the briquette of chloi
and constant temperature. Further studies showed that the initial quette,
expression for the rate of the process also remains valid for by diffi
chlorination of uncoked briquettes prepared by pressing titanium by the rj dioxide powder with lampblack without the addition of a binder. arrivno
In this case, however, chlorination proceeds apace at a higher stream 1
temperature. This is because of the higher chemical activity of between
the carbon formed on thermal decomposition of the sugar in the steady j
coking process as compared with lampblack. of the

It was also found that chlorination rate is proportional to
about the 0.5 power of chlorine concentration in the gas stream.

Thus, we have finally I
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w.=kS*(.-s)Ci, (67)
(65) where CC12 is the chlorine concentration in the pores between par-

per unit tiles. In the absence of diffusion retardation, it is practi-

cally equal to the chlorine concentration in the gas stream. With
we ob- these data as a basis, let us scrutinize the chlorination kinetics

ci briquettes made from a mixture of titanium cc .centrate with

carbon. Chlorination of briquettes is a complex heterogeneous

process that passes through the following principal stages:

a) convective diffusion of chlorine to the outer surface of

chlori- the briquette;

b) molecular diflusion of chlorine into the briquette through

the the pores between particles;
compo- c) chemical reaction between the chlorine, the titanium con-

the mass

dioxide centrate, and the carbon.

The first process is governed by molecular diffusion of the

chlorine and its transport to the briquette surface as a result of

motion of the gases in the chlorinator. As a rule, it is still

n the impossible to calculate the theoretical chlorine flow to the outer

gree of surface of the briquette as it is governed by these two transport
of mechanisms. It is therefore advisable to use empirical relation-

int in ships obtained by dimensional analysis.

Let us isolate all quantities that control the rate of supply
briquette of chlorine from the gas stream to the outer surface of the bri-

e initial quette, all zones oO which will be considered equally .scessible

for by diffusion. We shall characterize the rate of chlorine supply

itanium by the mass-transport coefficient 0 (0 is the amount of chlorine

inder. arriving at a unit surface area of the briquette from the gas

igher stream per unit time at unit chlorine-concentration difference

vity of between the main gas flow and the briquette surface). In the

n the steady state, therefore, the flow of chlorine to the outer surface

of the briquette will be expressed by the equation

onal to 1K-p(C,-). (68)
stream. where C and C0 are the chlorine concentrations in the gas stream
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and on the briquette outer surface, respectively, and E is the of the

outer-surface area of the briquette. ii,
ical r

Obviously, the mass-transport coefficient depends on the surfac

averae velocity I of the gas flow in a cross section of the can be

chlorinator, on the briquette size d, on the diffusion coeffi- briquel

cient D of the chlorine, and gas density p, and the viscosity n

of the gas:
ance e(

p=(v d, D. 1. . (69) nation

The total number of quantities related by this equation is 6. We

can easily satisfy ourselves that 3 of them have independent di-

mensions. According to the n theorem, therefore, the relationship If, in

among them can be represented in the form of a relationship link-

ing three dimensionless combinations composed of these six quan-

tities: W1 a F('2 ,W3). In principle, any dimensionless combina-

tions written independently of one another may be used. In this

case, however, it is advantageous to use the combinations the br

order

x2 . Nu A;as =Re's -6 -;xs s Pfeffect
which

The first of these is the Nusselt number, the second the Reynolds

number, and the third the Prandtl number. 
C

Consequently, Nu a F(Re, Pr). Since Pr - 1 for ideal gases, patir
• tion r

we have Nu - F(Re). Having determined the form of this relation-

ship from experimental data, we can calculate 0 a NuD/d and the

chlorine flow to the briquette outer surface

flin.!i..(C -C (70) son wi
zone 1

The chlorine molecules diffuse through pores from the outer where

surface into the interior of the briquette. The diffusion process surfac

is accompanied by chemical reaction, with the result that a chlo-

rination zone with a certain extent into the depth of the bri-

quette is formed. With time, the chlorination zone moves away 
At x

from the outer surface toward the center of the briquette. Its of (73

place is taken by an unchlorinated "cinder" zone that does not

react with the chlorine. To evaluate the extent o.' the chlorina-

tion zone into the depth of the briquette for various conditions~FTD-H(
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the of the process, we shall call upon the results of Ya.D. Zel'dovich

Eli), who analyzed diffusion in pores that is accompanied by chem-

ical reaction. Although the chemical reaction takes place on the
he surface of the titanium-concentrate and carbon particles, its rate
e can be related to a unit volume of the briquette by regarding the
fi- briquette as a homogeneous solid.

ty n
In this case, we can write the following chlorine mass bal-

ance equation for an infinitesimally small volume of the chlori-

nation zone in the neighborhood of the point under consideration:

6. We

t di-

ionship If, in accordance with the above, we take *--S(.-)CE. we have

link-
quan-_ - D'C-*,. -)C. ( 72 )

quan-
bina-

this where C is the chlorine concentration at the particular point in

the briquette, t is time, A is the Laplacian operator, n is the

order of the reaction with respect to the chlorine, and D' is the

effective coefficient of chlorine diffusion in the briquette,

which is assumed constant.
ynolds

Considering that the rate of accumulation of chlorine at the

particular point is negligibly small by comparison with the reac-gases,

ation- tion rate, we obtain

the -Oad AC.- h,(.-s)CI (73)

If the dimensions of the briquette are very large by compari-

(70) son with the depth of the chlorination zone, the chlorination-

outer zone layer may be assumed planar. In this case, AC - d 2C/dx2,

where x is the distance of the particular point from the outer
process

surface of the briquette.a chlo-

ri- At time zex,. c a 0 for chlorination of a "fresh" briquette.

way At x -, C a 0 and dC/dx 0 0. With these conditions, integration

Its of (73) yields
not -1 '@"2

orina- -+" D' (74)

tions
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the de

c.c' + + O for ny (75) of the

and
the bri

- the bri

C-C -. foram-i. (76) (74) an

For a briquette made from a mixture of titanium dioxide with

lampblack, n a 0.5, and the chlorination-zone depth is determined surfac

by Expression (75). The chlorine concentration becomes zero at a

distance of - from the briquette outer surface, timer

i.e., the chlorination zone is of finite extent. If n >_ 1, the across
chlorine concentration vanishes only at x - -. For n a 1, the

chlorine concentration diminishes by a factor of e &s the distance

from the briquette outer surface increases by an amount Substi
U994 sion,

It is convenient to take L-11" - -: as the unit of measurement

for distance from the briquette outer surface. In practice, the

chlorine concentration will be negligibly low at x : 3L by com- I

parison by its concentration at the briquette outer surface. If transp

the briquette size greatly exceeds this length, the chlorination- face wi

zone layer may be regarded as planar and the relationships derivwd the gas

above can be used for briquettes of arbitrary shape. For low temper

enough temperatures, the depth of the chlorination zone far ex- of the

ceeds the briquette radius: L >> r. In this case, the chlorine peratur

concentration will be practically uniform throughout the volume

of the briquette, and the rate of the chlorination process will be

proportional to briquette volume. With rising temperature, the

rate constant of the chemical reaction will rise much more rapidly where

than the diffusion coefficient. L will therefore become smaller. vation

Consequently, the finer the briquettes, other conditions the same, energy

the higher will be the temperature at which the chlorination proc-

ess still takes place throughout the entire volume of the bri-

quette (the kinetic region). The influence of diffusion retarda- i.e., t

tion on chlorination rate begins to make itself felt only after sion re
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the depth of the chlorination zone has become of the order of the

briquette radius. With further temperature increase, the extent

(75) of the reaction zone will continue to diminish.

When the chlorination-zone depth has become much smalle. than

the briquette radius, but is still much larger than the radius of

the briquette's pores, the chlorination process will follow Eqs.

(74) and (75) or (76) in the internal-diffusion region.

de with The reaction rate will then be proportional to the external

ermined surface area of the briquette.

ro at a The amount of chlorine that reacts in the briquette per unit

urface, time under steady-state conditions equals the total chlorine flow

across the outer surface of the briquette:,the

the fl-D'(.O-) (77)

distance
Dr Substituting the value of dC/dx from Eq. (74) into this expres-

k$64' sion, we get

uremen c a
fl= j/ k a. z.m= jr. (78)

ce, the 
n 7+(

, corn- If the process is not limited to the stage of external mass

e. If transport, the chlorine concentration at the briquette outer sur-

nation- face will be approximately equal to the'chlorine concentration in

deriviid the gas stream. This last value is practically independent of

low temperature, and X may be regarded as the effective rate constant

r ex- of the process. Then, disregarding the dependence of %, on tem-

orine perature, we obtain according to the Arrhenius equation

olume a z , d(lnk+ .I " E ( + EA (79)will be -r R s 2 d U( )

,therpl where E is the observed process activation energy, Er is the acti-Srapidlyr

Smaller. vation energy of the chemical reaction, and Ed is the activation

the same, energy of diffusion. Hence

tion proc- E +(E,+Ew4 (80)
bri- 4 - l

retarda- i.e., the activation energy of the process in the internal-diffu-

after sion region is in practice half the activation energy of the
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chemical reaction 
the
the

If the temperature continues to rise, the depth of the chlo- laye

rination zone will diminish until it is of the order of the bri- chlc

quette pore diameter, and there will be no further narrowing of

the reaction zone thereafter. Chlorination will proceed in a

thin layer just below the briquette outer surface, and the above

equations will cease to apply. Beyond that point, the manner in wher

which chlorination rate depends on temperature will be determined quet

by the relation between the external mass transport coefficient 
the

and the chemical-reaction rate constant k1 referred to a unit ex- 
that

ternal surface area of the briquette. If p>khC-,'
, the chlorina- con

tion of the briquette will again shift into the kinetic region. 
stoj

The process activation energy will then again beconte equal 
to the of 

chemical reaction activation energy Er . If 0%LCi-' . the process trat

is transferred into the external-diffusion region. If 0 ;

rising temperature will throw the chlorination process into the give

external-diffusion region directly from the kinetic region, with- thri

out passing through the internal-diffusion region with activa- Thii

tion energy E r/2. exo'

This effect should arise in chlorination of briquettes In 
an cen

industrial chlorinator if the chlorination zone envelopes 
the cin- low

der layer, which offers substantial resistance to diffusion. 
rati

Let us consider the case in which the chlorination 
reaction rin

takes place in a narrow zone at the 
outer surface of the unchlori- 

twe

nated part of the briquette. Let the rate of the process be 
the

limited by the stage in which chlorine is brought up to the bri- thi.

quette outer surface and the stage of diffusion of the chlorine 0 a,

through a cinder layer enveloping the unchlorinated part of the sio

briquette. If the briquette outer surface is uniformly accessi-

ble, the cinder is physically homogeneous, 
and its formation does 

gar

not change the total volume of the 
briquette, we have the differ- 

on

ential equati.on D"AC - 0, where D" is the effective coefficient of 
Met

diffusion of chlorine through the cinder layer, in steady-state

chlorination for any point of the "cinder" zone instead of Eq. are

(73). Integration of this equation for a spherical briquette with chl

consideration of the conditions formulated above and equality 
of

Footnote (1) appears on page 190.
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the convective chlorine flow to the briquette outer surface to

the diffusive flow of chlorine from this surface across the cinder

kof the chlo- layer gives the following relationship for the radius of the un-

of the bri- chlorinated part of the briquette as a function of time:

rrowing of -1De
Fed in a j+8

i the above
e mnwhere t Is the chlorination time, rO is the radius of the bri-,emanner in0

be determined quette, x is the ratio of the radius of the unchlorinated part of

ethe briquette to the radius of the briquette, v is a coefficientoefficient

b a unit ex- that establishes the relation between the amounts of chlorinated

e chlorina- concentrate and reacted chlorine and can be determined from the

Sristoichiometric coefficients of the chlorination-reaction equations

equal to the of the concentrate components, and pO is the content of concen-
teul poe trate per unit volume of the unchlorinated part of the briquette.the process

f 'CZ It was assumed in integrating the differential equations

s into the given above that the temperature of the briquette is constant

egion, with- throughout its mass and equal to the temperature of the gas stream

h activa- This condition is not ordinarily met in reality because of the

exothermic nature of the chlorination reaction of titanium, con-

uettes in an centrate. However, when small briquettes are chlorinated in the

ppes the cin- low-temperature range (kinetic region), in which case the reaction

fusion. ,ate is very low, the heat liberated can dissipate, and this con-

dition may therefore be regarded as approximately valid. If chlo-
'pn reaction

rination takes place in the diffusion region, the difference be-

ithe unchlori- tween the temperatures at different points in the briquette and
,tess be

bthe gas stream may be quite substantial. However, it appears that
,to the bri-

this circumstance is not an important factor, since the values of

e chlorine B and D", which determine the rate of the reaction in the diffu-

art of the sion region, depend little on temperature. We have also disre-
'y accessi- garded the possible influence of Stefan flow and thermal diffusion

•mation does on the kinetics of the process in the diffusion region.
the differ-

6efficient of Methods of Producing Titanium Tetrachloride

eady-state Several awthods for the production of titanium tetrachloride

ad of Eq. are now known. However, the acknowledged induatrial methods are

riquette with chlorination of briquettes consisting of a mixture of titanium

equality of
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slag or concentrate ". coke and chlorination of a mixture of

powdered slag or concentrate and coke suspended in a chloride fluidi

melt. compos4

Among the methods that have not yet come into extensive in- gether

dustrial use, we should note first of all fluidized-bed chlorina- dioxid

tion. This is a highly productive process. However, its applica- granul

tion for chlorination of titanium ilags encounters serious diffi- theref'

culties. Formation of the high-boiling fusable chlorides CaCl 2, without

MgCl2, NaCI, and others causes the particles of the charge to A

stick together, and this disrupts the fluidized bed. This, in bed chl

turn, disturbs the operation of the equipment and forces shutdown on the

of the chlorination process. The attempt to eliminate melt forma- trate)

tion by lowering the chlorination temperature to 6000C and below 40 and

I failed because chlorination does not proceed rapidly enough at of Feo
these temperatures [32]. The literature makes reference to the substan

possibility of binding the calcium oxide into an infusable phos- rides.
(2)

phate with the aid of titanium phosphate.' Another countermeasure Ch

against coalescence of the fluidized particles of the charge is to

raise the chlorination temperature to 1300*C 3 ) The alkali- and been cj alkaline-earth-metal chlorides are then driven out of the chlori-
onlagsa

nator in vapor form. 
on a la
supplie,

Overheating in certain parts of the reaction zone has some- packing

times been observed during processing of concentrates with high the chl

titanlitim contents. To disperse the liberated heat throughout the leaves

volume of the chlorinator, chlorination is sometimes carried out reactio

in the presence of particles of an inert substance that lowers the bottom

reaction-zone concentration of the material to be chlorinated. this pr

In a variety of fluidized-bed chlorination of titaxiur ;aw to incre

material, the bed is used to produce a rutile concentrate from il- The

menite. Ine reactor has two stages. In the first stage, the il- tanium-c

menite is oxidized and the 2eO is converted to Fe203 to prevent agent [3

the formation of FeC12 during chlorination. The ferric oxide is Am

chlorinated in the second tage. The chlorination product. ti- A

tanium dioxide, is obtained in the rutile form [33). Natural ou- rinatn

tile and titanium dioxide chlorinate well in the fluidized 
bed. laer of

of (16]
Footnotes (2) and (3) appear on page 190. nating a
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ture of Interest attaches to chlorination of titanium dioxide in a
loride fluidized bed of small porcelain balls of known granulometric

composition. This bed is fed with a charge of Ti0 2 and coke to-nsive in- gether with the chlorine in a fuming process, or with titaniumchlorina- dioxide and a mixture of chlorine and carbon monoxide. The inertts applica- granulated bed reduces dusting substantially. The method can
ous diffi- therefore be used to chlorinate extremely fine-grained materialses CaCl2, without first granulating them [34].
ge to A method that may eventually become attractive is fluidized-
is, In bed chlorination of rutile concentrates, which contain, dependings shutdown on the concentration method, either 45-55% TiO 2 (flotation concen-
elt forma- trate) or 80% TIU 2 (autoclave uoncentrate) and, respectively, 35-nd below 40 and 3-% silicon dioxide, with the remainder composed basically.ugh at of Fe203 and A1203 impurities. The concentrates do not containto the substantial amounts of the impurities, which form fusable chlo-
le phos- rides.
termeasure
are sto bee Chlorination of titanium,-bearing materials (which have firstli- and been concentrated by the method used in chlorination of titaniume chlori- slags) in a stationary packing or inert material has been studiedon a laboratory scale [16]. ibe loose charge and chlorine are

supplied at the top of the chlorinator. A grating carrying the.as some- packing (quartz, porcelain, etc.) is provided in the middle ofthe chlorinator. The stack for offtake of the vapor-ga mixture
ghout the leaves the column below packing level. The resulting fusableloed out reaction products drain through the packing and accumulate at the,nated, bottom of the hlorinator. The part played by the packing inthis process was not studied. It may be assumed that it servesium raw to increase the surface area on which chlorination develops.
e from i- There are a number of known methods for chlorination of ti-,revent tanium-containing materials using carbon monoxide as a reducingpreventagent [35-371,
ct, td- A mixture of chlorine and carbon monoxide was used as a chlo-tural ru- rinating reagent in fluidized-bed chlorination of a stationaryed bed, layer of briquettes and powdered titanium concentrate. The authorof [16] studied the possibility of usiug phosgene as the chlori-

nating agent. Phosgene is a more active ci lorinating agent at
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low temperatures than the mixture of CO and chlorine. The best Techr

results are obtained with phosgene at 690
0C. As the temperature

is raised further, the rate of chlorination declines because of The

decomposition of the phosgene. The worst results were obtained rinat

at 84oC. Above 80 0c, the p:ocess picks up again, since the chlor

chlorinating agent is now a mixture of CO and Cl2 formed by the the n

decompusing phosgene. the c

A process of selective chlorination of titanium slag with a conce

mixture of chlorine and hydrogen chloride for the production of fract

high-titanium concentrate has also been described
( 4)  0.15

Methods are known for the production of titanium tetrachlo- 
area

ride by chlorination of the carbidization products of the 
titan- The g

ium raw material. The starting raw material for acquisition of 
mixer

the carbides and the.:r subsequent chlorination may be ilmenite,

titanium slag, rutile, or titanium dioxide [56, 57]. 5 ) Takimoto

proposed that rutile be carbidised at 1800
0 C to Jower the chlo-

rination temperature to 300 0 C [41]. The Electromet company has

a pilot plant at which ilmenite concentrate is carbidized in a

resistance furnace. The resulting titanium oxycarb.de is chlo-

rinated at 400 0C after magnetic separation of the iron to produce

titanium tetrachloride [541.

Chlorination of carbides is accompanied by liberation of a

large amount of heat. This process advances very rapidly even at

comparatively low temperatures, and does not requires expenditure

of energy in heating the chlorinator.

Metal sulfides react quite vigorously with chlorine. The

chlorination reaction of MeXS takes place at high rates at rela-

tively low temperatures (200-00C).

Here the ilmenite concentrate is melted to a matte in a mix-

ture with coke and pyrites. Smelting takes place at 1450-1500
0C,

i.e., at a temperature somewhat below that at which the same con-

centrates are smelted for slag. The resulting matte is chlori- sulfl

nated with chlorine at 7500°C. The iron chlorides remain in the re- as a

action zone, while the tetrachloride is distilled off to a conden- at a

sation system.

Footnote$ (4) and (5) appear 
on page 190.
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The best Technology of Chlorination in an Electric Shaft Furnace

emperature Figure 28 shows a flow chart of shaft-furnace chlorinaion.

ecause of The process begins with preparation of the raw material for chlo-

obtained rination. To ensure uniform distribution of the gases over the

nce the chlorinator cross section and reduce the resistance offered by

ted by the the material to be chlorinated to the passage of the gas current,

the concentrate is mixed with carbon and briquetted. The titanium

lag with a concentrate is first ground to an 80% content of the minus 0.10 mm

uction of fraction, and the petroleum coke to an 80% content of the minus

0.15 mm fraction. Grinding is necessary to increase the contact

tetrachlo- area of the reagents and to produce sufficiently strong briquettes.

the titan- The ground materials are mixed with a binder in special paddle

sition of mixers [43 , 44].

ilmenite,

Takimoto petroleum binding
slat additive chlorine

the chlo-

mpany has

zed in a M ,,r

is chlo-

to produce briguottinp
drying .d cokings

tion of a

dly even at nhaft-furnr .hlnrlnat on

expenditure techticil ubimates melt (iapurity
TIC14 (impurity chlorides)

chlorides)

e. The to puri- to chlorine to chlorine

es at rela- fication regeneration regeneration

Figure 28. Plow chart of titanium tetrachloride produc-
tion by chlorination of titsnium slags in the form of

e in a mix- a briquetted charge.

450-15000C,

e same con- The binders used includ6 coal-tar pitch, tar, concentrated

s chlori- sulfite-alcohol residues, etc. The amount of binder is selected

in in the re- as a function of the specific pressure to be used in briquetting

to a conden- at a given charge granulometric composition.
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If roller p:esses that uevelop a pressure of 300 kgf/cm 2 are chlori
used for briquetting, thn pitch content should be 7-8Z of charge 17-20%
mass for charges preheated to 900C, or 5-6% for preheating to A
100-11OOC.

If briquetting is done with roller-ring presses developing a
pressure of 1000 kgf/cm ,the amount of binder can be reduced to
2-3%.

When sulfite-alcohol residue solution (density 1.27 g/cm 3) is
used as a binder, from 10 to 14% of it is added to the charge,
depending on specific pressing pressure [32].

The raw briquettes are dried at about 1200C and coked to re-
move volatile substances, whose presence in the briquettes results
in waste of chlorine, additional losses of titanium with the solid
chlorides dumped from the condensation system, and contamination
of the technical titanium tetrachloride by organic impurities.

bnThe coking temperature depends basically on the type ofS

binder added. For tar and pitch, volatile substances are elimi-
nated practically completely from the briquettes at 800-8500C.
If sulfite-alcohol residue is used as a binder, it is sufficient
to coke at 500-6000C. To avoid cracking the briquettes, the Figure
teruperature should be raised no aster than 100 0C per hour during shaft-eype ch
the coking process. ing; 2)

chlorinThe coking time is usually 14 to 20 h. Coking can be carried hole; 5
out in intermittent or continuous furnaces. Furnaces of the 6) lowe

7) taphformer type, which are used when the scale of production is modest, level e
include compartment kilns that are heated by burning a liquid or vapor-g

take pigaseous fuel in them. The continuous types, which are used for feeder;
production on larger scales, include retort and tunnel furnaces. hole; 1

hatch.
A normal chlorination process in a shaft furnace requires

that the briquettes meet certain requirements, and namely: their rine is
size and shape must be strictly uniform; the distribution of car- Th
bon through the volume of a briquette must be uniform; the bri- levels.
quette must have adequate strength; the strength of a briquette the chl
must be no lower than 120-100 kgf/cm 2 . -Otherwise, the briquettes oxide,
will break up as they are transported and loaded into the ponentz

Footnot
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cm2 are chlorinator. The carbon content in the finished briquettes is
charge 17-20%.

to A recently proposed method of continuous coking by burning
natural gas in the bed of briquettes

ping a represents a further development of
ed to IV the coking process. Air is also

Y .added to the natural gas in the

cm)is amount necessary for combustion of
go, ~the volatile hydrocarbons liberated

Ige,
-a.. during coking [42]. The basic ad-

vantages of this method are its con-
to re-

tinuity and high productivity andresults

e sults tlow equipment write-off. There havee solidZ
also been suggestions for the use ofat ion
agglomeration instead of briquetting
to lump the charge. The titanium

ci. slag is mixed with rutile and coke
elimi- for this purpose. Partial melting of
00C. the slag causes the particles of the
icient charge to coalesce. However, ag-
he FIgure 29. Diagram of glomeration of titanium slag for sub-

during shaft-electric-furnace-
type chlorinator. 1) Lin- equent chlorination has not yet come
ing; 2) briquettes; 3) into use industrially.
chlorine supply; 4) man-

carried hole; 5) carbon packing; The coked briquettes are con-
e 6) lower-level electrode;

76) towpholel 8uecr ; veyed in special contpiners to the7) taphole; 8) upper-
modest, level electrode; 9) furnace charging hoppers for chlori-

id or vapor-gas-mixture off- nation. The briquettes are loaded
take pipe; 10) gatea for feeder; 11) charging into the furnace through a hole inaces. hole; 12) emergency the roof by a feeder sealed by a
hatch.r res bell- or spool-type gate. The chlo-

their rine is fed intc the furnace through tuyeres at the bottom.

of car- The chlorinator (Fig. 29) can be discusu:ed in terms of three
bri- levels. The lower zone (temperature below 700 0C) is filled with

ette the chlorination residue, which is richer in silica, aluminum
uettes oxide, and carbon than the initial briquettes. The basic com-

ponents of this residue are as follows, in %: 20-40 Ti021 1.5-2.0

Footnote (6) appears on page 190.
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Fe203, 4-5 A1203, 8-15 Si0 2, 0.5-0.7 CaO, and 18-25 C. equipp

The rather high contents of silica and aluminum oxide in the rate

residue are accounted for by the low affinity of these oxides to parti(

chlorine. The high titanium dioxide and carbon contents in the The h(

residue apparently result from peculiarities of the mechanism by chlor

which the titanium dioxide is chlorinated. According to Berg- is gr

holm [14), rapid chlorination of titanium dioxide in the presence 
furna

of carbon requires that the distance between the particles of 
ment

these materials not exceed 0.2 mm. During the chlorination proc- zone

ess, however, contact between the carbon and the concentrate is 
creat

disturbed, and this lowers the reaction rate and causes titanium 
haust

dioxide and carbon to appear in the unchlorinated residue. 
trati

In the chlorination of raw materials containing magnesium, cal-

cium and manganese, the bottom zone accumulates, in addition to un-

chlorinated residue, a melt consisting chiefly of chlorides of

the above elements, %: 66-68 CaC1 2, 33-35 Y'gCl 2, 1.5-2.0 FeCl2,

0.5-1.0 MnCl 2.

The chloride melt is tapped at intervals through a nole in

the lower part of the furnace. To keep it liquid, the bottom of

the electric shaft furnace (ESF [shakhtnaya elektropech'; electric

shaft furnace) is warmed by current passed through a carbon

(cryptolite) packing, to which it is supplied cy two c.rbon elec-

trodes. As chlorination advances, the height of the zone filled

with unchlorinated furnace residue increases, witi: the result that

the chlorination campaign must be broken off and the chlorinator

shut down for cleaning. Depending on the conditions under which

the equipment is operated, the campaign time for chlorination of gasE

titanium slags in an ESF varies from 1.5 to 6 months. cluc

The chlorinatioi: zone, where the basic ma3s of the charge

interacts with the chlorine, overlies the unchlorinated-residue sta

zone. The temperature in this zone is raised to 1100°C by the pos

heat released in the process. A further temperature rise cannot wit

j be permitted, since it results in rapid destruction of the lining sio]

and makes it difficult to condense the chlorination products.

P Thua, the temperature in this zone limits the productivity of the bri
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equipment. The height of this zone depends on the temperature,

in the rate of chlorine supply, briquette dimensions, and the nature and
ies to particle dimensions of the concentrate and the carbon reducer.

the The height of the chlorination zone increases with increasing

sm by chlorine supply rate and briquette size. The chlorination zone
rg- is gradually displaced upward in the course of a campaign as the
esence furnace residue accumulates. The rate of reEction-zone displace-

of ment determines the duration of the campaign. The high reaction-

proc- zone temperature and the bed of carbon-containing briquettes
e is create conditions favoring the Boudouard reaction. Hence the ex-

anium haust gases of an ESF are characterized by a high CO/CO 2 concen-

tration ratio (Table 27).

sium, cal- TABLE 27

on to un-
Composition of ESF Exhaust Gases in Chlorination ofTitanium Slags, %Cl2 ,

co"Ment contents
le n . during hlorinationley chloe
tom of of gas y vapo ir slxtire

lectric €ontaining

CO 02 4 55-45elec- CO -1 5.-4Fil led 0.3...0.4 1-2
filled $~6-traces &-traces

ult that O1 rest. "rest

inator
which Because of the high carbon monoxide content in the exhaust

ion of gases, seepage of air into the condensation system must be ex-

cluded to prevent explosions.

arge To avoid possible explosions, the chlorinator and the upper-
sidue stage equipment of the condensation system are operated under a

the positive pressure. In addition, the chlorinator cover is provided

cannot with special blowout hatches as a safety measure against explo-

lining sions.
ts.
of the Next above the chlorination zone is the zone in which ,e

briquettes are heated. As they pass through this zone, the

FTD-HC-23-352-69

182



briquettes are heated by exhaust gases to "700o0 C. Exchange reac- substa
tions also take place in this zone between the titanium tetra- action
chloride vapor and the readily chlorinated oxide components of the is rai
concentrate. The result is formation of chlorides of calcium, face o
magnesium, iron, and other elements and secondary titanium dioxide, transf
most of which is trapped in the briquette pores, from which theIt Cgas stream carries only insignificant amounts into the condensa- melt d
tion system. Some condensation of the vapors of high-boiling essed
chlorides (CaCI2, MgCI2, etc.),driven out of the reaction zone,
also takes place on the cold briquettes in this zone. Hence the
distribution of these chlorides between the chlorinator and the mechandistibuionof tesechlrids bewee th chorintorandtheUse of
condensation system depends not only on the contents of the cor-
responding oxides in the raw material and the chlorination-zone tinuou

temperature, but also on the height of the briquette-preheating shutao
zone. When a rich titanium slag with a small content of the g an
oxides of these elements is chlorinated at high productivity with power

binati4
a thin blanket of briqueutes, almost no melt is formed, since the

abovecorresponding chlorides are driven off into the condensation sys-
these

tem. Toward the end of a campaign, the height of the preheating

SP perzone has been reduced to the minimum that supports operation

without "blow-by" of unused chlorine into the condensation system. ss pr
dustri

The ESF chlorinator is fairly trouble-free in operation,
chlorinates 96-97% of the titanium dioxide in the concentrate, Techno
and permits variation of productivity through a wide range. Its C1
deficiencies include the intermittent nature of the process - the in a ft
unchlorinated residue must be cleaned out at periodic intervals - that hz
low specific productivity on technical titanium tetrachloride magnes
Q[2 tons/(m2 .day)], and the complexity of preparing the raw mate- D,

rial for chlorination (briquetting and coking the briquettes). the So%
The specific productivity of the ESF can be increased by stepped- duced
up offtake of heat from the reaction zone, as by external cooling lite i
of the chlorinator. For this purpose, part of the shaft above the fused
electrode zone is lined with lightweight firebrick. The chlori-
nator shell is protected from exposure to chlorine by two sheets in Fig
of diabase tile 40 mm thick. During furance operation, the outer

surface of the shell is sometimes.irrigated with water, so that
-0.13+(
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nge reac- substantially increased amounts of heats are taken out of the re-

tetra- action zone and, consequently, the productivity of the equipment

nts of the is raised. However, chlorides build up progressively on the sur-

!cium, face of the diabase liner, with the result that the rate of heat

um dioxide, transfer out of the chlorinator is lowered.

itch the Concentrates that do not form a

"ondensa- melt during chlorination can be proc-

iling essed in a shaft-furnace (SF [shakhtnaya

n zone, pech', shaft furnace]) chlorinator with

{ence the mehanical residue unloading (Fig. 30).

and the Use of this equipment permits a con-

the cor- tinuous chlorination process without

on-zone shutdown of the chlorinator for clean-

heating ing and without expenditure of electric I.
the power to heat the chlorinator. In com-

[vity with
bination with the measure described

since the above for stepping up heat offtake, j

tion sys- these advantages of chlorination in the - "

eheating SF permit substantial increases in proc-

ition
ess productivity and improvement of in-

Dn system. dustrial-hygiene conditions.

tion, Technology of Chlorination in the Melt Figure 30. Diagram of

itrate, oshaft-furnace-type
nre, IC rchlorinator with con-
nge. tsChlorination of' powdere materials tinuous unloading of

:ess - the in a fused-chloride medium is a process chlorinated residue.
v1 I) Furnace lining; 2)

tervals - that has been known since 1920 for shaft-loading unit;

loride magnesium oxide. 3) plunger-type un-
loader; 4) chlorine

raw mate- During the postwar period, one of supply with tuyere; 5)

ettes). the Soviet plants developed and intro- water-cooled cone; 6)

teppe- thermocouple.
duced a method of chlorinating carnal-

al cooling lite in the melt. In 1954, S.P. Solyakov proposed the use of

t above the fused chlorides as a medium for the chlortnation of finely ground

e chlori- titanium slags. A schematic flow sheet of this process appears

wo sheets in Fig. 31. Used magnesium-bath eltctrolyte was used as the melt.

the outer
The process takes place as follows. Titanium slag, ground to

-0.13+0.08 mm, and -0.2+0.13 mm petroleum coke are loaded into the
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chlorir

titanium petroleum dis trit
slag, coke anodic* used magnesium-bath distrit

chlorine electrolyte

tto pur~fication' rods C(iubni tea gsa runel

choi o chorine mo

regeneration moved.•
electro

Figure 31. Flow chart of titanium tetrachloride
production by chlorination of slags in the melt. warm ti

T1

chlorinator by a worm feeder at the surface of a melt composed of ess in

high-boiling chlorides (Fig. 32). Chlorine is admitted at the the del

bottom of the chlorinator. It is heated in the melt and reacts end coI

with the slag and coke. As it ascends through the melt, the flow 3±t/)n

of gases circulates it vigorously, preventing slag from settling the ral

onto the floor of the chlorinator and coke from floating to the ni

surface. The gaseous chlorination products are piped from the to whi

top of the chlorinator into a condensation system. The nonvola- h

tile chlorides and the unchlorinated residue that are formed are materi

removed periodically as they accumulate, via the tap hole along nation

with the melt. The chlorine-supply tuyere terminates in hor- chlori

zc tal toothed chlorine distributors to provide more uniform dis- supply

tribution of the gas over the length of the chlorinator shaft. the ch

Some versions of the chlorinator have horizontal gratings made certai

from high-alumina refractory in the shaft. The intended purpose melt i

of the distributor gratings is tv further break down the gas form d

bubbles and thereby increase the area of contact between the gas volume

and liquid. However, laboratory tests conducted on a model chlor- are cc

inator showed that these gratings are practically ineffective and tion.

even impede circulation of the melt and complicate the design of This f

the chlorinator [39]. Overflow ducts, which serve to create increa

directional circulation of the liquid, are built into the duces
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chlorinator wall opposite the chlorine

distributor. In the absense of gas-

th distributor gratings, th-se overflow

channels become unnecessary. The de-

sign of the chlorinator is substan-

Lially simplified as a result. Heat

is taken from the melt through graphite

rods around which it circulates; these

rods contain pipes through which water

is run to pick up the heat to be re- "

moved. Some of these rods are used as i

electrodes, which are switched in to

warm the chlorinator.

The rate of the chlorination proc-

oosed of ess in the melt depends on temperature, i

it the the degree to which the concentrate

reacts and coke are ground fine, the compo- Figure 32. Diagram of

the flow sition cf the fused-salt bath, and chlorinator for chlori-
nation in the melt. 1)

settling the rate of chlorinating-agent supply. Stack; 2) port and plug
to the Tin roof; 3) roof; 4)

m the There is a certain Optimum size upper chlorine-distribu-
to which the concentrate and coke can tor grating; 5) lower

onvola- chloine-distributor
be ground. Overgrinding of these grating; 6) chlorine
materials does not increase chloui- supply pipe; 7) plug

along for cleaning; 8) chlo-
aong nation rate. Normal operation of the rine-supply tuyere; 9)
hor- chlorinator requires that the chlorine chlorine distributor;
orm dis- 10) lower electrode;

h it supply rate per unit sectional area of 11) manhole; 12) over-

the chlorinator be no lower than a flow-duct wall; 13)
made electrode; 14) water-
made certain minimum that circulates the cooled rod.

purpose melt intensively enough to obtain uni-

gas form distribution of the concentrate and coke throughout its

the gas volume. In contrast to the ESP chlorinators, the exhaust gases

el chlor- are composed chiefly of CO2 in the caee of fused-salt chlorina-
.tive and tion. As a rule, the carbon monoxide content does not exceed 5%.

sign of This fact, the cause of which has not definitely been established,

ate increases the amount of heat liberated in chlorination and re-

duces the explosion hazard of the process.

PTD-HC-23-352-69
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Titanium slags are chlorinated at 750-800
0 C with continuous chlorina

nfeed of slag and coke. centrate

The titanium dioxide concentration in the melt should be 0.5- 
since .t

1%, and that of carbon 7-9%. The height of the melt layer in the lates in

chlorinator is held in the range from 2.3 to 3.2 meters from the 
repents

floor. Chlorine supply rate depends on chlorinator productivity removed
33 4, - -

and generally varies from 40 to 60 m3 _er hour per o
when the

In slag chlorination, the melt is partially replenished twice

a day. Z;T.- at "y after d-oaiiiage of the melt, fresh used elec- ide and

U trolyte taken from the magnesium baths is poured into the chlori- other, f

nator to lower the concentratlons of impurity chlorides and un-
reacted silica in the melt and bring the melt up to the proper gen presi

level.

A single dose of spent electrolyte amounts to about 10-15%

of the bath volume.

Melt and used-electrolyte compositions are listed belowin:

woo MA . te, C' a "

Used magnesium-bath electrolyte

7$-W0 4-8 8-10 5-7 I-3 - - -

Used chlorinator melt

. -, -- 2 V-36 10-20 0.5--l 7- -w

The losses of titanium with the melt come to about 0 I-0.5%

The process of chlorination in the melt is continuous, briquetting

and coking of the charge are unnecessary, and specific productiv-

i ,y Is htgjh ta| tei, L.unn of titanium tetracnlorlde per day

per square meter of chio-rintor cross-sectional areal. In many

cases, it is possible to chlorinate at lower temperatures than in

the case of the ESF because of the catalytic action of the salt-

bath-melt components. Either chlorino or the chlorine-air mixtur.

ODLua ned during electrolysis of carnalilte and magnesium chloride

(recycling) ma be used as the ^ r ---

A shortcoring of this process is the short service life of

the chlorinator lining in melt cs.lorination as opposed to ESF

'rD-HC-23-352- 6 9 FTD-HC-24

187

F-,,, 0 .



ntinuous chlorination. Melt chlorination cannot be used for titanium con-

centrates with high silica contents in the form of quartz, which,
ld be 0.5- since it does not chlorinate as well as titanium dioxide, accumu-

er in the lates in the melt, increasing its viscosity and r siring frequent

rom the replenishment of the salt bath. 7n addition, the .id chlorides

Iuctivity removed from the condensation-system units contaii more titanium

melt. dioxide in melt chlorination than in ESP c ornaton, especally

when the chlorine-air mixture is used as the chlorinating agent.
hed twice On the one hand. this resu.Lts .rom ve - of l- .

L ccrl ide and slag part-.r.es into the condensation system and, on the
r i other, from the oxidation of titanium tetrachloride vapor by oxy-

ad un- gen present in the chlorine-air mixture.

?roper

10-15%

low in %:

iquetting

oductiv-

L e_ dant,

tn man:;
than in

.e salt-
[r mixture1 cruorlde

ieof

18

l188
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174 iThe chlorination process may also be inhibited by dif-

fusion in the microporcs of the briquette particles. Manu-

Fr this reason, k, Er, and n may not characterize the page

true chemical reaction kinetics like the parameters A, No.

E, and (n+l)/2.

176 2Aagard, L. and Cole: S. US Patent No. 2,622,005, 1952.

1jv Oshur, J..T., Bikotsky, f.L. and Haimsohn, J.N. US i 6
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Symbol List
ted by dif-
rticles. Manu-
terize the script Russian When Meaning

page Typed
No.

,005, 1952.

J.N. US 156 TB 5 solid
i 6 ra2 gas gaseous
156 1 liquid
I6 A r g seo=uu

173 p r reaction
173 A d diffusion
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SEPARATION OF CHLORINATION PRODUCTS AND fer froi

PURIFICATION OF TITANIUM TETRACHLORIDE Th

Physicochemical Bases of Chloride Condensation and Purification per unil
of Titanium Tetrachloride

The behavior of tne cniorination products during condensation

is determined by their physicochemical properties, most imzortant where M.

among which are vapor pressure, relative volatility, and melting being c(

point in the corresponding chloride systems. Below we present s cb-Ft--n!
values or the boiling and melting points of certain chlorides that of time

form along with titanium tetrachloride during slag chlorination, preasur(

together with the solubilities of certain chlorides in TICl 4 . haust-gZ
mixturu
hi xia t u-r

solubility in Th,
t13** , t~hsS'~, 1a6. %

c, ....... iO7 .1M
Cct..C1 .. 73 tow 7.S.I-1lIeO
mc. e  ...... 7 1413 | . 61.i

m . ... larn 1.71 V
F2,I :: I <00(W I

1 (undar 1 (uubli- o,,s.0'Q
p".aiure) mation) . entry ii

o..........-n4
T100........ 3,S(130"( the subi

paratus

*Miscible in all proporticns. equals

FTD-HC-2 3-352-69 FTD-HC-
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hekinl-cs *',orv n-a on ... pr.....cts of chlorination

of titanium raw material,, have not been studied. Accordingly,

only thermodynamic relationships are used at present in computing

the condensation yield of the chlorination products and their con-

tents In the exhaust gases. The dimensions of the condensers, on
the other hand, are determined by heat-transfer requirements and

design considerations. ,"r is approach is quite justified if it is

considered ........... that the, limiing f th process is. not codi!&-

tion proper, but offtake of the heat released in it. In other

words, it Is assumed that tihe speed with which equilibrium is

established between the gas and the thin film of condensed phase

that it washes is many times greater than the rate of heat trans-

fer from this film tc the coolant.

The amount of vapor leaving a condenser with the gas stream

cation per unit of time is determined from the relation

"A,,, ," m (82)

Sdens ati!on "

mportant wnere M 1 Is the molecular weight of the vapor of the chloride

melting being condensed, n1 eVh is the number of gram-molecules of the

rpspnt sbtnebeing :ondensed that escape from the condenser per unit

ides that of time with the gas stream; PlehIs the equilibrium partial

nation, pressure of this substance above the condensed phase at the ex-

C!i haust-gaz terperature; Vex i.- the total volume of vapor-gas

mixtu-re leaving the apparatus per unit of" time; Tex is the ex-

haust-gas temperature. 
x

The amount of vaporized matter at the entrance into the ap-

paratus can be computed by the similar formul

Mana

Here the letters hav1denote the respective parameters at the

entry into the apparatus. However, in contrast to the previous

formula, p denti n. h .s a c is qieutifiedrifsiteis
the substance in the vapor-gas mixture a toe entry into the ap- a

taratus h

The total pressure of the vapor-gas mixture in the apparatus

equaw s ,tne sum of ha the speed-with-which eilibrim ius-

FTD-HC-23-352-69

192
Q



5 3

2

I

that are not condensed under the particular conditions and the above

saturated vapors of the compounds that do condense: and GO.

Zn... .. - '. 4 dcnote4
volumei

The over-all molar fracticn of all gaseous products in the vapor-
gas bilxLure leaving the condenser equalsmole

- I(85)

onit rogi

Knowing the volume of the gasea issuing from 
the apparatus per

unit of time, we determine the corresponding voluae 
of the vapQ .- conven'

gas mixture:

____.- a'

S (86) of oxyi

of nit

where V is the vol-m of oae levn th pa-at per
exh-gas 0 . . b

unit of time; Vexh-gas is the volume of the same gases reduced to

standard conditions. of oxyl

Pressure is given in millimeters of mercury in Formula (86). of nit:

The value of V0xh-gas is computed by adding the volumes of c

gaseous products that are formed, according to the equations of

the chlorination rea-ctons, on the ba--q of chlorinantor prodtuc- of oxyi

tivity and the degree of chlorination for each component. If we

know the cos...itlon o e chlorinating aoent fed nt o the chlr- 2

inator and that of the exhaust gases, we can calculate the util-

zatlon of the chlorine, the total amount of air drawn into the of oxy

c.o .t lh... ...... . . nt.... .hu-h -!-- -e et-

equinment seals (in operation under a partial vacuum), and the ^ nit,

volume oi' gases leaving the condenser per unit of time. To de-

rive tne working formutas, we shall aSsure vha tse uquIPM . oa

in steady-state operation. Let the chlorinating agent be a obtain

chlorine-air mixture in whic1h the voiumer"i fra'con f

is c. We write the mass-balance equations with consideration of

the fact that the outgoing vapor-gas mixture contains gases (N2 ,

Cly 0 and CO). We denote the volumetric fractions of the

FTD-HC- 23-352-69 FTD-HC.
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1_nd the above gases in the outgoing vapor-gas mixture by N

and ^02, respectively; the total volume of air seepage will be

b4) denoted by A [m'j, and the exhaust-gas volume by B [m ]. All gas
. VO.ume. wil ho !2-r. A to.ave been reducd t- -ta.dard wi he YaDpor-

tions in this calculation. Since 2 moles of chlorine substitute1 mole of oxygen in chlorination of any oxide component of the
(85) titanium concentrate, we calculate the amounts of oxygen and

tus pe" nitrogen introduced into the system and withdrawn from it. For

the vapor- convenience, the calculation will be made for 100 m3 of chlorine-
air mixture fed into the chlorinator.

1. Supplied to the system [m3]:
I

a) with the chlorine-air mixture:

(86) of oxygen and 100(1 -). 0,79

of nitrogen;

ratus per b) with the aspirated air:
reducid to 1.21A

of oxygen and

079A
rmula (86). of nitrogen;

,olumes of c) with the chlorinated oxides

Lions of
r 2k produc- of oxygen.

rt. If wethe chlor- 2. Taken from the system with the vapor-gas mixture:

the utili- B ( 8+ + .+ - C)
knto the 2

Lrfect 81-O-OO-L:rl'eet~S a -CO.-CO-Q-CtO

anIU L.I, eof nitrogen.

uipment is Equating the amounts introduced to the amounts removed, we

be obtain a system of two equations in two unknowns (A and B):

lof chlorine

eratlon of , . " J

gases (N2 ,

ions of the 10O(1- ).,.9+O.79A.-B(1-C -Os,- Ci,). J

FTD-HC-23-352-69
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-.. tem, we fil d

IA- 2 9
" A +2111 -7'-'1 Q -)

o. b,-o.2,a ' (87)M+ S!- 04(!-j where ;

+ .0,79, (88) m -. 0,78

Where, CO f +, + -CO +" preced

Schlorinati... o b I and the equa-tions become somewhat simpler. Knowing the volume of the chlori- time e
nating agent introduced into the chlorinator per unit of time,

, we determine the volumes of aspirated air A0 and ex-haust gases over the same time interval:

$" ., ., . A ',A time is
4... - B.!'-;A'mA.-Y.O (89)

The degree of chlorine utilization a equals

sun - - (9o) wherV

The formulas for calculation of A, B, and a were derived by time; rI.L. Paysakhov and used to analyze chlorinator performance. 
ride va

The partial pressures of the saturated vapors can be found Thwith the aid of experimental data on the equilibrium between the the concondensed phase and the vapor in the particular multicomponent Vosystem. Since such data are generally not available and een the undegequilibrium phase composition of the condensate is often unknown,
it is assumed in engineering calculations that each chloride con-
denses in the form of an individual compound, forming a separntp
phase. in this case, the saturated-vapor partial pressure of the
condensing compound equals the saturation vapor pressure above
this compound at the same temperature. Since the corresponding
data are available in the literature for the chlo,.1des of all The ext(principal titanium-slag components, no Darticular difficult, in

enc=-terSed in findingS '-Pnar'
Tne quantities Ten t and T are measured directly of snecL-ent esrddrcl fsei The tota
The PI ent for the first condenser is determined from the time eq,

composition of the vapor-gas mixture aL the exit from tne

FTD-HC-2 3-352-69 
FTD-HC-2
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chlorinator:

(87) P1* mpI Y,, (91)

where Y1 ent is the molar fraction of the chloride in the vapor-gas

(88) mixture at the entry into the condenser.

The Plvkh for subsequent condensers equal the p exh of the

preceding condenser.

The amount of chloride trapped in the condenser per unit of'
he equa-
e chlori- tine equals

t i m e , M , v ,i. -- -n --- - --M 1 ( 9 2 )

and ex-
The volume of vapor-gas mixture entering the condenser per unit of

time is calculated by a formula analogous to (86):

(39) V.= a - . -m (93)

(90) where VO is the volume of gases, reduced to standard condi-(90)ent .gas

tions, in the vapor-gas mixture leaving the condenser per unit

rived by time; Ep is the sum of the partial pressures of the chlo-
ant.par

Ice. ride vapozs at the entrance into the condenser.

)e found The total pressure is practically the same in all units of'

.ween the the condensing ystem and equal to atmospheric. Vh.gaz and

ponent V differ by the volume of air aspirated into the condenser
exhgas

even the under-consideration. Disregarding this seepage and setting
"- unknown, -to 196o mm, we obtain

-4.de con- M~ 1 ;,j~ w

-separate M, (-zM-- MW'm" X

-rc of the .(9 )

above Z. I )

ponding

I" all The extent to whien this chloride is trapped equals

"Ulty 1,- " AW

Ma~ (95)

The total amount of chlorides condensed in the condenser per unit

.t-ioe equui-.]
-,e M (, -. .(96)

FTD-HC-23-352-69
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Distillation and rectification processes are Important In The r
~he technology of purifying titanium tetrachloride. Thp hA-.i ... 4.

-- cha-acteristic n-edtd= " for drslgn of the equipment In which these the I
• _processes take place is relative component volatility. by which we a- I

[! _mean the ratio of the relative concentrations of these components di-""
in the equilibrium vapor and liquid phases. Thus, the relative I " thl
volatility of component- A andB

" ' a" X" (97)the si
rp XMcompO.!

where Y, and Y, are the ctclentrations of components A and B in easy
the lapor phase, expressed in mole fractions ; XA and XB are the

.. .= UMPonents in the equilibrium ILauid t4on=
phase, expresed i n mole fractions. can b

After clearing of suspended matter, teehnica1 htai. ,,m tetra" sureschloride is a muiticomponent system, The components present in it Atr
Scan be classified into three main groups: the pa

a) dissolved gases (C02, CI, 012, COd 2 );

b) liquids with moderate boiling points (Sl 4 . VO013 ) and
unlimited solubility in titanium tetrachloridee

c) chlorides that are solid at room temperature (AlCd3 , where
Fe3 l !2 and others) and dissolve poorly in titanium tetra-ch l o r i ,th.t

Howve, the total contact of impurities dissolvod in the the--
TiClh represents only 0.5-1.0%. aor this reason, and because of thFo ths'eRn and beaseo
the fact that the impurity substances do not react chemically with
one another, titanium tetrachloride is regarded as a binary sys-I. tem in the design of distillation apparatus. One component of

this system is titanium tetrachloride and the other is the im-
purity to be removed. Consequntly, the greatest interest at-
taches to the relative volatility of the impurity to be removed

.1:ad titanium tetrachloride: 
nents_ 
these

rim ,* system

If the relat vA Vn1aHtivt exced! unity, th apr;'-zoi
I richer in the impurity than the ul . iqibrium w4th Jt and

FrD-iiC-23-352-69 F'rD-HC
197

i



ortant in The reverse is the case if the relative volatility is smaller than

The b.*zic unity. At a a 1. the concentrations of" t1itnnim +:etr~ah,1riAc =d

which these the impurity are the s'., ie in the equilibrium liquid and vapor

, by which we phases. In the first case, the impurity will concentrate in the

e components distillate during rectification, and in the second it will collect
e r'elative in the column vat residue. In the third case. we deal with an

azeotroDic mixture that cannot he se -'Ared by recfication , r--

(97) the selected conditions. If experimental data are available on
A andcompositions of the equilibrium vapor and liquid phases, it is

AadB in easy to determine the values of a. that corrspond to various con-
B are tetents of the impurity in titanium tetrachloride. For ideal solu-

lI - d tions (T1I;ij-SiCl,,, TiCIl-VOCI3 and others), relative volatility
can be calculated for any composition from data on the vapor pres-

anium tetra- sures above the pure impurity and TiC14 at various temperatures.
re~en ini ccord-ing to ,Rva ou s 'a., to which 'dl solutionsa are subject,

the partial pressures of the components In -'he vapoi ,hase at

equilibrium with the liquid can be calculated by tne ecuations

'oc1, and --pYm- -.
p,. = Po ys, . (99)

AM~3  where P~C and p, are the saturated-vapor partial pressures of

tetra-the titanium tetrachloride and the impurity above the solution,

Potis the total pressure in the system, and P~C and p, are

d i nethe saturation vapor pressures above pure titanium tetrachloride

and the impurity at the given temereature.mically with

inary sys- We obtain directly from these equations

onent of l 1.
the im- Nthm XV1C; ("00)

rest at-e removed Thus, the relative volatility of the ideal-solution compo-

nhebn s uai th rati o the soatrnt of t itnnh pressures above
which these the imprit a the given temperature. or a two-comronent

sys tern
or phasi Is X,+X r-h

with its, and

198
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Sligtiiat P T Pnc. + P1 POX, + Pluct( -XI). the01)u
Solving this last equation for XI, we find tesrachic

L'ti4(102) waa!

Mhe
Accs .dng to the Clapeyron-Clausius equation, impurity

-h-, .A "- (103)
'.. Tsui-

F. If there

where and are constants having the sense of heats of tetrachli

A~Ti~l
whreai- tanid c~~onstantsth 'pui bil n QCf~

.. . ... . .. . .. . . ... ... .. .. .a; T 0 4 chloride

b are constants characteristic for these nubstances.1 librium,
Consequently, sur- nbnl

S -the impui

MC17Q 4  (t5 he secoi

Substituting the values of PO and p0 into the equation for X.
we obtain otonforwhee XT,

f_ purity al

*- c-- (106) -second piF X, ( 106 )

-W x Equ
second p!

This last equation can be used to compute the composition of a
boiling ideal solution of the two components as a function of the
total pressure and the boiling point if data are available on the
saturatio. vapor pressures above the pure components at various

temperatures.

Reference [273 considers the equilibrium distribution of an phase, w]
timpurity with low solub ' 4y in titanium tetrachloride between

the vapor and liquid phaes. Such iuipurities Include FeCl, 2

and the chlorides of alkali-, alkalinc-ejrth-, anzd various otheP

metals. Owing to the very low solubility in titanium tetrachlor-

ide, such a solution may be regarded as infinitely dilute even

when it is saturated with the impurity. The vapor pressure of

FTD-HC-23-352-69 FTD-HC-2



(01) the impurity above its infinitely dilute solution in titanium

tetrachloride (the first phase) is calculated by Henry's law:

.

A v = X10 7)

(102) -"-c K le- Henry's5 ont ant for thn particular component.•IThe symbol I indicates reference to the mole fraction of the

IA

S ( )impurity in the first phase. The vapor pressure of titanium

(1 'I03) tetrachloride above the first phase is subject to Raout s law:

: % e.;. Pro. - pAJ~XMI. (is mP6.(0 - X3 41l (108)
%|if there is a saturated solution of the impurity in the titanium

Sof tatrach:oridc, this so!,tion should be at equilibrium with the

I -second phase, which is the SaturaatJ..d -^luin of t4 tani,,m ter--

4 chloride in the impurity. Since the two solutions are at equi-

librium, each comp$-nent should have the same partial vapor pres-

ure a e .... m... if the solubility of titanium tetraehloi'de in

thc i.purty is verY low, its equilibrium nartial pressure above

chlculted -f,,,,- rom -n1 .(A Aw:

I .... . (109)

where Xi(n)i and ^TiCl4(n)II are the molar fractions of the im-

purity and1 the titanium t a r respectively, in the

106) second phase, which is at equilibrium with the first.

Equating the impurity partial pressures above the first and

f asecond phases, we find the value of Henry's constant in Eq. (107):
of a

of the S -0 Xrc! 41 KX ,, ;

on the * "  .X (110)

rious xio%

..her Xl(n)i is the molar fraction of the imourity in the first

n of an phne, which i- a'.. c i ,,bri wi.h the second phase.
tween Thus, q. (!07) au.s tho form

Il1, FeCl,, 2

s other (I . (111)

rachlor-

even If X 0, i.e., the solubility of titanium

re of TiCl!.(n)II

FTD-HC-2 3-352-69
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tetrachlorilde In the impurity is negligibly low, we have

~and, consequently.

~In Conti

" m, :-- * . . (l'_ l~j 'the V.apo

it movez.
Swhence reflux w

; the evap
i Y xj. ... .,, (1, •€12) the impu' -

I -- " "

W.hen thi
where =Icx I Id _is the relative volatility of the impuri!ty and idpn

titanium tetrachloride calculated on the assumption that the solu- trope, w

tion of the 1-U-,,411' In t.. ,*.- ltetm araohloride is idealt

If we consider the behavior of an Impurity for which pO << prt

<< P ICI , its low solubility in titanium tetrachloride will make the refl
T it, desp

the solution boiling point practically equal to the boiling point purity it

of pure titanium tetrahloride. As a -eult, iure tetr

const and XM Wtoa.So

in this case. tne relative volatility will be independent of.

sible range of its variation, i.e.,

Since Xj"< I-, aigot >eaifrid, i.e. , the relative volatility of

the low-solubility impurity is greater than that calculated by

Raoult's law. Here, the lower the solubility of the Impurity in

titanium tetrachloride, the higher will be its relative vola-

: tility. A necessary condition for purification of the titanium

. tetracnlOrilte or tne impurity vy rectiication is that a differ

~from 1, which corresponds to the case

FTD-HC-2 3- 352-69 FDH-
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If X,0 >-L, we have iay. <1, and If X,(w < -n-. we have aliTla. >I.

In continuous-column rectification of a mixture for which a:.- < 1.

the vapor will . r.rc.. i-'c^y .p.vcrichcd in the i-purity an

it moves toward the column's refluxer. On the other hand, the

refIux wi become enriched in the impurity as it moves toward

the evaporator. This enrichment O the reflux ma r.ontinue until(112)
the impurity concentration in the liquid phase reaches X..... l(n)I"

...e... . .... on nt... *46t . l z ... .. t h44C4) *4 an

-Y aiIU independent phase and the mixture will behave as a heteroazeo-

he solu- trope, without further separation.

In continuous-column rectification of a mixture for which

Gin*c4 > I, the reflux will become Impoverished in the dissolved im-

p,-rity as it moves toward the evaporato As they move toward

11 make the refluxer, on the other hand, the vapor will become richer in
it, despite the fact that the vapor pressure above the pure Im-
purity may be substantially lower than that above the pure titan-

ium tetrachloride. The vapor will become richer in impurity

TABLE 28

Solubility and Relative Volatility of Impurities Present
in Titanium Tetrachloride

e pos-

(113) I i rativ volatility of
~.II I !a~ ' "' I t amd baa

lity of I r~L~i. 1 _____. I.'_ I1;t l '

.la- -6. . zb

la- I. J.. I F ". . . gtl

FTD-HC-23-352-69
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until the impurity con......ation ,he liquid phase reaches at 41 6"C

X,(n)I * When this concentration is reached, the impurity will be 
magnesiL

an independent phase. There will be no further separation. The of the i

mitr will-~ beha~ve s heteroazeotrove. and the Impurity ,a a.'C

the titanium tetrachloride will distill ove:, in the proportions 3:6:1 ar.

PO:PO ' Acc

If is near unity, thezi e',en a minor change in the MgCl2 Fe
4 tions.

impurity's solubillty in the titan!-m trac 4d y h-a, a this iYs
substantial influence on the efficiency and direction of the
separation process. A change in solubility can be bro,,ght at.hotir Bin
either by cha~nan2 the 0o.ation hniiinf point by d -.

Accordin
pressure or by introducing a third component into the titanium -cordiS15100)

tetrachloride. Table 28, which was borrowed from [27.: -.iay serve

as & example of the relation between limited solubility and rela- 50.0-50.
tive v.;latility. analorou

As we see from the data in Table 28, the valuea found ex- tains 49

perimentally for the relative volatilities agree closely with tic that

those valculated by Eq. (112) despite the fact that the experi- eutectic

mental value of a differs by several orders from that computed by eutectic

Raoult'c law. 2530C.

Equilibria In Chloride Systems Encountered During Chlorination and has

According to V.A. Il'icher and A.M. VladimiroVa [7, page NaCl; 15

148], the lower-limit freezing point of the Ca - In tic in t

system is about 590OC. In this system, the fusabllty diagram KAICI: G

Is divided into two regions by a double-eutectic line 
that is NaCl-KC1

nearly straight and passes through the 50% 14g0 2 , 50% CaC12 and react Ir

70% MnC12 , 30% CaCl 2 points. In the range of compositions around

the figurative CaCl2 point, the primary crystallization product Tne coM

is calcium chloride. In the other region, a solid solution of i,-or *so -des Is -rat to precipitate cOlicseo
..rz, neslum aUnd ?u p1.nespoitt case of

cryctaliatliol. Sodium chlorlde additivem lower the initial potassit

freezing points of melts of these chlorides quite substantially. chloride

Thus, for example, a CaCl2-MgCl 2-MnCl 2 melt with the components of the c

in 1:1:1 proportions begins t freeze at 613 0C, while a melt con- The binE

taining 30% NaCI and 70% of the above mixture begins to solidify

F.T"-IX -2 3- 352-69 C"...-
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at 416OC. Addition of forrou.. chlorlde to mixtures of calcium,

will be magnesium, and manganese chlorides results in a sharp depression

In - The of the initial freezing point. Thu's, for example, a melt contain-

y an. Ing C .ofa 2a-, 2-,. _1 mixture taken in the pl'onortlnns

Ltions 3:6.1 and 65% FeCl has an initIal freezing point of 222*C.

A'cording to the same authors, the components of the ternary

in the MC]2 -FeCl2-MnCI2 system form a continuous series of solid solu-

tions. The lowest temperature at which crystallization begins in

ave this system equals the melting point of magnesium chloride.

the

t about Bina . and ternary systems of alkali-metal chlorides with

*he iron and al-1in.num chlnridP
s havp been studied by numerous author.

anium According to Fischer and Simon [18), the compounds NaAlCl4 (tpl

ay serve 15100) and KAlCl!, (t - 2560C) form in the NaCl-AICI, and

and rela- KCl-AlC3 systems. The cutectic between NaIl and NaAlCI1 , contains

50.0-50.2% (molar) of NaCi and has a melting point of 1500C. The

analogous eutectic between KCI and KAlCI,. melts at 2500u and con-

with tains 49% (molar) of AC 3. The pseudobinary systom has a eutec-

tic that melts at 1250C. The molar ratio of NaCl and KCI in this
xperi- eutectic is 35:15. in the pseudobinary NaCl-KAICI system, the
puted by 

C4ssed
eutectic contains no more than 0.5% (molar) of NaCl and melts at

253'C. The ternary NaCl-NaAICI4-KAICl4 eutectic melts at 1230C

atl!o! and has the following composition, in % (molar): 49-50 AlCl3; 35

page NaCl; 15 KCl. It differs little in composition from the eutec-

LrC1 tic in fhe NaAlC14 -KAICI1 pseudobinary system. Solid NaAIC14 and

agrain KAlCl phases can ccexist with NaCl. The same can be said of
is i'iaCI-KCI and -A'^'L olu owever, NaAI an' 4I

-, and react in acco.dance with the equation

a rot ind'aou NaAIKI + KCi - KA.1- %,,. i (5)

on f The compounds NaFeCl and KFeCl!, with melting points of 153 and

2n30o, form in the NaCi-FeC-, and KCI-FeCi 3 systes. As in the

ti al case of aluminum chloride, the compound of ferric 
chloride with

tially. potassium chloride is more stable than its 
compound with sodium

chloride. The difference between the standard heats of farmation
of the complexes of FeCl3 with KCI and NaCI at 250C is 6.4 kcal.

It con-3
The binary eutectic ; of NaFeCl and KFe~l4 with FeCI 3 and alkali-

olidify 4'41 i
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";metal chlorides contain 43 and 51% (molar) of NaCI and 115 and 52% KC! +

I.. . vA JA'- L.LJ. I ic vhinary re~is-aRLi i 3 system, the corn- mp

ponents form a continuous solid-solution series [17]. The NaCl- sharp
A-- "-a. a ... 3sset, ernary eutectic with a melting point 11 5.

Os L-97 C consisting of NaCi, NaAiCi4, and NaFeCl 4 phases. The
..... iio o .. f, ,, this eutectlc corresponds to 4"'% "uor of. " l~ soJw r

3% (molar) of Fei nd 51% (ol!ar) of N&Cl E201. par.t

As sr'bstances of ionic structure, alkali- and alkaline-earth-
m c t - l c h l o r i F a e p r c t i al l n s o l u b l e i n t i t a n i u m t e t r a c h l o r - e i

ide [21]. According to Morlyama and inagaki [22], the solubil!-
tie of0 ^c "!Ci"u chloride andh-.u-oes ,;d,.:, in, .itaniu - teb-ra-
chloride at 140C are 7.3-10-:s and 1.7105%, respectively; mag- corr.,

nesium chloride is practically insoluble below 300C. V.G.

N.K. Druzhinina [7, page 2251 found that he soubiiy of is S I
alum-inum chloride in titanium tetrachloide increases sharply with ue
temperature: it is 0.15% at 550C and 7.15 at(,, --m1 gnoro. Tn fha.. ""'- cn

sence of ferric chloride, the solubility of aluminum chloride is (mol
reduced by a facuor of 1,- .The soabltyo feri chlrid 4770
in titanium tetrachloride is much lower (0.05% t 150C). How- f or
ever, it is approximately 0.5% in the presence of aluminum chlor- the
id. Silicon tetrachloride, carbon tetrachloride, and vanadium 1000
oxytrichloride are miscible in all proportions with lliquld titan- = KC
iumm te.re, hlor,,de. The solubh1itY of titnium onvehlorde in ds

titanium tetrachloride depends strongly on temperature. According cord
to T.A. Zavaitsk--ya 7, page 195], the solubility of the oxy- de!s
chloride diminishes fxom 0.54 to 0.17% as th~e temperature is low-
ered from 26 to -200C. However, Ehrilch and. Engel [23] reported
that the solubility of TiOCI2 is 2.5% at 25°C and 5.6% at 1300C.

V.A. Ilichev and K.D. Muzhzhavlev [24] studied the vapor
pressure above certain melts in the KvCl-NaCl-KgCl2-CaC12 system.
At v00-0, a melt contairting 90% ,g!2 i0% KCi + N&Ck'- a CIav - urE

- 2:1) has a total vapor pressure of about 20 mm Hg. A melt con- tior

tai"ing 10 "6C2" -5% &%,I and .... % ha =IM a vapor prezsure o "0
10mm Hg at the same temperature. Addition of calcium chloride to low(

this melt lowers its total vapor pressure conside-.ably. Thus, mix,

for example, a melt contain-Ang 80% CaCI 2 A I0% MgC] 2j , and 10% chli

FTD-HC-2 3-352-69 FD
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I . o

~nd 9,f KCI + Na~m ('I :I)' hqq n vanr~r nr'pqqsiv' n n a mm?. U&? A- 4-a"am

he com- temperature. 'With rising temperature, vapor pressure drops off
e NaCl- sharply, At 750 0C above a melt containing 10 MgC! 2 . I15% NcCa
point 45% KCl, the vapor pressure is 0.32 mm Hg, but 22.30 mm Hg at

"The 10600 C. Analysis of melts containinR MizCl,, NaCl, and CaCl^ has
Lf A-ii, shown that the mgneum and sodiu m chlordes are for the most

part vaporized. The calcium chloride accumulates in the melt.

noarh- The vapor pressures above alkali chloroaluminate melts are much
.rachlor- lower than those above aluminum chloride. A diagram given by

u,. Dewing [251 indicates that the vapor Pressure above NaAlClI,
umn tetra- reaches one atmosphere at 867'C. Grothe [26] reports that theumag- corresponding temperature for KAlCl is 10170 C. According to

V.G. Xorshunov et al. r203, the complex compound NaeCI, distills

over without decomposing. The vapor pressure above fused NaFeC1 4is subject to the equa'tion log p 3M + M The vapor ores-
flyit4h r

sures of NaAlCl and Na~eCl4 are below 0.1 mm Hg above a mixture
the pre-

ridect i 5% (molar) of AiCs 3, 5.4% (molar) of FeCl3, and 39.6%
(molar) of NaCl at temperatures below 362 0C. It is 1.2 mm atl orl debri- 177 0c for NaAlCl and 5.9 mm for NaFeCl4 ; at 590

0 C, it is 4.7 Imn
How- 41

ror NaAlCI 1 and 21.1 mm for NaFeCl1  Cook and Dunn [19] studied
r. chlor- "

the interaction of FeCl 3 with sodium and potassium chlorides. At
din000K, the equilibrium constant of the reaction KFeCl4r-r

a KC1! + VeCL is 26, while tho equilibrium constant of the, r.r "- -rar . .
dissociation reaction for the sodium fe"icaloride is 113. Ac-

Acording cording to their data. the vapor pressures above these ferrichlor-
is bwides are expresbed by the equationsis low-|

eported 1ogpr, a,-. 4 O----j., SO0K Tn1 iQn, (116)

130 C. 
(

vapor
system. According to N.K. Druzhinina [7, page 225), the vapor pres-
!:NaC! - sures of aluminum chloride and ferric chloride above their solu-e t ro- *.ons in _lsninm _trachioride are suouwnbliily sii than ,i

sur of those calculated from Raoult's law. Ferric chloride sharply

Thus, mixture. At the same time, the partial pressure of the ferric
1%V chloride vapor rises in the presence of aluminum chloride.

206



Equilibrium liquid-vapor diagrt-am3 for the TIC14-Sici, provide

TIC ,,CC :.. . a d !C 4- CI COC! s-t,,, 29" vr n n~ indicate that e s e
Ti~l4-cl 4;andTiC1_C~3 W L- gjtion off t

these systems a-.- p- actically ideal in the composition region

neighboring on pure TiCIl.. The TiC1_,-CH 2 .!COC! _sys-tem has anBeaue.

azeotrope containing 87% (molar) o! CH2CIC0Cl with a boiling tita nium
point of 1050C [29). The TiCl4-VOCI 3 system is nearly ideal [301.
Thc vuia~iiity ratio VUU013/TrIu1 1 i .'[ at smail Voul 3 concen-

, trations [7, page 195]. The vapor pr~essure of titanium oxychlor-

ile--2OI" above its solution in Litanilum tetrachloride at i36--C

I2

is very low, at i mmn Hg at a 3% TiOCl2 concentration in the

Li , ,Page 195]. The rel=atve volatility or tbanium tetra- c

chloride an-d T_4Oci^ is about 30.

Technology of Condensation of Chlorination Products

Condensing the chlorination products from the titanium raw

material is an extremely complex matter for which no fully satis-

f~actory industrial-scale equipment solution has been f'ound. The

complexity of the apparatus used for this conversion results from
the shar differences between the melting points of the chlorides

that are formed. However, their boiling-point differences facili-
tate urification of the titanium tetrachloride during the conden-

sation process. Al! presently known^ codnston^ methods except
for that of so-called total condensatBon provide for collateral

neurifaorn of the titnium tetrachoride of , dmixres of less

volatile chlorides that are solid at room temperature. This

Spurification is done either by fractional condensation (the co-Ficalled combination and dry condensation systems) or as a result0i.

oc i rcton or the iron, aluminum. and magnesium chlor- jyitem

ides ith akalimetalchlo i j.. Th atiosmaformsUCf conen- asse

tion using the "salt" methods to purify the vapor-gas mixture fall which se

into the latter category. ticive o
settle a

In the "total" condensation system, all chlorides leaving

the chlorinator in the vapor state are condensed together as a
result of irrigation of the vapor-gas mixture with cooled liquid trapped

technical titanium tetrachloride. The result is a pulp in which

chlorides that are solid at room temperature .... tetrach]
TiCle As we noted above, his codensation s yeems does rot

ds 2'-' c'-n~~ ~ Th Da1 ~~frso o~
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provide for separation of the chlorides in the condensation proc-

ess, Hence all of the difficulties associated with the purifica-

ntion of titanium tetrachloride are postponed to later operations. 3

anBecause of this deficiency, this condensation system has not yet

come Into industrial use for chlorination of multcomponent

"1 [30]. t~tanium raw materials.
!e n-  brine

Ic h l o r - .-= q .~ 8 d is ch ar e ,

360°C  "_ r.. . <upl7aT I
,,t._J 1 -

proideforsepratn of tecloie inthecondensationproc-ate

c norind c ilic

0 oi.eme'. mraw oaials

chridese met-

onden- charming honn-Pe" 2) h, 11o clode el t

spr-inkler condenser; 5) circulating-pump
cept condenser ; 6) water-cooled condenser; 7)

;ral brine-cooled condenser; 8) trap; 9) slime
less worm conveyor; 10) titanium tetrachloride

collector; 11) submersible-pump tank; 12)
electric shaft furnace for pulp processing;
13) thickeners; 14) container.

so-
ult Figure 33 presents a diagram of a combined-type condensation

lor- system. Vapor-gas mixture from the chlorinator first proceeds to

ensa- a ..ystem consisting of t-wroserr -onseeted hollow condensers,

e fall which serve to cool the mixture and trap condensed chloride par-

sttle and dust (the ao-called "sublimates;). The "sublimates"

ng settle on the condenser walls, from which they trickle into

buckets hung underneath the equipment, which are periodically

quid emptied as the sublimates accumulate. "Sublimates" that are not
which trapped in the hollow condensers accompany the titanium tetrachlor-

in ide vapors into the sprinkler condenser. Titanium- and silicon-

tetrachloride vapors that are not trapped in the sprinkler

FTD-HC-23-352-69
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condenser are scavenged out in tubular condensers Irrigated with condenc

brine at -10°C. From this condenser, he gases pass through a acts ae
~trap, which collects chloride droplets, ore neutralized In a

sanitary scrubber, and then released Into the atmosphere. The
timesttemperature distribution of the vapor-gas mixture over the var-

I oue -,ni, o,, eqiment la.,,.,,,w At the ent ry, into tht m-diame

°firs hollow condenser 500-600C; at the exit from the fJ~rst con- T

! denser 300-350oc; at the exit from the second condenser 120-1800C. are joi

Accordingly, the high-boiling magnesium, calcium, manganiese, and ture fl

ferrous chlorides are deposited for the Most part In the first otherI
!condenser. The second condenses ferric chloride and aluminum tube ar

chloride. Since the initial condensation temperature of the tetrao!

mixtures, the "sublimates" condense directly in the form of solid top of

products, bypassing the liquid state. However, when titanium tetract

!slags are chlorinated in a fused-salt medium with a high potassium the va]

chloride content, 8emifused and even liquid *sublimates" form in ser dri

the hollow condens~ers. This phenomenon apparently results from the sul

volatilization-of the complex compounds M~C14 and WAC14 from chloric
the salt'melt; these readily fusable and comparatively nonvoia- returni

itile ,hata. es condense in the liquid 6.ate In the hollow con- drains

densers, d13 Chal

: chloric
'A lining of these sublimates builds up on the condenser

~chloric
: walls. This sublimate layer has low thermal conductivity. The

of theresult in lower ......... i ae 'rC O . .. .. . . . ...
trio at

[the average coefficient of heat transfer from the vapor-gas -mix-
tur to the outside air is 2.5 kcal/m2/th.deg)], P.P Khomyako v  sd,

Heatinj
established the coefficient of thermal conductivity of the sub-

solid
ltmates as a function of their temperature, bulk mass, and .com-

tion.
. position [40]. The walls of the hollow condenser are cleaned with

a salt
scrapers carried by a rotating shaft that extends along the con-

I terline of the apparats. The scrapers are pressed against thenthe
ehlorti

s buildup on the wall by their own weight, which is sufficient to
remove the sublimates. For protection against exposure t ho-fusedc ndene, the top of the first condenser is lined internally with dia- coen

base tle or refractory concrete. The bottom of the first cot-
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r i
with condenser and the second condenser are unlined. Here the buildup

b a acts as a protective lining.
a To increase the cooline area$ the hollow condensers are some-

lag times replaced by cltuster d-pipe coolers, each with up to !4 0.5- ,vyar- !
nm-diameter tubes.

he
t con- The sprinkler condenser is a tube within a tube. The tubes

-1 8 0 0C. are Joined at the bottom by a common taper. The vapor-gas mix-

, and ture first enters one tube, descends through it, and enters the

rat other through the connecting taper. It then rises through this

ur tube and is directed to the cooling condenser. Liquid titanium

e tetrachloride is used for cooling and condensation; it is fed I
heir continuously into the sprinkler condenser through nozzler at the

solid top of each tube. These nozzles atomize the liquid titanium

um tetrachloride, setting up vigorous heat exchange between it and

tassium the vapor-gas mixture. The pulp formed in the sprinkler conden-

rm in ser drains through a special pipe in the connectingS taper Into

from the submersible-pump tank.. The pump picks up the titanium tetra-

-rom chloride from this tank, passes it through a cooled pipeline, and

ola- re.urns it to the nozzles. The excess titanium tetrachloride

con- drains by gravity from the tank into a Dorr thickener. The upper

discharge from the thickener, which is clarified titanium tetra-

r chloride, goes for further purification. The residue of solid

The chlorides in titanium tetrachloride that drains out 
at the bottom

of the thickener goes to an ESF [shakhtnaya elektropech'; elec-

a mix- tric shart rurnace] vaporizer in whion the titanium tetrachloride

akov is driven off. This furnace is also charged with sodium chloride.

sub- Heating at 500*C drives the titanium tetrachloride out of the

comn- solid chlorides, and it is sent for purification after condensa-

ed with tion. The mixture of solid chlorides with sodium chloride forms

con- a salt melt at 5000C. Here the iron and aluminum chlorides are

bound into the less volatile sodium alusinochlozide and fernL-
the
t to chloride and thus separated from the titanium tetrachloride. 

The

chlor- fused chlorides from the ESF vaporizer are removed 
;eriodically

h dia- through a tap hole and may be sent for reprocessing 
with the ob-

ject of utilizing the chloride ion.

FTD-HC-23-352-69
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SIn the so-called "dry"f condensation system, the position of system b

the irrigating scrubber *after the hollow condensers is taken by vapor-ga
Sa bag filter. The function of this filter is to remove condensed efficier

dustlike solid chlorides from the titanium tetrachloride vapor, ture.I

rwhich then condenses either In a sprinkler condenser or tube chloride
Xcoolers. The solid chlorides that settle on the bags are re- the "tal

moved from them by shaking or by reverse flushing with process The
gases. For a bag ilter to perform successfully, a stable tem- some, 31

peraure not. much nger than the dew point or titanium tetra- chloride
chloride must be maintained in it. Excessively high temperatures• more con
of the vapor-gas mixtrre in the bags increases the "penetration" in atte,

of aluminum chloride vapor, which contaminabes the titanium tetra- fisf

~~~chloride with solid admixytures.* Moreover, raising the temperature tmt

Iabove 1800C tends to rot the filter cloth. Lowering it below the
Sdew point of titanium tetrachloride is inadmissible, since it The

~~~causes titanium tetrachloride vapor to condense in the bag filter. hmc,

IiAs a result, the filter fabric becomes coated with a viscous film. boiling

!tit reqtjtanna tn naxnara nf thp aAs riman Rnd tho nrocess must gas mixt

tbe stopped because'of excessive pressure in the condensation alkali-a

Ssystem. When a chlorine-air mixture containing 60% C1 2 is used posed of

' as a chlorinating agent, bag-filter temperatures are held at aluminu,

i about i20°C. irn chlorination with vaporized chlorine, the dew fusable

point of the titanium tetrachloride rises and the temperature in taniumt

the filter must bo increased accordingly. magnesit

~Purified
After the filter, the gazes have a dust content of 1.5-2 b iu

50-60%,are trapped in tbi hollow condensers. The filtration area bn and
perton of titanium tetrachloride per day is about 6-T m 2 .  thorougt

As we noted above, the walls of the hollow condensers become resistar

coated during operati-on with-a layer- of subiimates zhat-has "Low vapor-gs

thermal conductivity. As a result, the condensation system of a between

high-output chlorinator occupies considerable plant floor space. 2000C.

!By way of stepping up the cooling process for the vapor-gas mix- temperat

ture, it has been proposed that liquid titanium tetrachloride be Prfc

Injeted into the vapor-gas mixture at the exit from the chlor- Te
nator. Process gases, i.e., gases tapped from the condensation to o

Footnot,
PTD-HC-23-352-69 21FTD-HC-14
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tion of system beyond the tubular cooler, may also be blown into the
ken by vapor-gas mixture for this purpose. 1 ) However, neither method is
ondensed efficient enough; and both require dilution of the vapor-gas mix-
vapor, ture. This makes subsequent condensation of the titanium tetra-

u-echloride vapor more difficult and Increases the area occpied by
re-. the "tail-end" units of the condensation system.

Socess The combined-type condensation system is extremely cumber-
tm- some, since it requires he use of nua.ro- units for the tetra-

r chloride-pulp processing stage. The dry" system is somewhat
eratures more compact. However, substantial difficulties are encountered
;ration" in attempts to build a workable bag filter. Glass cloth, which
um tetra- fails frequently, is used as the filtering material. Additional
mpperature time is required for repacement of the bhs.

eow the
ieit There are several versions of the condensation syst(m using

chemical purification of the vapor-gas mixture to remove high-ous film. boiling chlorides. Purification is either by bubbling the vapor-
ess mUst gas mixture through fused FeCl and AlCl. containing an excess of

ion alkali-metal chloride'or by passing it through a packing com-

s used posed of fragments of alkali-metal chloride313) The iron and
!at aluminum chlorides are then bound into less volatile and readily

e dew fusable complex compounds, which are thus separated from the ti-

ture in tanium tetrachloride. The less volatile chlorides of calcium,
magnesium, and manganese are also trapped by the resulting melt.
Purified of solid imourities. the ttaitun tetrahloride vpor e-n
be liquefied in cooling condensers. The bubbling process is lessmaining sensitive to clogging of the equipment by dusty impurities (car-

ion area bon and oxide particles). However, the salt packing permits more

thorough purification of the vapor-gas mixture and offers less
s become resis,-ance. In the salt-packing version, the temperature of the
as low vapor-gas mixture at tne entry into the salt bath must be held
em of a between 450 and 5000C, and the exit temperature between 150 and
space. 200 0C. In purification by bubbling through fused salts, the melt

as mix- temperature is held at 200-250*C.

ride be Prification Technology of Titanium Tetrachlarid@
chiori- The technical titanium tetrachloride arriving for purifica-
sation tion contains about 1% suspended solid matter. Also present in

Footnoteo (1), (2). and (3) appear on page 217.

FTD-HC-23-352-69
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• . It are small -o,,-t-. f dl*Aisollved impurities: vanadium oxytri-
i ehl~orde, i--. - ol de, ferric chloride, silicon tetrachlor- A la:

ide, titanium oxychloride, elementary chlorine, phosgene, hexa- tion;
chlroen~!,chicroacetyl OhlOrldes, and a number of other im- :

.= ~ ~ ~ ~ ~ ~ h aulis '-.. _! ''" re . - a-=oizfvn~ration values for these im-
Epurities converted to the elements or the corresponding compounds,

in % (by mass): 00-0.1 V; 001-0.1 Al; <0.02 Fe; 0.01-0.3 Si; Reimoi
0.04-0.5 TiOC12; 0.03-015 C2;0.15 COC1 2 , To produce a high- VOlWe

|quality metal, the titanium tetrachloride is subjected to a purl- defic
!, fications process whose flow e~hart appears in Fis. 34.

Is PU

vanad

The aM& techn

conce
AlJ with

CO-V Okat asent
to • tmiM U saltL a maAm lm techn SICpr6  vana

~jz~~uj~ec doisilicote trc r A% la
ide ttanum cir idea prelen tar chlrieapiosgne hefa to

.0 to. reu lo purif:

cont ii

hr Figure 34. Flow chalt of titandum tetra- of al
chloride purcll ation. con t

puils ovredpoheeeetsoundcrspodn omons

The titanium tetrachloride is first purified of aluminum def

chloride and vanadium ozychloride. Both operations are performedS
in the same apparatus at room temperature. The aluminum is re- recti

! 4 '_ _m the t!tan_4u-m te rachlorlde -y sal etive hydrolysis ,.reF~or this purpose, the titanium tetrachloride is treated in a is 250

Ath a

sealed reactor fitted with a stirrer with a small amount of tols- Atned sodium chloride or carbon. The result is that the aluminum tedi.

, ~chloride form aluminum oxychloride, which Is practically Insolu-fed,
~ble in titanium tetrachloride. The amount of moisture introduced

,, must be slightly greater than stoichiometria:

PTD-HC-23-352-69 sTD-HO
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i tetrachlor- A large moisture excess Is detrimental, since It results in addi-

tne, hexa- t-ional titanilum losses through formation of the metal's oxyhlor-

t h e s e i - IM , + HO T O)C , + 2 H C L. ( 1 1 9 )
g compounds,
1-0.3 Si; Removal of aluminum from TIC14 with moistened carbon always in-

a high- volve3 contamination of the TiC14 by oxygen.. and this is a major

to a Puri- deficiency of thi Puiiato oeh

After puIrification of aluminum, the titanium tetrachloride
Is purified of vanadium oxychloride, Seetv eucinoih

vanadium oxychlorlde by powdered copper is used for this purpose.

The amount of copper powder used is about O.Ug of tho _. __x n? *hA

II

technical ttanium tetrachloride. Since the vanadium ozychlorlde

concentration is low and titanium tetrachloride reacts vigorously

with copper powder, it must be assumed that the direct reducing
agent in this process I .not the cop•per l*.d " " r--

salt of titanium trichloride with cuprous chloride. The copper-

vanadium cake formed as a r esult of purification contains. up to

5% vanadium and can be used as a raw material for the preparation

of pure vanadium reagents. The cake Is cementable. Thus the

purified titanium tetrachloride is removed from the apparatus with

continuous agitation and filtered through glass cloth.

After filtering, the titanium tetrachloride contains <0.01%

of aluminum and vanadium. It then ir(Dn for p,,'ift-a-io-n of Eil-

con tetrachloride and most of the dissolved gases. These com-

pounds are removed by rectification.

,epeom ed Steel columns with slotted grid plates are normally used for

-e prfomedrectification. The plate slot width is 3 mm and the open slot
.nu isre-area represents 17-19% of plate area. The distance between plates

Irolysis.
:d in ais 250-350 mam. The total number of plates fras from 30 to 40.

d in toa s At a column diameter of 600 mm and a eflux ratio of 3-4 in the
th o alminum distillation section, column productivity is 2.5 tons/h of Purl-

lly insolu- ied titanium tetrachloride.

introducedI

PTD-HC-23- 352-69
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The purified tetrachloride Is withdrawn at the bottom of the

column, while the silicon "E'rachloride is removed from the reflux

section in the form of a distillate. The dissolved gases are with-

drawn from the refluxer through a hydroseal filled with distillate,

w seie -- -'-to prevent entry of atmospheric moisture into the

rectification column. The purified titanium tetrachloride con-

tains <0.01% Si. The silicon tetrachloride usually contains 20-
50% of T.ICIV. Manu-

9The last operation Is to purify the titanium tetrachloride of script
. " " " ... . ... Page

Ithe titaiu oxychloride and other products of incomplete chloride No.

hydrlysis. Tis is done by rectification in grid-plate or packed

'olums. Te less volatile products of incomplete hydrolysis are

accumulated in the vat of the eolumn, frc.-n which they ar peri-1

odically puped as a pulp with titanium tetrachloride, filtered,

Iand dumped. 213

After passage through all purification stages, the titanium

tetrachloride is taken off in the form of a distillate containing

about 0.004% V; 0.006% Si; 0.004% Fe; 0.004% Al, and 0.001-0.002%
i O.

I
I

S E

I
I
I
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i. Footnotes
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!of script

Page
lde No.
• 213 1S~urefabrik Schweizerhall. British patent No. 716,681,

1954.
21j "Consolidierte Alkaliwerke. German patent No. 628,95L

1936.
213 30.V. Seryakov and A.P. Masterova. Author's certificate

(USSR) No. 116,207, 1958.

r I
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Part IV

METALLOTHERMIC REDUCTION OF TITANIUM COMPOUNDS
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Chapter 11 that

GENERAL INFORMATION ON THE PROCESS AND THE the p]

PROPERTIES OF TITANIUM, SODIUM, than 1

MAGNESIUM, AND THEIR COMPOUNDS, alumir
been

The reduction of titanium tetrachloride by magnesium or struct

sodium and the reduction of titanium oxides by calcium (calcium
suitat

hydride) and aluminum are the processes of greatest theoretical lytic

and practical interest.

The industrial production of titanium is presently based on
the reduction of titanium tetrachloride by magnesium (magnesio- applic
thermic method) or sodium (sldiothermic method). cost c

ductic

In the former case, the reduction products - titanium

sponge, magnesium, and magnesium chloride - are usually sepa-

rated by distilling the magnesium and magnesium chloride out of
of tit

the titanium sponge at about 1000 0 C with reactor residual pres-

sures varying from a few millimeters of mercury at the beginning centl
of the process to a few microns at the end of the process (in the propez

so-called vacuum-separation process). C
method

In the latter case, the reduction products - titanium sponge, did it
s( lium chloride, and a small amount of unreacted sodium - are

separated by leaching the reaction mass obtained after reduction 
pure o

with a dilute hydrochloric acid solution (the so-called hydro- I

metallurgica. method). ious a

compou

FTD-HC-23-352-69 FTD-HC
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A titanium sponge with a low oxygen content cannot be ob-

tained by reduction of titanium oxides with aluminum and calcium

(calcium hydride) because of the inadequate affinity of these re-

ducing agents to oxygen and the high solubility of aluminum and

calcium in the reduced titanium. Further, the acquisition of

titanium sponge of adequate purity with respect to other admix-
tures (other than oxygen) requires the use of titanium oxides of

higher purity than the titanium tetrachloride normally used for

this purpose. At the present time, there are no industrial proc-

esses for the production of titanium oxides of purity approaching

that of the titanium tetrachloride used to obtain the metal.

HE It appears that as such methods are developed in the future,
the production of extremely pure titanium oxides will cost more
than that of titanium tetrachloride of the same purity. 'Thus the
aluminum and calcium reduction of titanium oxides that have not

been specially purified may be useful for the production of non-esium or
structural titanium, titanium-based master alloys, and materials

theorcalum suitable for subsequent purification of oxygen, as by electro-.theoretical

lytic refinement.

ntly basealon Reduction of sodium and potassium flurotitanates is also

m (magnesio- applicable to a very limited degree, chiefly because of the high

cost of th-se compounds and the complexity of separating the re-

duction products and regenerating the fluorine.Ittanium"
The high chemical activity of titanium at elevated tempera-

ually sepa-orlde out of tures and the technological difficulties that attend the reduction
osidual pres- of titanium compounds made it impossible until comparatively re-
the beginning cently to obtain sufficiently reliable data on the thermodynamic
rocess (in he properties of this metal and its chemical compounds.

Only after improvement of the magneslo- and sodlothermic

titanium sponge, methods of reducing titanium and development of the iodide method

dium - are did it become possible to obtain adequate amounts of relatively

ter reduction pure metal.

lled hydro- Thus, in evaluating the highly contradictory data from var-

ious authors on the thermodynamic properties of titaniuwa and its

compounds, it is necessary to give special attention to tne method

FTD-HC-23-352-69
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Figure 35h Isoboic-isothermal potentials of
formation of titanium, magnesium, sodium, and
calcimn Compounds. of ft

stabJ
used to prepare the specimens of titanium and its compounds, their eu
chemical purity, and the methods that the authors used to obtain sodi,
the thermodynamic Characteristics.

Systematized data on the thermodynamic properties of titanium of rc
and Its compounds are given in (1-6, 12 and 13J. figur

Table 29 gives the values that appear to be most reliable at tempe

the present time for the thermodynamic properties of titanium and trall

FTD-Ic-23-352-69 lTD-H
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some of its compounds. These data will be used below in the

thermodynamic calc'lations pertaining to the thermal metallurgy

of titanium.

To permit evaluation of the affinity of titanium to oxygen,

nitrogen, carbon, and the halogens, Fig. 35 'shows temperature

curves of the isobaric-isothermal potentials of the compounds,

which have a bearing on processes for the metsllothermic reduc-

tion of titanium. The isobaric-isothermal potentials were calcu-

lated by the method originally proposed by K.I. Temkin and L.A.

Shvartsman [15].

The method has been modified to some degree for calculation

of the quantities in which we are interested. The calculation was

carried out by the equations

£4At -. L&* A = (1)

where Aa, Ab, Ac, and Ae are the siopes of the tempersture-curve

equations of heat capacity for the substances participating In

the reaction; N0 , N1 , N2 , and M-2 are the temperature coeffi-

cients whose values are given in Fig. 36, and Tf is the phase-

transformation temperature.

Equation (1) and the values of the coefficients N0  PI, N 2 0

and N.2 are valid for calculation of the isobaric-isothermal po-

tentials of all chemical reactions.

We see .-rom Fig. 35 that the oxides, chlorides, and fluorides

of titanium, including Its lower chlorides, have high chemical

stability in the temperature range from 200 to 16000C, with the
Is, their result that the strongest reducing agents, such as calcium,

obtain sodium, magnesium, etc., must be used to reduae them.

An exception is titanium monochloride (TiCl), whose enthalpy

titanium of formation under standard conditions is plus 122 kcal/mole, a

figure that indicates its lo-termpeature instability [4, 10]. At

able at temperatures above 800 0 C, titanium aonoohloride is detected spec-

ium and trally in the gaseous phase [4, 8, 20, 28-301,

FTD-H-23-352-69
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TABLE 29
Thermodynamic Properties of Titanium, Magnesium, Sodium, and Some of

pItal and - t Ckcal/(de&.1")l
compowad k o kcal/o, 1

k. al./molea~

TI ~ 2l93±0AI3 5.9. 2.-
, 219;:t 5131 1.0 0 17.21 I 219- --.% so

TICO N, 95.61904(.1 16.64:0 13 7.31 *, -Irmo
l K4,n 27.20 .4114 . 3 .9 o0., IIQ i2, " 3.6 - - - 1, 6 0
t I2.7:-o.7111 24,1.60.4 11 ?.03 2.. -- -0,VFN

NT I#:' III Allot -II
1. 1. - I - m1-

16.7 IRM 1714 W6201 I - 318~1ij 'j 1212 6. -2.66

*iTemperature and heat of sublimation. monoxide

02Assumed to be the same as for TiCli.ur, res

*3According to (11], in the range from 310-14c-z.,;477z2+,ss.,, r- strong r

Il V? -4 aggravat

"4According to E1), at q*'2,-i-.s7 perature

solves i

The value given in Table 29 for the enthalpy of formation of For
magnesium monochloride tgCl was calculated by the thermochemical not be 1
rule of logarithms as the mean between the enthalpies for forma- by magne
tion of NaCI and AlCl; the entropy cf MgCl was calculated after On
V.M. Latimer (10); the specific heat of MgCl was assumed to be
the same as that of NaCl. Thermodynamic data for XgCl are given gen and

by Kelley [31) and Sandler [32). 
to its m

As we see from Fig. 35, titanium has the strongest affinity Tit

to chlorine, fluorine, and oxygen in the compounds TiCI4, TiF4, and hydr
Ti~l~,TiP~,(with so

and TIO. The very high affinity of titanium to oxygen in the

and TiH2

PTD-HC-2 3-352-69 FTD-HC-2
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TABLE 29

um, and Some of their Compounds Under Standard Conditions

)Hear of R, oat of Temper-I Boat of Phae
MIlting fusion, I Boiling avcpor- I atur I transifornation,
point kcal/sole po1tt arlon of 1hase kcal/ole
('C) C kcal/ Io trans I

S formtion.,_

it6IGN 121 14.*0,51 r 3 11~ S 3103 3
2130 I - - - - 1 .32,131
20W5 14. 9H ' 311 131 .0.8 131
s1. 5 111 - -

W6718 III 5 owl6 III SW3 IIIto2711J4 1673 I M U 111 1116 111[i --
- - -(i11 21.8" (11 - -

1so 111 (0 If 3A P 14,65 113 - 2i.,s(sub.)
30 , 3, .18 11 I 1 6 1 . - I.16(sub.)

6499633 2,006113 110=3 33 12.0 133 -714 13 %I-3*0.31 1418 1n3 7*2,61 - -

3ta 4 14M VII 4167.fU liA 1- 0- -

monoxide, which is formed on reduction of higher oxides of titan-

ium, results in incomplete reduction of these oxides even when a

,31.0 7- strong reducer such as calcium is used. The situation is further
1 6.1M' aggravated by the fact that the monoxide formed at elevated tem-

peratures as a result of reduction of higher titanium oxides dis-

solves in titanium.

tion of For similar reasons, the oxygen content in the titanium can-
emical not be lowered beyond 1.5-2.0% in the reduction of titanium oxiJes

forma- by magnesium £17).

after
o be On the other hand, the presence of small quantities of oxy-

given gen and especially of nitrogen in titanium are sharply detrimental

to its mechanical properties.

finity Titanium absorbs hydrogen actively and forms solid solutions
TiF4, and hydrides with it. The solubility of hydrogen in titaniumthe (with solid-solution formation) is about 1.0%; the hydrides TiH

and TiH 2 form with 1.7-2.3% of hydrogen in titanium [17, 18). In

FTD-HC-23-352-69
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contrast to oxygen and nitrogen, almost all of the hydrogen ab-

sorbed by titanium can be removed from the metal at 1000-12000C

and a reisidual pressure of 1 . 10 - 3 mm Hg.

Titaiium reacts with carbon, C, C02 , and other carbon con-2 0

poiinds at elevated temperatures, a result of which 'in the extreme

case is thi formation of stable, high-melting titanium carbides.

Up to 0.5%, carbon dissolves in titanium forming a solid solu-
tion.

At elevated temperatures, titanium reacts and forms alloys

with iron, aluminum, silicon, nickel, chromium, and manganese;

there are a number of intermetallic compounds of titanium with

these metals (17, 18).

Thus, we see that contact of titanium with these materials

must be avoided in the reduction process, since they will other-

wise contaminate the metal. Hence the high-temperature reduction

process may not be carried out in equipment lined with materials

*that contain oxides, carbon, nitrogen, etc. Only beryllium and

FTD-HC-23-352-69 FTD-HC
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thorium oxides have adequate stability with respect to titanium

at elevated temperatures.

The weaker -- by comparison with calcium, sodium, and mag-

nesium -- affinity of titanium to chlorine at the temperatures

that are of practical interest for the reduction process, the

ready availability of titanium tetrachloride, its adequate purity

and relatively low cost, and the possibility of producing high-

grade titanium from it make TiCl4 the basic raw material at the

present time for the metallothermic reduction of titanium.

A factor of prime importance in this process is that the

titanium tetrachloride can be reduced to the metal by such common

and relatively cheap reducing metals as magnesium and sodium. Manu-
scri

These metals are practically insoluble in titanium [17, 18J, so Page

that the titanium is more completely reduced and easier to sepa- No.

rate from these metals on completion of the process; nor is sepa-

ration of the magnesium or sodium chlorides formed in the process~228
from the reduced titanium a matter of any great complexity. 228

Table 20 lists vapor pressures of metals and compounds that 228
participate in titanium metallothermic reduction processes, ac- 228

cording to Kelley and Man [13). The vapor pressures of the lower

titanium chlorides were also determined in [3, 5, 14, 23, 25-27).

I
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90-98%
REDUCTION OF TITANIUM OXIDES also r

the res
Reduction of Titanium Dioxide by Calcium though

Processes in which the oxides are reduced by aluminum and L

silicon are now In extensive use for the production of various better

metals and alloys. Alumino- and sillcothermy are used on a par- 0.07% 0

ticularly broad scale to produce ferroalloys, aluminum, magnesium, produce

and other nonferrous and rare metals; such reducing agents as Mag-

nesiu:-, sodium, iue, and others are also widely used. Be

kcal/g-
As we saw frox Fig. 36, calcium has the strongeat affinity .etalli

to oxygen among these metals. This makes It the most suitable does c

reducing agent for production of titanium from its oxides. are red1

The first attempt to reduce titanium dioxide with calc!u. gen pre

was made in 1904 by Khupert [transliterated from Russian), and sharp d(

another in 1907 by Burger. Later, in 1923, Buff and Brintzinger As

succeeded in reducing titanium dioxide to 88% by this method (403. tains ri

The reduction of TiO2 by calcium in a steel bomb in the presence resultir

of CaCl 2 was studied by Mardek L2.

By reducing 'iO2 with calcium in a fused mixture consisting the diff

of 75% CaCl2 and 25% BaCl 2 at 7500C in an Prgon atmosphere, Kroll clum to

nbtalned a product that was found to contain 98% metallic titanium. of tatar

This metal showed good hot ductility, but was cold-short because 471. Wi

of Its content of unreduced titanium monoxide. reductic

PTD-HC- 23-352-69 2-i



Kubaschewski and Dench report that when TiC2 is reduced by

calcium at 1000 0 C, a metal containing no more than 0.1% 02 can be

produced [43]. According to other investigators, TiO2 cannot be

reduced tc the metal even at 12000 C in the presence of a substan-

tial calcium excess, owing tc; the formation of titanium monoxide,

which has a stronS affinity to oxygen (44].

G.A. Meyerson et al. reduced TiO 2 with calc.um in a mixture

with CaCl2 and BaC 2 taken in 3:1 proportions (45). The reaction

was conducted at about 10000 C in a steel bomb with an argon at-

mosphere and a 50Z calcium excess. The resulting product was

leached in 10% hydrochloric acid solution and then contained

90-98% Ti with a yield of 75-80% of theory. This material was

also reduced by calcium in the presence of CaC12 and BaCI2 , with
the result that the metal's purity was raised to 97.2-99.5%, al-

though the useful yield was only 67%.

and Later studies of the calcium reduction of TiO2 produced

ous better results. It was shown that metal containing less than

par-0.07 02 and having a terminal elongation of up to 30% could be
esium, 00%0

produced by an improved calciothermic process [17).
as nag- Because of its strong affinity to nitrogen (AZ0oc 20

kcal/g-atom), calcium absorbes it actively on exposure to air.
flntt Metallic titanium has an even stronger affinity to nitrogen than

le does calcium (AZ12 73 oac - -51 kcal/g-atom). When titanium oxides

are reduced with calcium, therefore, practically all of the nitro-
ium gen present in the calcium goes over into the titanium, to the

and sharp detriment of its quality.

inger As a rule, specially purified vacuum-distilled calcium con-

d (403. tains from 0.05 to 0.15% N2. Thus, the nitrogen content in the

sence resulting titanium is also increased by 0.05-0.15%.

Despite the high cost of distillation-purified calcium and
sting the difficulties noted above in connection with the use of cal-
Kroll

cium to reduce TiO 2, it is reported that calclothermic reduction
itanium. 2

of titanium oxides is in use in Canada on an industrial scale (17,
cause 47). Without elaborating, Kroll affirms that continuous titanium

reduction is easily based on the calciothermic process (52).
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The reduction of TiO 2 by calcium proceeds in accordance with metal pov

the exothermic reaction subsequer
readily a

TIO+2a-T1+2C0+24,$ keal (2) obtained.

This reaction is usually conducted at 10000C. Then, as we Cale

see from Fig. 36, the affinity of calcium for oxygen is about with barl

120 kcal/g-atom, while the afinity of titanium to oxygen In thp initial c

most stable oxide TiO is %15 kcal/g-atom lower at the same ter- the solub

perature. This indicates the thermodynamic possibility of com-

plete calcium reduction 
of TiO.

the propo

However, it must be remembered here that the values given into the

for the free energy of TiO apply for the casa in which the titan- added to

ium monoxide is in the free state. On the other hand, the titan- this help:

Ium monoxide formed in the calcium reduction of TiO, a procests run 100 Pm in

at about 1000 0 C, forms a solid solution with metallic titanium. solving ti

At a TiO content of ?bout 0.2% in the solid solution and tempera- cium and

tures from 1000 to 12000C, the thermodynamic potential of forma- CaCl 2 at

tion of the Ti-O bond becomes practically equal to that for CaO,

with the result that it is theoretically impossible to reduce TiO2

to an oxygen content of less than 0.05-0.07% in the titanium [17,

69]. Kelley and Man present the following data on the equilibrium in the mel

oxygen content in titanium for calciothermic reduction of titan- calcium ir

ium oxides: 0.01% at 6270 C, 0.02% at 7270 C, 0.03% at 927*C, 0.05%

at 11270C, and 0.10% at 1273*C [87). which acce

An excess of calcium (25-50%) over theory is usually used to more compl

reduce TiO 2 to the metal. The reaction goes practically to com- particles

pletion at 1000-11000 C, temperatures at which there is good con- To pr

tact between the calcium and the reducing-oxide particles as a ium, the c
result of the high fluidity of calcium at l000-1100C and its ap- sealed rea

preciable vapor pressure (Pl000oC , 11 mm Hg). the reacto:

At temperatures above 13000 C, the calciothermic reduction of air. To p

TiO 2 is complicated by the formation of calcium titanate, which zone, the

cannot be removed effectively from the resulting reaction mixture excess arg

by acid leaching [47). When

The calcium oxide formed in the reduction process is an ob- I1000 C for

stacle to the formation of large titanium particles, so that a
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ce with metal powder with particle sizes of a few microns is obtained. On
subsequent leaching of the reaction mass, this powder oxidizes

readily and is contaminated, so that high-grade metal cannot be

obtained.

as we Calcium chloride or a eutectic mixture of calcium chloride
out with barium chloride, which melts at 6000C, is added to the
in the

initial charge as a flux to produce coarser powder. At 1000 0 C,
tem- the solubility of CaO in CaC 2 and in the CaCl2 -BaCl2 eutectic
corn- 22

mixture is about 25%. Usually, calcium chloride is introduced in
the proportions necessary to convert all of the CaO that is formed

ven into the compound 2CaO'CaCl2. When the CaO dissolves in the flux

titan- added to the reactor, the high-melting CaO phase vanishes, and

titan- this helps aggregate the reduced titanium into particles up to

ciss run 100 pm in size. Another effect of adding CaCI2 , apart from dis-

lium. solving the CaO, consists in the fact that only 20% of the cal-
.npera- cium and a certain quantity of TiO 2 are dissolved in the fused

forma- CaCI 2 at 1000,3C, so that TiCl4 forms in the melt by the reactionCaO,

ce TiO 2

m 17, Despite the fact that the equilibrium TiCI4 concentration

ilibrium in the melt is insignificant owing to the presence of dissolved

itan- calcium in it, the reaction

0 05, ma+ Ci -- + 2cac (3)

which accelerates reduction, proceeds continuously and favors
sed to more complete reduction of the titanium and formation of c~arse

con- particles of the reduced metal.
iccn- To prevent oxidation and nitriding of the calcium and titan-

s ap- ium, the calcium reduction of TiO2 is usually conducted in ats ap-2
sealed reactor made from heat-resistant steel. Argon is fed into

the reactor after loading the briquetted charge and evacuating the
ion of air. To prevent sublimation of the calcium out of the reaction

hich zone, the reactor is enclosed in a special sealed furnace and an

!xture excess argon pressure is created in it.

When the reaction is complete, the reactor is held at 1000-
n ob- 1100 0 C for about 1 hour to complete the reduction of the oxides;

t a
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the reactor is then extracted from the furnace and the reaction easily gi

mass unloaded after cooling. The reaction mass is ground and moisture,

treated with a large excess of cold water to prevent overheatino powdered

of the material during hydrolysis of the CaC!2, since this would

result in sharply lowered quality of the titanium as a consequence

of its high-temperature oxidati.n. The water-leached reaction For

mass is washed with dilute hydrochloric acid until all of the 
Ing into

calcium chloride, calcium hydroxide, and excess metallic calcium charge of

have been dissolved. also nece
than a po

Whcn dilute hydrochloric acid is used, some of the titanium

is lost with the solution. Nitric, acetic, formic, and other Calc

acids may be used instead of hydrochloric. Dilute itric acid, temperatu

which has a passivating effect on the surface of titanium, dis- calcium h

solves much less of it than does hydrochloric. '"he

The washe4 metallic powder is again washed with alcohol and is expreaw

dried in a vacuum at 40-500C. When the powder obtained has a

Grain size of about 100 um and the reaction mass is carefully It wl

treated, it is possible to produce titanium of 99-99.5% purity, atomic hy(

with the remainder chiefly nitrogen, oxygen, iron, etc. With very in the re(

careful processing and two-stage reduction, as we indicated above the calcit

[43], it is sometimes possible to obtain titanium with an 02 con- G.A. Meyei

tent of about 0.1%. agent here

However, the calciothermic method can hardly be expected to and to som

produce a metal containing 0.1% 02 or less in the production of ducing car

titanium on an industrial scale. atomic hy,

Calcium hydride may be used instead of calcium to lower the As a

temperature of the titanium-oxide reduction and improve the hydride me

quality of the titanium. titanium p

The calcium hydride method of reduction has been elaborated the presen

by G.A. Meyerson et al. (50, 51), Alexander [53), Khoks (trans- corrosion

literated from Russian],
1 and others. This method was used exten- titanium p

sively in Germany during the Second World War in the preparation 
gree than

of thermite mixtures (49, 513. mixture.
is 99.5% p

Calcium hydride is usually obtained by treating 
calcium with isr99.of o

dry, purified hydrogen at 400-600 0 C. The resulting product is washed in

PTD-HC-23-352- 6 9 FTD-HC-23-
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eaction easily ground into a powder. On interaction with atmospheric

d and moisture, calcium hydride decomposes readily -- especially in the

rheating powdered form -- by the reaction

is would CI.HS *+ 2NO.7ca(OF% +2Ht. (4)
:onsequence
action For this reason, measures that prevent the hydride from com-
c the ing into contact with the air must be taken in preparing the

calcium charge of calcium hydride with the oxide to be reduced; it is

also necessary to use CaH2 in the form of small fragments rather

than a powder.
titanium

other Calcium hydride decomposes into its component elements at

c acid, temperatures above 8000C. The equilibrium hydrogen pressure above

dis- calcium hydride at 9700C is 760 mm Hg.

,"he net reaction in which TiO2 is reduced by calcium hydride

ohol and is expressed by the equation

has a + + 2W + (5)

fully It was assumed that as a highly active reducing agent, the

purity, atomic hydrogen liberated on the decomposition of calcium hydride

With very in the reduction of TiO 2 reduced the Ti0 2 to the metal, and that

ted above the calcium functioned only to bind the oxygen (12]. However,

n 02 con- G.A. Meyerson et al. established that the principal reducing re-

agent here is not the hydrogen, but the calcium, which is liquid

ected to and to some extent gaseous at the reaction temperature. The re-

tion of ducing capecity of calcium in this case is greater than that of

atomic hydrogen (6, page 195; 51).

ower the As a rule, the titanium hydride produced by the calcium

the hydride method consists of particles finer (3-5 m) than the

titanium particles obtained by calciothermic reduction of TiO2 in

aborated the presence of CaCl2. However, owing to the substantially higher

[trans- corrosion resistance of titanium hydride as compared with 
fine

sed exten- titanium powder, it is oxidized and nitrided to a much lesser de-

paration gree than titanium powder during the subsequent leaching of the

mixture. As a rule, the washed and dried titanium hydride powder

is 99.5% pure (with the remainder for the most part oxygen in the

form of oxide films). The reaction mixture is leached out and
uct Is washed in the same way as in the calciothermic method.

-82-0
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The titanium hydride produced in this way is pressed into Hoo

briquettes and sintered at about 600
0C in a vacuum. During sJn- ture rar

tering, the oxide films are partially reduced by atomic hydrogen stronger

liberated as a result of dissociation of the titanium hydride, it is in

The sintered metal contains substantially smaller amounts of oxy- Research

gen and hydrogen as compared with the initial TIH 2 . containi

The calcium hydride process is conducted at 800-1000
0C in by magne

equipment made from heat-resistant steel and similar in design to Thus, re
sium con

the equipment used for the calciothermic rrocess. After evacua- rio of
ratio of

tion, the reactor is filled with thoroughy purified and dried containi
hydrogen, which forms the atmosphere for the reduction process

and cooling of the reaction products in the reactor.
Win,

Powdered titanium hydride may be used to make billets of ferentia
compact malleable metal or, in the electrovacuum industry, as a

source of extremely pure hydrogen, which is needed to fill certain [ki an

components. A method for reduction of TiO2 by a mixture of cal- or3]. I

cium and sodium hydrides in a melt consisting of NaCl and CaCI2  2oTe

has been patented in the USA [13]. The sodium and calcium hydride

are prepared at 8000C by nydrogenation of the slurry produced by Res,

electrolyzing a mixture Q! CaCl2 and NaCl and containing more than ide by m

20S of metallic calcium. The TiO 2 reduction reaction is conducted were obt'

in a hydrogen atmosphere at 10000C; argon is fed into the reactor with magi

at the last stage of the process "o terminate the reaction. The chloric

reaction products are cooled in the argon atmosphere, washed with reductioy

alcohol and dilute acid, and then dried. Titanium of ab it 95% with 5% 1

purity can be obtained by this method. The resu:

Reduction of Titanium Dioxide by Magnesium and Other Reducing 
0.05-0.0'

Agents Cert

The calciothermic and calcium-hydride methods examined above sodium ar

are predicated on the use of expensive reducing agents, to the establist

great detriment of economy in the production of titanium. For titanium

this reason, many at'.empts have been made to use more readily reducing

available reducing agents to reduce TiO2. tures abc

One of the most active and relatively cheap 
reducing agents containec

is metallic magnesium. 
Atte

hydrogen

FTD-HC-23-352-69 FTD-HC-2.
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essed into However, the affinity of magnesium to oxygen in the tempera-

During sin- ture range of practical interest (800-1000°C) is so little

ic hydrogen stronger than that of titanium for oxygen in the monoxide that

hydride, it is impossible to reduce TiO 2 to the metal with magnesium.

unts of oxy- Research done by various authors [51]2 indicates that a product

containing only about 92-95% Ti is obtained when TiO 2 is reduced

!000oC in by magnesium, and that the rest is basically lower titanium 
oxides.

in design to Thus, reduction of a material containing 96.5% TiO 2 with magne-

sium containing 0.02% N2 at a temperature of 1000
0 C and an Mg: TiO 2rter evacua-

and dried ratio of 3:1 in the presence of CaCl 2 and BaCI 2 yields a product

containing 93-93.2% Ti, 2.5-2.7% 020 0.54% Mg, 0.01% N2, and other
n process impurities (56).

llets of Winkler and Schneider established that TiO is formed 
pre-

stry, as a ferentially on reduction of TiO 2 with magnesium [441. Kubaschew-

fill certain ski and Dench obtained titanium containing %2.5% 
02 by this method

ure of cal- (43]. In Kroll's opinion, magnesium is unsuitable for reduction

and CaCl 2  of TiO 2 because of the impossibility 
of removing the TiO 2 and MgO

lcium hydride completely from the reaction mass (59].

roduced by Research was done in 1956 on the reduction of titanium diox-

ing more than ide by magnesium and calcium in two stages (60]. The best results

is conducted were obtained under the following conditions: reduction of TiO2

the reactor with magnesium at 10000 C, leaching of the product with 5% hydro-

,tion. The chiloric acid, vacuum distillation of the magnesium at 1250-1450
0 C,

washed with reduction of the reaction mass with calcium at 10000 C, leaching

about 95% with 5% hydrochloric acid, degasification of the product at 840 0C.

The resulting metal contained 0.16-0.2% 02, 0.01-0.03% Mg, and

educing 0.05-0.07% Ca. The metal was cold-short.

Certain investigators have attempted to reduce TiO 2 with

unined above sodium and with an alloy of sodium with calcium [28, 293. It was

, to the established that metallic sodium reduces TiO2 only to the lower

um. For titanium oxides at 900-950
0C. Better results were obtained in

readily reducing TiO 2 with an alloy of 60-70% Na and 40-30% Ca at tempera-

tures above 700
0C. In this case, however, the final titanium

ing agents contained up to 5% of impurities.

Attempts have also been made to reduce titanium dioxide with

hydrogen (62-64, 65). However, it was again impossible to produce

FTD-HC-23-352-69
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metallic titanium by this method because titanium has a much highi

stronger affinity to oxygen than does hydrogen. Wysse established num

that hydrogen reduces titanium only to a compound with the chend- tion-

cal formula Ti 305 at 9000 C [62]. V.A. Reznichenko and F.B. Khali- ence

mov, who reduced titanium dioxide with a steam-and-hydrogen mix- tion

ture containing 0.02% Ca, 0.12% Fe, 0.04% Mg and other impurities,

established that TiO 2 is reduced to Ti305 by hydrogen at 1050
0 C,

while a mixture of Ti2 03 and Ti305 is obtained above 1050
0C [65,

page 11). equi;

Repeated attempts to reduce titanium dioxide with carbon lurgi

were equally unsuccessful. On reducing TiO 2 with carbon in an

arc furnace, Moisson obtained a product containing 5% C. The slag

carbon content in the titanium could be reduced to 2% by two re- the i

heatings of the product with a TiO 2 additive [66). Reduction of separ

TiO 2 by carbon in a vacuum furnace at temperatures above 24001C less

produced a material containing no less than 4.6% C in the form of

titanium carbide [67]. ium i

Junker showed that when a mixture of carbon and titanium conta

dioxide reacts in a vacuum at 800-1200
0 C, i.e., under conditions talne

such that the CO and C02 are removed rapidly enough from the re- overw

action zone, the product consists of titanium carbide and lower conta

titanium oxides [68). Here the course of the reactions leading alloy

to metallic titanium is complicated by the metal's high capacity tion

to dissolve the carbides and lower titanium oxides that are formed.

Wasch and Dawihl proposed a method in which TiO 2 is reduced titan,

by carbon in an inert-gas atmosphere or vacuum in an arc Cur- titan

nace. 3 Steinberg and Wiener reduced TiO 2 with lampblack in a 25 to

vacuum at 1100-12000C with 0.5-1.0 mole of carbon per mole of

TiO 2. The Ti203 obtained as a result of the reaction was mixed duce

in equimolecular quantities with carbon and heated in a vacuum to iron,

1500-1800°C. It was possible to reduce the Ti203 only to TiO. "altat

Reduction of Tita&,'um 64oxide by Aluminum ess.

Thermodynamically, aluminum is capable of reducing titanium 
alumir

dioxide at temperatures below 1400
0C only to the monoxide TIO, 02, a

whose free energy of formation is 5-10 kcal/g-atom of oxygen

mic r(

FTD-HC-2 3-352-69 FTD-H(
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higher than that of Al 20 At the same time, we know that alumi-
lished num fuses with titanium to form a continuous series of solid solu-
hemi- tions and intermetallic compounds [39]. This has a strong influ-
Khali- ence on the course of the reduction process and promotes the reac-
mix- tion
ities , 3T , + 4AI d1- M + 2Alc .
Q0c, O°C,(6)

[65, The aluminothermic method eliminates the use of expensive
equipment, inert gases, etc., since it "' an out-of-furnace metal-
lurgical process and hence much simpler and cheaper.

an An ingot of tough alloy that is easily separated from the

le slag is formed in the aluminothermic reaction, and for this reason
re- the reaction mixture does not require use of chemical or other

n of separation methods. This also makes the process simpler and
000C less expensive.
rm of A shortcoming of aluminothermic reduction is that the titan-

ium is not a pure product, but an alloy with aluminum that is
Un contaminated by oxygen. The very fact that the titanium is ob-
tions tained in the form of the Ti-Al alloy is not decisive, since the

re- overwhelming majority of structural alloys based on titanium
ower contain aluminum (up to 20%). What is important is that the Ti-Al
ding alloy is rather heavily contaminated by oxygen because the reac-
city tion takes place in a charge that is exposed to atmospheric air.

formed. N.N. Murach et al. [76] were the first to produce alloys of
duced titanium with aluminum by an open metallothermic process. The

r- titanium contents in the alloys that they obtained varied from
a 25 to 75%.

of
One report describes use of the aluminothermic method to pro-ixed duce a Ti-Al alloy containing 69$ Ti, 11% Al, 7% 02, remainder

uum to iron, silicon, and insoluble residues. This alloy was named
10. "altam" [71). The literature gives no details of the Altam proc-

ess. It has been reported [80] that TiO 2 can be reduced by the
anium aluminothermic method to obtain a Ti-Al alloy containing 0.02%

io, 02, a statement which we find difficult to credit.
n Certain theoretical problems in connection with aluminother-

mic reduction of TiO 2 are examined in the papers of V.V. Cergeyev
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81), Scharma 79], and other investigators [82. 6-8%. 1
10000C a

At the Illinois Institute of Technology (USA), Mondolfo and l in I

Roy investigated the reduction of finely ground TiO 2 that had separate
been briqetted with aluminum powder when the briquettes were was conc

immersed in molten aluminum [72]. In this protess, titanium oxide cr

dioxide containing 99.5% T1O2 9 0.5% 0.1% P205' 0.1% SO3 and the resu
0.004-0.005% P203 was ground to -0.5-1.5 mm and briquetted with0.04-000% P 3than the

99.5% pure aluminum powder under a pressure of about 30 kgf/mm. contamin

The briquettes, which contained no less than 50% Al, were sub-
, carried

merged with agitation in aluminum that had been superheated to

1300-14000C. This reduced the titanium to form a Ti-Al alloy in evertn

which aluminum oxide was dispersed. The charge composition was saturate

calculated to obtain more than 30% Ti in the alloy, since the covering

melting point of the alloy rose sharply at higher contents and

this made it difficult to separate the A1203 from it. During re- agesiu:

duction, the molten bath was flushed with argon or helium to pletion

facilitate floating and removal of the slag. Addition of about minutes

1% (on the mass of the alloy) of cryolite to the charge slags out andAup,

an additional amount of aluminum oxide. The best results were n up,

obtained in an induction furnace in a magnesium oxide crucible. in00uce.

The charge consisted of 1 kg of TiO 2 and 4 kg of aluminum. Tem- 0.001%oyZn alloy
perature 1400*C, smelting time 2 hours. This produced 3 kg of an
alloy containing 27-30% Ti. The inventors of the method report aci oracid or
that the oxide film formed on the surface of the fused aluminum
protects the Ti-Al alloy from oxidation, so that the reaction can 1lloy H

be conducted in open apparatus without an inert atmosphere. Analy-

sis of the alloy produced in one of the experiments indicates that Mg after

the alloy contained 8.5% titanium and 0.049% oxygen after slagging alloy po

of the A1203 and argon flushing of the bath; after remelting of

the alloy under cryolite, its oxygen content was down to 0.007%

(as we know, cryolite Na2 AIF 6 is a good solvent for A1203). The 
Syst

alloy can also be treated with a mixture of Ca + CaCl2 or remelted carried c

with a small amount of TIB 2 to eliminate the oxygen. material

Most of the experiments resulted in Ti-Al alloys containing 
agents we

12 to 29% Ti. Such alloys cannot be used as structural materials 
metalloti

and require further refinement to lower the aluminum content 
to crucible

FTD-HC-23- 352-69 FTD-HC-2:
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6-8%. The ability of magnesium to dissolve up to 30% Al at 600-
and 1000 0C and the practically total insolubility of metallic titan-

ium in liquid magnesium at these temperatures were utilized to
separate the aluminum from the Ti-Al alloy [78]. The Ti-Al alloy
was concentrated by cofusing it with magnesium in a magnesium

and oxide crucible at 550-1100*C. Solid Ti-Al particles settled in
ith the resulting alloy, which has a lower melting point and density

than the Ti-Al alloy. To prevent oxidation of the magnesium and
contamination of the Ti-Al alloy with oxygen, the cofusion was

carried out under a cover flux or in an argon atmosphere. How-
0

in ever, the process became difficult to manage when the oxide-
as saturated flux became heavier than the Mg-Al alloy and lost its

covering properties. Zinc was added to increase the weight of

d the Mg-Al alloy formed on cofusion of the Ti-Al alloy with the
re- magnesium; this prevented the cover flux from sinking. On com-

pletion of cofusion, the melt was allowed to settle for a few

ut minutes to separate it into layers and permit pouring off the

o'ut Mg-Al-Zn alloy. To enrich the Ti-Al alloy from 12-29 to 92% Ti

-e and up, it was treated with an Mg-Zn alloy no fewer than 7 times

e. in succession. The final product was found to contain less than
.en- 0.001% Zn on leaching with Mg-Zn alloy. After cofusing with Mg-
Cf an Zn alloy and removal of the resulting new Mg-AI-Zn alloy and the
rt flux, the Ti-Al alloy residue was treated with 10-20% hydrochloric

lum arji1 or vacuum-distilled at 850 0C and a residual pressure of 0.001

can mm Ag to remove residues of magnesium and zinc from the Ti-Al

Analy- alloy. In either case, the Ti-Al alloy contained less than 0.05%
that Ma after treatment. The best experiments produced a coarse To-Althat alloy powder containing from 6.58 to 7.14% Al, 1.15-1.75% Fe, 0.42-of 0.72% Si, 0.047-0.052% 02, 0.002-0.003% N2, 0.001% Zn, 0.002-

7% 0.003%Mg, and 0.01% C.

The Systematic studies of the aluminum reduction of T10 2 were
,elted carried out in 1957 by N.N. Murach and V.G. Musiyenko [72). The

material reduced was technical titanium dioxide, and the reducing

ing agents were types PA-l and PA-3 aluminum powders [55). The open

ials metallothermic process was conducted in a graphite-fireclay

to crucible (76).
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The thermochemical equation of the aluminothermic reduction
of' TiO2  T

3TIO; + 4A[ = 3M" + 2IA1,Oj + 143 kcal (6a)

indicates that 597 kcal of heat are liberated on reduction of 1 kg

of TiO 2 . It has been established that the minimum theoretical

amount of heat Q that must be liberated ii the charge for Reaction

(6a) to occur spontaneously is determined by the relation

1 ___N#!!-__ 19 (7)0 267

and amounts to 592 kcal/kg (AHO 219 kcal/mole).

Since an additional 9.5 kcal/g-atom of titanium is released

on formation of the Ti-Al alloy [83), the heat effect of reaction 1.0% in

(6a) is sufficient to support spontaneity. in orde
cl'•

However, according to the authors of (72], the charge 
must

contain 1350 kcal per kg of reducible oxides to ensure that the Th

reaction will go to completion, to melt the slag, and to produce 
the sl

a uniform regulus. Bertholet's salt was introduced into the a11oy

charge as a warming additive to raise its heat content to this

figure, and CaP2 and CaCI2 to lower the viscosity of the slag. 
vantag

A charge of the indicated composition was placed in a 
weight

graphite-fireclay crucible, compacted, and fired %with an igniting 
the sl

mixture consisting of fine aluminum and ferric-oxide powders or Thus,

Bertholet's salt mixed with aluminum. The reaction propagated when a

rapidly throughout the entire volume of the crucible after igni- 
mass.

tion, and the process was completed after 1-2 minutes for a charge 
ess.

of about 10 kg. This gives the regulus time to form an ingot on T

the bottom of the crucible, suppressing the interaction of the descri

alloj with th, acid slag and atmospheric oxygen. The slag is in Tab I

easily removed from the alloy after the :rucible ha3 cooled to

rocm temperature. 65% Ti

In these experiments, the best results were cbtained at the the o.

optimum 1250-1350-kcal-per-kg 
heat content of a charge 

containing

a 10-25% reducer excess. The moicture content must not exceed

FTD-HC-23-352-69 
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reduction TABLE 31

Titanium Content in Alloy and Percentage Extraction of
Titanium from Raw Material as Functions of

(Ga) Charge Composition

ion of 1 1g
retical Charge composition, parts (by mass) Titanium lxtraction

rcontent of titanium
-or Reaction CA Al, n alloy, from raw

or Racton I.......,..... .~ material, 'A
on 0.75 0.16 0,45 70 I 5 5--57

1 , 0.71 0.53. 65 0-4
I 0.96t! ,0 0.7S-O.7% 0.".53 is 82-a

1 .0-1.06 0,75-071 0.5 .X -41
(7) t 1-.35 O'S.-0.h? 0.53 40 57-40

1 1 U8 -t.0 0.57 85 5---u

released

f reaction 1.0% in the Bertholet's salt or 0.1$ in the TiO2 , CaO2 , and CaF2

in order to prevent the melt from erupting from the reaction cru-

rge must cible.

that the The toughest ingot, and the one most easily separated from

o produce the slag, is obtained by reducing a charge designed to produce an

o the alloy with 60-65% Ti.

to this It was also established that large single mwlts are not ad-

e slag. vantageous, since the slag and alloy formed at l1rge charge

n a weights harden very slowly. This promotes the reaction between

*n ignl. .ng the slag and the alloy, which contaminates the alloy with oxygen.

i wders or Thus, other conditions the same, the alloys contained 2-5% oxides

pagated when a mass smaller than 10 kg was melted, and 12-25% for a 30-kg

'ter igni- mass. This is the essential drawback of the aluminothermic proc-

or a charge ess.

ingct on The results of experiments conducted under the conditions

of the described and with charges of various compositions are assembled

lag Isin Table 31.
oled to

The alloys obtained by the authors of [723 contained about

ed at tne 65% Ti, 30% Al, remainder insoluble residue consisting 
chiefly of

the oxides of aluminum, calcium, silicon, etc.mRcontaining

exceed

FTD-HC-2 3-352-69

246

!I



Alloys of the compositions listed in Table 31 can be used as Now

masters for introduction of nonferrous and rare metals into alloys Al alloy

and (after special purification) as raw materials for the manu- of AlCl3

facture of structural Ti-Al alloys, passed t

One example of such purification is found in Blumenthal's 
760 mm H

proposal (71] for iodination of the alloy by iodine dissolved 
in that the

and ll wichdisslve om-the bott,
carbon disulfide. This forms Ti 4 and A 3, which dissolve com-ee

pletely In carbon disulfide on boiling. After the carbon disul-

fide has been distilled off, the TiI and All crystals are mixed in a mix43which a.-

with KI and heated to firm nonvolatile KAlI 4 , and the tLdniLam

tetraiodide, whicn does not form binary salts with alkali 
metals, eliminat(

is distilled out of the reaction mass in a special vacuum ap- The

paratus. The Til nbtained in this way i dissociated thermally Al alloy

in a vacuun on a titanium filament that has been heated to 1300- Impuritit

15OOC. The iodine that is released is returned for use in io- alloy is

&ination of Ti-Al alloy. Moreover, the iodine and KI can be re- sisting t

generated from the KAII4 by passing dry hot air through it. The titanium,

reaction is in a numt

4MA16 + 3O - W + 2MA + 6,. (8) that cont
After se

About 98% of the iodine is regenerated in this way. remeltinE

The titanium and aluminum Iodides can also be separated by high-grad

vacuum rectification or distillation. The large difference be- A me

tween the melting points of TiI (1500C) and All 3 (191
0C) aids in bined wit

distilling the TI14 out of the solid Al 3 in a vacuum at 160- may, assu

180 0 C. trolyzer

In another proposed method, the Ti-Al alloy is processed by esses of

leaching out with aqueous alkali solution.
5  According to the methods i

reported results, it was possible to obtain a powder with 97% therinic a

Ti, 2% Al, and 1.2% 02, and, after treatment of this alloy with

sulfuric acid and water washing, even with oxygen contents as low

as 0.3%. However, N.N. Murach and V.G. Musiyenko established 
that

aluminum cannot be removed by this method from the resulting Ti-Al

alloy, which contains 40-65% Ti (73).
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sed as Nowotny and baldwin 6 proposed a method for separation of Ti-

alloys Al alloy in which the Ti-Al alloy is ground to 1 mm and a mixture

.anu- of AM01 3 vapor with a carrier gas (for example, hydrogen) is

passed through the Ti-Al alloy at a mixture pressure of about

l's 160 mm Hg and a temperature of about 13000C. It is recommended

,ed in that the process be conducted in a column, with the gas fed in at

-the bottom through a layer of the crushed alloy. On cooling in a

Isul- condenser, the aluminum subchloride (AlCI) vapor, which is formed

mixed in a mixture with H2, decomposes with formation of Al and AICI 3,
which are recycled after separation [74]. The method is said to

eliminate all of the aluminum from the alloy.letals,

Lp- The potentially most attractive method of separating the Ti-

,mally Al alloy and purifying the titanium of oxygen and other harmful

1300- impurities is electrolytic refining, in which the crude Ti-Al

io- alloy is subjected to anodic solution in a fused electrolyte con-

e re- sisting basically of alkali- and alkaline-earth chlorides and

The titanium, and whose development is now being pushed vigorously

in a number of countries. During electrolysis, a Ti-Al alloy

(8) that contains practically no oxygen is deposited at the cathode.

After separation of the cathodic deposit from the electrolyte and

remelting in vacuum-arc furnaces, this alloy can be used as a

d by high-grade structural material.

be- A method in which aluminothermic reduction of Ti0 2 is com-

ids in bined with subsequent electrolytic refining of the crude alloy

)0- may, assuming that a high-output, operationally efficient elec-

tvolyzer is developed, become one of the basic industrial proc-

ed by esses of titanium production and one that might compete with the

the methods in extensive use at the present time - the magnesio-

)7% thermic and sodiothermic processes.

with

as low

ied that
ng Ti-Al
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Footnotes

Manu-
script
Page
No.

238 1Patent (USA), No. 2,850,379, 1958.
241 2See also Patent (Brit.) No. 675,933, 1952; Patents

(USA) Nos. 2,904,428, 1959; 2,830,893, 1958; 2,834,667,
1958. Devel

2412 3Patents (West German), Nos. 1,067,699, 1960; 961,761,
1958. natur

244 4Patent (Brit.), No. 761,750, 1956. of ab

248 5Patent (Brit.), No. 733,712, 1955. ras
2119 6Patent (Australlan), No. 194,615, 1958.

indus

a hig

troly

came

puri':

high

(-AZO
,

kcal/i

ium f

this
The rd

the N
PTD-HC-23-352-6

9  
'rD-H(

249

S



9 3

Chapter 13

REDUCTION OF TITANIUM TETRACHLORIDE BY MAGNESIUM
ts
4,667, Developmental Hittory of the Magnesiothermic Method

,761, Magnesium is one of the most widely distributed elements in
nature. Its content in the earth's crust is 2.35%. In the table

of abundances of the elements in the earth's crust, magnesium

comes after oxygen, silicon, aluminum, iron, calcium, sodium, and

potascium.

The factors behind the production of magnesium on a large

industrial scale are the large deposits of magnesium raw materials,

a highly productive technology for producing the metal by elec-

trolysis, and its comparatively low cost.

In 1966, world magnesium production (outside of the USSR)

came to something more than 100 thousand tons per year. The

purity of magnesium produced by the electrolytic process is quite

high ("99.9%).

Magnesium is distinguished by a strong affinity for chlorine
A0

(-AZ10730 Wc14a 55 kcal/g-atom of chlorine), which is 12.0 kcal/

kcal/g-atom of chlorine higher at 8000C than the affinity of titan-

ium for chlorine (-AZ 043oTic1 13 kcal/g-atom of chlorine);

this is quite enough for complete reduction of TiC 14 by magnesium.

The relation of the melting and boiling points of magnesium and

the NgC12 formed as a result of the reduction favor conduct of the

FTD-HC-23-352-69
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process In the 720-9001C temperature range. Magnesium and titan- with a d,

ium are practically insoluble in one another. lation ii

All of this, together with the technological features of the Suc

titanium-red,.ciag process, make magnesium one of the most advan- USA to bc

4ageous reducing agents for large-scale production of titanium dustry.

spon"e by the magnesiothermic method. The

The first experiments in the reduction of titanium tetra- in Part

chloride by magnesium filings in carbon dioxide were made as Proc

early as 1892 [89]. However, cc.:'0rization of the metal made it '50's ir

impossible to obtain titanium of satisfactory purity, major cor

The next attempt to reduce titanium tetrachicedde with mag- duction c

nesium was made by the American inve',tigator Kroll, who took out rapidly

a US Patent in 1940 for a magnesiot",rmic method of titanium pro- Physicoc!

duction [90, lll].(I) By

Kroll conducted scaled-up laboratory experiments. The inter- mediate

nal surface of the reactor was faced with molybdenum to prevent as stepw.

the TiCl4 and titanium from reacting with the reactor material, chloride.

The process was conducted in an atmosphere of purified argon in

the temperature range from 850 to 950'C with holding at 1060 0C at

the end of the process. The reaction mass obtained was leached As

with dilute hydrochloric acid solution and water. These experi- broken d(

ments represented the first use of the magnesiothermic method to A.

produce titanium with room-temperature plasticity. to the 1

Kroll's researches formed a basis for expanded experimenta-

tion and improvement of the process. Beginning in 1942, the US

Bureau of Mines sponsored extensive semiindustrial experiments at

an installation at Boulder City (Nevada). They established the

possibility of conducting the process at 750-900
0C in a low-car-

bon-steel reactor with subsequent purification of the reaction

mtjs by vacuum separation Research on the magnesiothermic method

became a matter of particular urgency beginning in 1946 with the

rapid development of jet aviation, which required substantial

quantities of light heat-resistant alloys based on titanium. In

1946-1949, the production of titanium sponge at the Boulder City

installation was brought up to 100 kg per day, and a pilot plant 
B.

Footnotc (1) is on page 305.
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nd titan- with a daily sponge output of 750 kg was built around this instal-
lation in 1952 [91, 92].

es of the Successful mastery of the magnesiothermic method enabled t>.I

t advan- USA to begin a broad program aimed at developing a titanium in-

tanium dustry.

The reasons why this program was not implemented were cited

tetra- in Part T.

e as Production of sponge titanium was organized in the early

made it '50's in the Soviet Union. The USSR's titanium industry is a

major contemporary division of the socialist economy. The pro-

ith mag- duction of titanium sponge in the USSR is rising steadily and

took out rapidly with the planned socialist econonty as a base.

ium pro- Physicochemical Fundamentals of the Reduction

By analogy with complex reactions that proceed via inter-
The inter- mediate compounds, the reduction of titanium can be represented

prevent as stepwise reduction of titanium tetrachloride and the lower

terial. chlorides:

rgon in TicI -.TK-.TicI-.

1060
0 C at

leached As a convention, the reactions that take place here can be

experi- broken down into two group.;:

ethod to A. The reactions in which titanium tetrachloride is reduced

to the lower chlorides and the metal:

rimenta- -TKI) + Mg - I-T +Mo M
the US 2TIa 4++Mgi+ . ( H)

iments at
hed the Tl,+MgIK,+M (III)

low-car- 7fW& +MgZfil+ M9, (IV)
action -, m T, V
mic method -
with the TIO, + Mg - T + YW( (VI)
ntial Ti + Mg - TI, + 04C. (Xl)
ium. In

der City
ot plant B. Secondary reactions involving titanium tetrachloride and

FTD-HC-2 3-352-69
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products of the group A reactions, and the dispropo. 'A.onation re- 2.

actions of the lower titanium chlorides: form Ti

aK+ Tia Q+4111. (VII) able f,

T1, + 11 2=.rjri (VIII) 3.
+with th

2TlI1, +Tl=.TICs. (IX) The sta

TOI4 + TCta1( (X) by the

etc. 
and 1.9

uns tabl
The thermodynamic probabilities of the reaction in whicb zaseous

TiCI4 is reduced by magnesium and those of the secondary reac- !ished

tions of TiCl 4 with the reduced titanium have been the subject of to form

many studies [l, 128, 136, 138-1403. peratur

However, only particular cases of the interaction were ex- Pi

amined in the work of S.F. Belov and S.I. Sklyarenko (136, page la~ed t

72), Kubaschewski £137), V.A. Ryabov, G.N. Zviadadze, and otners isobari

[87, 138-140]. the rea

R.A. Sandler made a systematic study of the chemical mecha- startin

nism of the reduction reaction, computing the isobaric-isothermal 29. Th

potential changes for all reactions possible in reduction (128]. reactio

The calculations were made in the 650-1050
0 C temperature range culated

for the reactions that take place in the condensed and gaseous in Chap

phases, and for the first time in the case of the latter. Ana!y- As

sis of the results and determination of reaction-mass chemical of the

compositions led R.N. Sandler to the following conclusions: cept fo

1. When gaseous TiCl4 reacts with liquid magnesium, reactions are pos

(I-VI) are thermodynamically possible. Reaction (IV), which pro- namic s

ceeds with formation oe TIC1 2, involves the largest loss of free above 1

energy; it is followed in order of free-energy loss by reactions tion of

(III), (I), (II), and (V). Among the secondary reactions, that magnesi

of TiC14 with titanium (VIII), which also forms TiC12, is the most To

probable in this case. TiCl 2 can be identified in samples of mag- Judgmen

nesium chloride'taken during the reauction process; TIC15 is not nism of

detected in such samples.
* physi co

are che

FTD-HC-23-352-69 FTD-HC-
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lation re- 2. For the gaseous-phase reactions, (III) and (II), which

form TiC12 and TiCl 3, are most probable. Reaction (II) is improb-

kVII) able from the kinetic standpoint.

(VIII) 3. Formation of magnesium subchloride MgCl simultaneously

(IX with that of MgCl 2 is a possibility during the reduction process.
(IX) The standard enthalpy and entropy of the subchloride, calculated

W0 by the thermochemical rule of logarithms, are minus 66.8 kcal/mole

and 1.90 cal/(deg-mole), respectively. Magnesium subchloride is

unstable under standard conditions, but it is identified in thewhich
gaseous phase at high temperatures [128, 129]. It has been estab-

reac- lished that the thermodynamic probability of reactions leading

ubject of to formation of magnesium subchlorides is quite high in the tem-

perature range from 650 to 1050*C.

ere ex- Figure 37 shows our calcu-

l6 page lated temperature curves for the M " -
d others obarc-isothermal potentials of us

the reactions examined above. The
1 mecha- starting data were those of Table .

sothernal 29. The temperature curves of 0 P
0.0

fl 12).reaction free energy were cal- '44

range culated by the method described

emi cal of the reactions considered, ex-
cept for IV), (vII), and (IX)

reactions are possib-e from the thermody- o. -,

hich pro- namic standpoint at temperatures '- W W - w w

of free above llO0-1B0C in the reduc- Temuperature, 0C
Figure 37. Temperature curves

actlons tion of titanium tetrachlor6e by of Isobaric-isothermal po-

that magnesium. tentials for the reactions of

osmagnesiotherm reduction of

are posbe rmthosrmd-O

-To arrive at a mre correct titanium chlorides.

s not Judgment as to the chemical techa-

nism of the reduction process, it is necessary to consider the

physicochemical effects that accompany it; foremost among these

are chemical equilibria, the physical states of the substances

FTD-HC-2 3-32-69
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participating in the reactions, the Und
mutual solubilities of these sub- reactor

stances, surface phenomena, the it, molt

L rates of the various processes, titanium

-. -, - I' -I etc. forces,
: wL +TiCl of the rAV - , K.I. Komarek and R. Oerasi- surface

.A menko [142] studied the equilibrium

between metallic titanium and the In the o1E- Io "40" NA break coi
49TiCl 2 content, mri0 solution of TiCl 2 in magnesium bre s

% (by mass) chloride. It was established that process

Figure 38. Phase diagram the MgCl2 -TiCI 2 system has a per- in the pi

of MgCl 2-TiCl2 system. tectic with a melting point of titanium

7160 C at a TiCl2 content of 0.35% cates th,

(by mass) (Fig. 38). It was also found that salt mixtures con- the metal

taning lower chlorides of titanium and at equilibrium with metal- with its

lic titanium contain only TiCl2 and no TiCl3 . Titanium trichlor- above me]

ide does not dissolve in appreciable quantities in magnesium maximum h

chloride. On the basis of these experiments, the authors are in- diameter

clined to the view that the reduction process takes place in of titani

stages with the formation of titanium dichloride as the result of improved.

the primary reaction. The

According to A.I. Zhurin [143] and I.G. Bukun and Ye.A. that part

Ukshe [144], the solubility of magnesium in MgCl2 is n .25-0.40% at variou.

in the 800-1200*C temperature range. This fact may influence the been esta

course of the reactions that take place in the fused magnesium evaporatli

chloride and at its interface with the gaseous phase, which con- Thus, the

tains TiCl 4 vapor, cannot in
especiall

According to K.T. Aust and I.M. Pidznen [145] , the solubility esium

of titanium in magneslium is only 0.006% at 7000C and 0.015% 
at

may deterJ
850C. Magnesium is practically insoluble in titanium. Thus, ma triof transpc
these factors cannot significantly influence the course of the zome of t
reduction process. evaporatic

The surface phenomena that accompany the reduction of TiClit  Althc
by magnesium were studied by G.V. Forsblom and Ye.G. Goldelenok and format

[146J. It was established that magnesium does not wet a clean
steel reactor surface or titanium at 650-9000C.
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V
i, the Under conditions approaching those obtaining in an industrial

ub- reactor after the first batches of TiCl4 have been loaded into

e it, molten magnesium wets the surfaces of a steel reactor and

titanium sponge quite well and may, under the influence of surface

forces, climb the vertical steel or titanium-sponge-coated walls

of the reactor. Fused magnesium chloride thoroughly wets the

surface of molten magnesium and coats it with a c~ntinuous film.
.b riurn

the In the opinion of G.V. Forsblom and Ye.G. Gopiyenko, 
this may

break contact between the magnesium and the TiC14 in the reduction

that process and lower the reaction rate. They also established that

in the presence of magnesium chloride, metallic magnesium wets

titanium sponge better than does magnesium chloride. This indi-

.35% cates that the presence of MgCl 2 does not block penetration 
of

the metallic magnesium into the pores of the sponge or interfere

netal- with its ascent through capillaries in the zones of the 
reactor

ilor- above melt level. According to V.A.Zhivov, magnesium rises to a

maximum height of 13 cm above melt level when the sponge-capillary

diameter is 0.5 mm (147]. With rising temperature. the wetting

of titanium and steel by metallic magnesium and its chloride is

it of iirorved.

1he temperatures of physical-state changes of the substances

that participate in the reduction process and their vapor pressures

at various temperatures are given in Tables 
29 and 30. It has

tzen established by experiment and calculation that the rate ofthe

Im evaporation of magnesium substantially exceeds that of TiCl4 
[130).

Thus, the rate of evaporation of magnesium from an exposed surface:on-
cannot inhibit the reduction reaction, but during the process,

especially if the reactor contains a large amount of sponge and
Dility magnesium chloride, the conditions for vaporisation of the metal

may deteriorate sharply, and zhe limiting factor may be the rate

of transport of magnesium to the evaporation surface or into the

zone of the reaction with the titanium chlorides, rather than its

ic evaporation rate.

iCl4 A) hough the mechanism of titanium te.;rachloride reduction

nok and formation of titanium sponge has been studied by many inves-

an tigators, there is as yet no clear concensus regarding this

vrD-HC-2 3-352-69
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I

process with adequate theoretical and practical confirmation, the f

owing to its co.np. x nature. welde
in th

One of the first studies of the mechanism of the mnagnesi-; .... nesiu

thermic titanium reduction is due to Wartman et al. [133J. The

ex eriment were rn in a reactor 254 Mr in diameter at 8000C. rods
.... ....... ..... . .... . .. ... rods

The variable factor was the total amount of TiCl4 , which ranged this

from 5 to 60% of that theoretically needed o utilize all of the place

magnesium loaded into the reactor. When the specified amount of

titanium tetrachloride had been fed in, the reactor was cooled

and open for study of the composition of the reaction mass and 
curs

its distribution through u*A of hp ~tion

It was established that at the start of the process, the re-

duction reaction takes place on the surface of the molten mag- bt t

nesium, which gradually becomes covered by a fim of the magnesium Is in

chloride that is formed, which wets the magnesium well. The film
tween

makes it difficult for the magnesium to contact the TiC14 ana pre-

vents further reaction on the mancsium surface. At this time,

the reaction front shifts toward the reactor walls, where the con- ing i

dit-one for the reaction of TCl. with magnesium are more favor- toth

able owing to drainage of the salt from the surface of the mag- studi

nesium, which is raised up the walls of the reactor or capil- shell

laries in the sponge formed on the walls ao a o"ut o urface after

tension or capillary forces. Subsequently, in Wartman's opinion, phase

the reactions take place for the most part on the reactor walls 
tween

or on the sides of the sponge as it grows from the sides toward 
prefe

the center of the reactor. 
face

At low temperatures and TiCli, infeed rates, a so-called

"bridge" of titanium sponge may form above the liquid-phase level, of ti

4'illing the entire Cross section of the reacto and inter-ferifl neslu

with transport of magnesium into the reaction zone. Actually, in The 1

none of Wartman's experiments was a layer of titanium sponge un- 
the f

connected to the walls found on the bottom of the reactor. 
the s

To determine the possibility of rtuining 
the reaction in the 

wets

gaseous phase, ti reactor was is cc
which were welded to its bottom with their ends projetr.ing Out of Only
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the ~ ~ ~ ~ pae ?IP thln h I while others wr

welded vertically to the reactor cover and accomodated entirely

in tne gas space, without coming Into contact with the fused .-magnesio- - --[33 Taes nesium. It was found that titanium sponge formed on the rods33). The

t 8000C. proJecting out of the melt after TIC1 4 was supplied, while the
rods that were entirely in the gaseous phase grew no sponge. On
this basis, Wartman concluded that the reaction does not take

all of the
place in the gaseous phase.amount o"

s cooled Kroll, the originator of the magnesiothermic method, con-
mass and curs with Wartman's conclusions as to the mechanism of the reduc-

tLion process [1311; ui1ALemot, while supporting wartman's position
in its essentials, takes the view that the reaction occurs betweenss, the re-

ten meg- molten magnesium and TiCl14 vapor at the beginning of the process,
but that 'shen most Of the rerdu!cer has been tilized *nd all of ithe magnesiumThe film is in the pores of the sponge that-has formed, the reaction be-.The film

Cl~ and pre- tween TiC! 4 and magnesium proceeds in the gaseous phase [122).

his time, V.A. Reznichenko and S.V. Ogurtsov 1134; 65, page 821, work-
ere the con- ing independently of ,artman, arrived at similar conclusions as
Czre favor- to the mechanism of the reduction reaction. According to their

the mag- studies, tne molten magnesium does not wet the steel walls of Ahe
eapil- shell before TiCl.. is admitted into the reactor. Immedltely

f7 surface after i.ifeed of TiCi1 1 , the reaction occurs both in the gaseous

'i on~nion, phase and on the magnesium surface. Thereafter, the reaction be-
tor wn11q tween the titanium tetrachlnride and malne_-ium vapor develops
es toward preferentially on the walls of the shell, where the available sur-

faCt fnnilit-_.- er r .Minntinn nf the new rihnner inet-1 ti.nn,.m

The walls of the shell then become coated with a thin layer
-phase level, of titanium, and a film of magnesium chloride forms on the mag-

t-rfering nesiun surface, iso. ating the magnesium from reaction with TICI4.
ctually, in The layer of titanium that has settled on the reactor walls and

I
sponge un- the film of magnesium chloride on the surface of the metal change
tor. the surface-force relationships: in this case, the magnesium now

wets the titanium-coated walls of the shell quite well and risesion in the
or.o th:------ u-*e--- melta~ leel n th -2-,.... * .

s, some of
ting out o is coated with the magnesium chloride film, the reaction develops

onl,, where th magnesium surface is free of this film, i.e., on

FTD-HC-2 3- 352-69--
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the sponge-coated walls of the reactor. The lateral surface area adsorb(
of the sponge growing on the shell walls is small and coated en- cules J
tLirely by the mgCl. draining down it; the focus of the reaction weakceni
persists only on the "crest" of the upward-growing sponge, from cules t
which the magnesium chloride drains. The higher tkze rate of TiCl4  bonds .
supply, the .arger wi~l be the MgCl 2-coated lateral area of the to forr
sponge lin, and the more rapidly will the lining grow upward. il
But at a certain TICl feed rate, the reduction may also take tivt
place on the lateral surface of the sponge lining. Thus, in the reacti
opinion of V.A. Rezn4chenko and S.V. Ogurtsov. thp growth ..ront ef alsoWhe titanium sponge is determined by the rate of r.iC1 4 upply'.I
The distribution of the sponge over the various zones of the re- Ir
actcr can be controlled by varying the titanium tetrachloride increa
flowrate. supply

face d(In a study of the kinetics of the reduction process, V.A. so thal
Reznichenko and S.V. Ogurtsov established that as the TiCl 4 flow- ters ir
rate is increased, the rate of the reduction reaction increases and ac
up to a certain value and then remains practically constant as
tho TIC!. 1unnu __ _. e .... further. At --1 .p fc t4...... ..... ...-v" -v 4 suppiY fact ti
rates into te reactor, the apparent activation energy is 25,700 maximul
keal/mole, indicating that the reaction takes place in the kinetic
region. Increasing the TiCl supply rate lowers the apparent crease.
activation energy to 10,750 kcal/mole with a simultaneou6 increase
in the reduction rate. It was also found that the specific pres-

sure p of the titanium tetrachloride is related to the TiC14  vatedA

supply rate v by the equa.ion

the op:
where a is the slope and n is an exponent, from which it becomes of the
evident that the specific pressure in the system drops with in-
creasing TiCl4 supply rate. howeve

Th .dicates that processes that activate the reduction re- place
L'ction take place in the system. In the opinion of the authors of page 8

sis. The catalyst Is the surface of the titanium spongej on whose lower
active centers the titanium tetrachloride is adsorbed. The tItn i
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...... ....d..4 -lecules are more reactive than the TIC! mole-
d en- ciles in the vapor or liqui1d state, because of strerching and

iion weakening of the intramuoiecular bonds of the adsorbed TiCl 4 mole-

from cules by adsorption forces. The weakening of the intramolecular

TIC! bona3 may be so substantial that the TiCl 4 molecule dissociates

the to form lower titanium chlorides.
j rd. The presence of adsorbed TiCI4 molecules with enhanced re-

- activity on Lt:e active centers of the sponge causes the reduction
the reaction to take place preferentially on these centers, which are

also e±rywtallization centers for the reduced titanium particles.

re-In the opinion of V.A. Rcznl1chenko and S.V. OgurtsLov, the

e increase in the reduction-reaction rate with increasing TiCl4
supply rate into the reactor results from greater volume and sur-

face development of the sponge with increasing TiCl4 supply rate,
so that the number of active adsorption and crystallization cen-f low-fo-ters increases and, in turn, the reduction rea, cion Is activated

ses and accelerated. However, the same author3 established that the

as reaction rate rip-. .to a certain l m t. This is explained by the
p fact that at a certri. Til upply rate, the sponge reaches its

maximum volumetric development and, consequently, the maximum
netic pusibie numuer of active centers: as the TiCl4 supply rate in-

creases further, therefore, the rate of the reaction itself re-
;rease mains constant.

The autocatalytic nature of the reduction reaction, acti-

vated absorption of T!Cl4, and crystallization of the reduced
titanium particles on the active centers of the sponge are, in

the opinion of these authors, the causes of the spongy structure
me3 o thLe v'ebuting titanium.

t- This autocatalytic theory of the reduction mchanism cannot,

however, adequately explain the multitude of procesises that take

re- place in the industrial reactor. Further, the authors of [65,
r of page 82) leave out of consideration such important factors as thP 7

y- .course of the reactions in the gasuous phase, tne formation of
.hose lower titanium chlorides, the solubility of mnagnesium and the

titanium chlorides in magnesium chloride, the role of surface

,. DItC-2 3- 35 -69 .
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Ithe re
phenoema, their influence on adsorption, etc. by the

Accor'ding to R.A. Sandlerl"'the mechanism of the reduction surfac
o. ~~reaction cannot be autocatalytic becausp nhe. h.. i.. -Ii.... tion or fine ,.i

Te .tione at a ceirain i014 supply rate; in autocatalysis, the gated

reaction rates should rise without limit. R.A. Sandler explains F.
h~h deroase in activazion energy with increasing TiCl supply tains

rate in terms of passage of the reaction from the kinetic to the ture i:

diffusion region rather than by autocatalysis [308). TiC12

Another treatment has been advanced for the mechanism of the most oJ

TiC14 reduction process and sponge formation [130). Studying the lizes.

role of the reactions in the gaseous phase. R.A. Sandler stal ,_ spo-ge

lished that the preferential development of the reactions in the metal,

gaseous or condensed phases is datermiaixed basically by the TiC14 confirr

supply rate into the reactor, the partial pressure of the inert lowerec
Za., ad formation of intermediate titanium compounds. At low tures e

TiCI4 delivery rates (of the order of 5-10 g per cm2 of reactor !r

cross section per hour) and a low inert-gas partial pressure (3.2- soild ;

1.0 atm), the reactions take place substantially in the gaseous TICi, s

phase. Increasing the TiOli supply rate and inert-gas par,;al dcnze3

preasure i n bibits the gas-phase reactions and promotes those that reduced

occur in the condensed phases. It has been established that the Al

gaseous-phase react lon takc place tepwit! with ormation of the -ism do
intermediate lower chlorides T1012 and Tacor,

Tne hypotnesis of stepwise advance of the reactions was ad- dustria

vanced by V.Yu. Kramnik [106, page l4j. It was also found that in good

when the reactions take place in the gaseous phase, the reduced trial r

titanium forms a fine powder that cannot be shaped into a wassive

block of titarnaiu t'-- such as usually forms in the reactor. -a Ta a

.4 block of sponge may be form.d when the r A..^tio reactions. - .... .... .. * '*sponge

take place for the most part in the condensed phases. were rw

A jLudy of tne reactions proceeding in the condensed phajcs atm, an,

that was undertaken by RA Sand"er led him to the conclusion tnat The tit

the reactions in which TiCl is reduced to TiCl2 and to metallic insert

titanium. i.e.: R-aCtiolTS (I .,) and (VTr I-: pi.cc prcverenl- amount

tially in these phases. The TiC32 fromed in the first stage of

Footnote (2) is on page 305.
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the reduction djssolves in the MgCI2 and is further reduced there I
vy the mgnesiu. Further reduction takes Place basically on -

eduction surfaces of previously reduced titanium particles, so that these
ion of the 

- .- - -ysis, the gated titanium particles form the sponge block.
r explains For Reaction (III), the resulting stoichiometric melt con-

4 supply tains about 35% TiC 2 and crystallizes at 9200 C. If the tempera- I
tic to the ture is lowered below 920 0C in one of the reactor's zones, the

TiCl 2 precipitates ftom solution, and since the reactor walls are#
Ism of the most often supercooled, it is here that most of the TiCl2 crystal-
udyin6 the izes. Rising along the reactor walls or capillaries in the
er estab- sponge lining, the magnesium reduces the TiCl2 further tc the
_n_ in thp metal, so that the sponge on the reactor walls grows. This is
the TiC 4  confirmed In industrial practice: when the wall temperature is I

the inert lowrd, the spong lin .. row .o.pidly, wl at tempera- i
At low tures above 930-940 0C, little sponge growth occurs on these walls.

f reactor Increasing temperature and precipitation of TiMI2 into theessure N,.2- solid phase increase the probability of the secondary reaction of
e gaseoua TiCM. and TiCl, (X), which forms volatile TiCl,; Lhe latter con-
Partial denses in the cold zones of the reactor, where it can be further
those that reduced by magnesium vapor.
d that the
tion f thAlthough R.A. Sandler's conclusions as to the reaction mecha-

nism do not take account of all processes taking place in the re-
actor, they are consistent with certain facts observed under in-

ns was ad- dustrial conditions. For example, certain of these inferences are
ound that in good agreement with the results of experiments made on indus-
e reduce reactors by E.Ye. Lukashenko et al. [106, page 14J.

0 ' 'u Ivc
reactor. E.Ya. Lukashenko et al. studies the influence of the degree

of TiCl.. and magnesium utilization on the reduction process,
n reactions sponge formation, and reaction-mass composition. The experiments

wcre run at tem-peraturee of 920-960CC, an aron pressure of 0.2
sed phases atm, and a rate of TiC14 supply into the reantor of 8-1 2' ,, '2 ,
clusion that Toe titanium tetrachloride was fed into a reactor with a shell
o metallic insert until 10, 20, 40, 50 and 60% of the theoretically possible
reveren- amount of magnesium had been utilized. After the specified amount U

stage Of
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this pe
of TiC , had been .upp lld to the reactor, 'he.magnesium liner b
and magnesium were decanted, the reactor was ooled, and tlet

tion oc
distribution of the reaction products in the volume f the reac- liner,

tion shell was investigated. is expl

E.Ye. Lukashenko's experiments indicated that the first stage dissolv

of the reduction process (utilization of the magnesium to 20-40%) block t

is characterized by formation of a central sponge biock. The reducti

lining on the reactor walls grows only insignificantly; its posi- zones c

tion i* higher than the criginal level of Lhe iused magnesium in aibo x
the reactor. During the first phase, the reaction takes place on in the

the horizontal melt surface. In the opinion of the authors, wet- An
ting of the reactor walls by the magnesium and capillary effects

in the sponge liner are not significant 
for the process in the

perat ur

initial phase. The magnesium chloride filir on the magnesium sur-

face does not inhibit the reaction with the reducing 
agent and is potenti

conditi
not an obstacle to transport of magnesium irto the reaction zone,

since the metal is transported through capillaries in the minute saonesponge

titanium particles that float on the melt surface. In the course

of the reduction, thee particles become largee and drop to the Im

bottom of the reactor, forming a porous central sponge block, molten
most pa

During the second phase (40 to 50f utilization of the mag- mostnpa

nesium), there is no substantial change 
in the nature of the re-

duction and sponging processes, the process rate 
remains high, and vapor i

treme ly

the sponge forms for the most part as a central block 
under a

which m
layer of melt. F,

During the third phase (more than 50% magnesium utilization), F"tions i

the sponge liner begins to grow rapidly and the rate of the proc-

ess falls off. reducti

The explanation offered for this by the authors of the study pound T

is that in the last phase, practically all of the magnesium is in (II), (

the pores of the sponge and the rat.e of its transport into the

ro=14d' ann Ia s anti- deiee byurrace innreactientio zoeiint.-

phenomena and capillary and diffCion procenses. Since the most iosi

favorable conditions for transport of magnesium are created at is most

t..he reactor walls and on the *urface of the sponge liner during
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I this period, the reaction I: displaced into these zones and the I

liner begins to grow rapid It was eztablished tYhat the reac-'the tion occurs not only on the surface of the sponge and the sponge
e reac-

liner, but also in the layer of fused magnesium chloride. This

is explained by further reduction of lower titanium chlorides
rst stage dissolved in the MgCl2. The compacting of the central sponge

o 20-4O%) block that is observed in practice during the last stage of the

The reduction process and the periodic temperature rises in various

ts posi- zones of the reactor. including the interjiof the mclt, are

slum in also expiainec by further reduction of lower titanium chlorides

place on in the fused magnesium chloride.
rs, wet-effects Analysis of the experimental data discussed above, the physi-

the cochemical peculiarities of the heteorgeneous system, the tem-

Ium sur- perature curves of the reduction-reaction isobaric-isothermal

and is potentials, and observations of the processes under industrial

n zone, conditions permit the following inferences as to the mechanism of

minute magnesiothermic reduction of titanium tetrachloride and titanium-

course sponge formation.

o the Immediately after TiCl is fed into a reactor containing

ck. molten magnesium at 650-900*C, the process takes place for the

mag- most part in the gaseous phase between titanium tetrachloride and

he re- magnesium vapors. The reaction between liquid magnesium and TiCI 4
igh, and vapor is generally difficult during this phase owing to the ex-

tremely thin film of magnesium oxide on the surface of the reducerr a
which makes contact between the reagents difficult.

zaticn), From the thermodynamic standpoint, the most probable reac-
e prc-), tions in the gaseous phase during the initial period are that of

direct reduction of TiCl4 to the metal (I) and that of stepwise

reduction of TiCl4 to the metal by way of the intermediate com-
e stuinpound TiCl2 (II), (VI); reduction of TiCl4 to the metal via TiCI 3(II), (V) is less probable.
the

...... .. .e.knct. standpoint, o,, tho other hand, the reac-

most tion in which TiCl is re6uced to the metal via TiC!2 (II, VI)

I at is moct probable. The simultaneous triple collision of reagent

ring ..o lecules necessary for reaebiono (i) and (ii) to take place in

PTD-HC-23-352-69
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the gaseous phase is improbable. Thus, the reactions in which chloride
TiCM 4 is reduced stepwise via TiCl2, (III) and (VI), are Oh- r-activi
viousiy preferred in the gaseous phase during the initial period particlei
of the reduction. the reag

The initial period is characterized by a low TiCl4 flowrate flowrate
(6-8 g per square centimeter of reactor cross section per hour) tion cen
and a periodic pressure rise in the reactor, which must be con- TiC14 fl
trolled by bleeding vapor-gas mixtures; the temperature in the tion of 1

reactor is unstable and often rises abruptly in the upper zones settle t4

and at the cover of the reactor. bilizati(
reactor

The appearance of metallic titanium and magnesium chloride

in the reactor changes the mechanism of the reduction process Frot

abruptly and determines the inception of the second, principal tions, g!

period of this process. The minute particles of reduced titan- the TiCl,

ium formed during the initial phase (sizes about 500 7) and the retal (M

magnesium chloride settle onto the melt surface and the walls of metal (11

the reactor. The titanium particles are held on the melt surface ride at I

by surface-tension forces. The films of magnesium chloride and (III).

oxide that coat the magnesium surface break up, and the magnesium) to titanl

wetting the titanium particles, rises and comes into contact with but reac!

the titanium tetrachloride vapor, the procq
the reael

Since the titanium particles originally f'omed have higte a

surface activity and promote contact between the magnesium and Thui

TiClq, the reactions take place for the most part on the active vitiatior

centers of these particles, so that they grow rapidly. When the tion zont

weights of the growing titanium aggregates come to exceed the titanium-

surface tension forces. they settle onto the f.r.. of the r-acto -  si,,, chlc

and for a central spongy-structured block together with the duction c

metal previously deposited. At a certain temperature gradient stepwise

at the reactor wall/fused bath interface, the tan m ca crys- nd then

tallize on the reactor walls, with the result that they become 50% of tt

lined with thC metal. Thp AnnAn this 1--ner f z cilitates L 10 Ube

transport of magnesium into the reaction zone by capillary and tively st

surface forces, so that growth of the lining continues. in the re

The presence of t ho minute titainium particica on the melt if t

surface and reactor walls may result in adsorption of titanium for the N

PTD-!IC-23-352-69 PTD-HC-21
265



hich chlorides on their active zones and a resulting increase in the

reactivity of the chloridei. Thus, the appearance of titanium

[period particles increases the reaction surface and the reactivitiAn of

the reagents; this accelerates reduction. Increasing the TiClI

owrate flowrate increases the number of active reaction and crystalliza-

hour) tion ceaters, and reaction rate rises accordingly. At a certain

con- TiC14 flowrate, there comes a point at which tie rate of forma-

ti,e tion of tJtaniun, particles comes to equal the rate at which they

zones settle to the reactor floor, and this would obviously cause sta-

bilization of the reaction rate as the flowrate of TiCI4 into the

oride repctor is increascd still Ourther.

tess FrcA the thermodynamic standpoint, the most probable reac-

_a! tions, given adequate contact between the molten magnesium and

itan- the TiCl4 vapor, are those of direct reduction of TiCl4 to the

the metal (i) and stepwise reduction of TiClh to TIC 2 and to the

Ils of metal (III) and (VI). Solution of TiC12 in the magnesiun chlo-

surface ride at the process temperature contributes to the progress of

a and (III). The thermodynamic probability of the reduction of TiCl

gnesium, to titanium trichloride (II) is lower than that of reaction (I1I).

t with but reaction (Ii) is promoted by the nigh volatility of TiCl 3 at

the process temperature. The TiC1 that forms is removed from

L _the reantlon zone and condense in the cold zone o the reactor.sh

and Thus, given a sufficient amount of magnesium in the reactor,

orcive vitiation of the factors that impede its transport into the reac-

en the tion zone, and the absence of contact between TiCl vapor and

he .titanium-sponge surface that is uncoated by magnesium or magne-

reactor sium chloride films, preference should be given to the direct re-

k e duction of TiClh vapor by molten magnesium to the metal (i) and

kent stenwise---------------------- .mote -~nzu oTC M

crys- and then to titanium (VI). This period cortinues until about 40-

come 50% of the magnesium loaded into the reactor has been utilized.

azes It is characterized by a high TiM! consumption rate and rela-

and tively stable temperature and pressure of the vapo. .gas mixture

in the reactor.

meit If the reactor walls are not undercooled, the sponge forms

6ium for the most part As a central block and tne liner is weakly V]

FTD-HC-23-352-69
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developed. T!'

After magnesium utilization has reached 40-50%, the third
period of the process begins. During this period, the proportions the p;
of manes.ium and reduced sponge titanium in the reactor are such trbut

that Practically all or the reducer is in the sponge pores. The lower

rate of the process comes to be limited by the rate of magnesium (VII),

transport to the reaction zone. During this time. the Yrnot favcr-
able conditionz for magnesium transport prevail at the reactor

more twalls, which are coated with the titanium-sponge lining, through t un

whose capillaries most of the reducing agent is transported into access
the reaction zone. The reaction proceeds chiefly on the surface e pr

of the sponge liner, and the liner therefore grows raidly, biri;t

Apart from surface and capillary phenomena, the processes more t

taking place in the fused magnesium chloride are also obviously princi

of great Importance during this period. w noted earlier, thechlor

stepwise course of the reactions is associated with the preferen-

tial rormation of TiCl 2 in an intermediate ntage. Moreover, when furthe

the titanium-sponge liner, which is in contact with the TIC14 of the

vapor, has developed, 3 secondary reaction between titanium and tirracl

...4 becomes possible, with the result that TiC14 is reduced for zation

the most part to TiCl2 (VIII). At the temperature of the process, Uuall:l
titanium dichlorlde is highly 011-l. in 2 2 - ,

which is practically insoluble in NgCl 2. Titanium dichloride dis- nism oIsolved in magnesium chloride is reduced in the melt by the mag;-
nesium in the open pores of the sponge, which wets its surface, which

and by magnesium dissolved in MgC1 2 . TiCl 2 may be reduced at the
of t at equ
surface of the sponge in the melt, and especially on the surface

the and thof the eentrai block, with the result that the density of the anest,

Iblock increases." hutiliz

The vigorous progress of the reactionz in the mielt is Con- a ma
firmed by a fact of industrial practice: when the zone of maximum
temperatures has shifted into the reactor zone below melt levels accoun

the rate of the process remains quite high. The abrupt tempera- ,n the

ture rise in various zones of the melt is obviously explained by proces

crystallization of TiC12 on the sponge surface at points at which acteri

It is locally undercooled and by vigorous further reduction of

FTD-HC-2 3-352-69 yTU-,c
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I
TiCl2 to the metal in this zone when it contacts magnesium.

third Toward the end of the process, the shortage of magnesium and

roportions the presence of a developed titanium surface in the reactor con-

are-" 5uohj tribute to 3econcary reactions of TiCl4 with titanium and with the
.. The lower clides. At u-u--u-u t h se .uudupv Lea:eLufi V1,.,

nesium (VII), and (X) are thermodynamically most probable.

ost favor-
The culminating fourth period of the process intervenes when-actor

through more than 50-60% cf the Mg have been used. By this time, most or

ted into the unutilied magnesium is in pores in the titanium sponge and

surface access of titanium chlorides to it is difficult. For this reason,
'IV. the process slows down and is characterized by temperature insta-

bilitV. hikh pxessure. and a low TiC1,. consumotion rate. When
'esses more than 60-70% of the Mg in the reactor has been used, the

iously principal reactions are those of reduction of TiCl to the lower

ier the chlorides and the secondary re°actions, which also u 4. r in forma-
referen- tion of lower titanium chlorides, with their Inhibiting effect on

"-'. further refinement of the reaction mass. This lowers the quailty

iCl4 of the titanium and is detrimental to utilization of the titanium

um and tetrachloride. Under industrial conditions, therefore, the utili-

;uced for zatlon of the ,agnesium originally placed in the reactor does not
process, usually exceed 60-70%.

rlde d The hypotheses thaD have been advanced regarding the meha-

e nag- nism of magnesiothermic TiCI4 reduction cannot explain all of the

rrace, varied physicochemical processes that occur in the real reactor,

d at the wfich constitutes a complex heterogeneoUS system that is not even

surface at equilibrium. The preferential progress of specific reactions

the and the mechanism of sponge formation depend on temperature, the

pressure of the vapor-gas mixture, TiCl4 flowrate, magnesium

utilization, heat-ofitake eonsditions, the ulstributicn of micro-
us con- and macrozones, interaction between the reagents and reaction

levexl, products, and many other factors that are difficult to take into
level, account. Reactions may take place simultaneously in all phases

em"pIaJ- in the reactor, may be direct or secondary, etc. However, the
*ined by processes take the general trends described above in the char-

at which acteristic periods that we have discussed.

on of
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:2.

Reactor and Reduction-Furnace Designs use, a

made f
The reduction of titanium tetrachloride by magnesium is An-

companied by the liberation of a large amount of heat. The en-
~thalpy or the over-all reaotion [i) under standard conditions is

123.6 kcal/g-atom of titanium. In modern reactors for the TiCL peratu

reduction by magnesium, the heat-release rate is about 100-200 steel

1 thousand kcal/h. Much of this heat must be withdrawn from the iron a

reactor. stainl
the ti

The volumetric proportions of titanium, magnesium, 
and mag-

nesium chloride in the reactor are such that there are 2.8 volume to the

units of magnesium and 10.4 volume units of newly formed magnesium pointv

chlori'Ge to each unit volume occupied by titanium. For more com-

plete utilization of the working reactor volume, therefore, the 
tor, t
be come

magnesium chloride must be drained periodically from the reactor

di!ng the reduction process. satura

At the present time, cylindrical reactors from 850-1000 to
1310_1500 mm in diameter and 1800-2000 to 3000 mm high are used the re

as reducing reactors under industrial conditions. The diameter temper

of a reducing reactor is basically limited by the demands of the

next process -- vacuum separation of the block of reaction mass, L

where an increase in reactor diameter beyond a certain value is than a

detrimental to heating of the reactlon mass and sublimation of stabil

the magnesium and magnesium chloride residues out of the deep temper

urycra of the titanium sponge. under

The first reduction of TiCl4 by magnesium was carried out at toeg

850-10600C in a reactor made from chrome-nickil steel and lined ter.

internally with sheet molybdenum [iii). The molybdenum sheet was

intended to protect the chrome-nickel steel from reacting with the Ing an

TiCl4 and magnesium. The second function of this lining was to low-ca

provide conditions for running the reaction at the highest possi- tanium

ble temperature in order to increase reactor productivity. How- steel.

ever, reactors of this type did not come into industrial u~e be- solves

cause of the complexity of their manufacture and their high ro~t. conta

Later, as the magnesiothermic process was improved, reactors Nevert

made from ow-carb-n, chrome-nickel, aid chromium steels came into 
DOM.
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use, as well as bimetallic reactors (the outer layer was usually

um is ac- made from chrome-nickel steel and the inner layer from low-carbon|

The ona steel) [92, 99-103].|

tions Is it was found that the process could be run at hIFgher tem-

hhe TiC1l peratures with low-carbon-steel reactors than with stainless-l

00-200 steel deinsince the mligpntof the eutectic titanium-

Irom he Irn ally is o0850C and the eutectic alloy of titanium with
I stainless steel has a melting point of 980-10000C. As a rule,

land mag- the titanium crystallizes on the reactor walls and becomes wle

.8 volume to them. If the reactor wall temperature rises above the melting

Smagnesium point of the eutectic alloy (titanium-iron), alloying becomes in-

zensive and the reactor wall U*1ZS through, air eniera the reao-

re, the tor, the titanium sponge reacts with it energetically, the reactor

reactor becomes inoperative, and the metal that has been formed is lost to

saturation with oxygen and nitrogen.

I iII

000 to In practice, in consideration of the nucleate character of

re u~ed the reduction reactions, as a consequence of which the highest

lameter temperature rises suddenly now in one zone of the reactor and
s of the then in another, the procebe is usually conducted at 750-900C.

uon mass, Low-carbon steel, which has a higher eutetic melting point

I1ue is than alloyed steels, also has low resistance to scaling and low

ions stability with respect to titanium tetrachlorie at the process

deep temperature; it is also inclined to rapid arysalline-gran growth
Sunder dapid thermal cyeinni with the result that the impact

ed out at strength of the steel drops sharply and crack form in the reac-

d Lined toa.

sheet was .Type !K!sN9ie chrome-nick! steel is -.re resistant to sa!-

g with the Ing and interaction with TiCl4 vapor at high temperatures than

was to low-carbon steel. However, the eutectic of this steel with ti-
at poss - tanum melts 90-s0t C lower than the eutectic with low-carbon

. vole steel. Moreover, the molten magnesiumin the reactor readily dis-

use be- solves nickel, which is a constituent f onel8NgT steel, becomes

sgh cost. contaminated with it, and contamnate the titanium sponge.

reactors Nevertheless, these stels are widely used in building the rea-

sweacinto th e e s
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Types 0Khl3, Kh25T, and other chromium steels, which are Rez

intermediate between low-carbon and chrome-nickel steels as re- E99. IO

gards the melting point of the eutectic with titanium and have advantae

adequate resistance to scaling, are also more stable against re- magnesiL

action with TiC1 4 vapor at high temperature and dissolve to a sepatrati

meer Agree In molten magnesium than the chrome-nickel steels spave be

[92, 102]; they are therefore attractive reactor materials. heating

Bimetals, such as lKhl8N9T st-P) and lnw-_rb'n -+---I 1nnP

lshIlVN9T and Kh25T steels, Kh25T steel and titanium, and others ditions

are of great interest for reduction-reactor fabrication. In spite shells t

of the greater difficulty of reactor fabrication and the somewhat 
and sepa

higher cost of the reactors, use of such steels with inner sur- 
titaniun

facing of low-carbon steel, Knot'T" s teei1 or titan"' 0 !orpi itOV ut!l

sible to raise the productivity of the equipment substantially and 
tivity 0

improve the quality of the titanium product; in the last analysis, The

this clearly covers the increased first cost of the reactor [92, danger o

102]. ible coo

One of two reactor types is usually used under industrial uv'der to

conditions: a reactor with an inserted reaction shell made from 
would in

one of the above materials or a reactor without such a shell. One

The reaction shell protects the reactor casing from melting reliable

through and permits the use of a stainless-steel reactor and a zones in

low-carbon shell; it also facilitates extraction of-the r&cton frr' and
mass from the reactor after completion of the reduction process In must

massn usem ah eI,,ms
r123,3 i42 18, 21]. On the other hand, use of a shell results the casi_

in formation of a gap between its wall and the reactor wall, to Rea

the great detriment of heat transfer out of the reaction zone; It made fro

also reduces the useful volume of the reactor and productivity tooed f

along with it. Furthermore, the machinery used to drain the mag- a
naum chlor~ide be~ome more complicated, and lower chlorides of

titanium maw form in the space between the walls. After each run, n

the inner surface of such a reactor must be thoroughly cleaned of 
Ore

titanium and magnesium chlorides by washing with hydrochloric acid the reac

solution. This operation is time-consuming and injurious to the into the

service personnel, and wears the reactor out more rapidly. 
to mecha

the cove

tures [9
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'i are Reactors without the inserted reaction shell are now in use

i as re- (99, 100, 105, 106-108l. Use of such reactors becomes especialy

1-d nave advantageous when subsequent separation of the magnesium and

lJnst re- magnesium chloride from the titanium is undertaken by vacuum

to a separation on the block of reaction mass. The absence of the
steels space between reactor wall acid Lhe reaction mass improves

11s. heating of the mass during separation, with the resulting sharp

el, Increase in reactor output. Studies made undA industrial con-

others ditions have shown that conversion from reactors with inserted

In spite shells to reactors without the shells raised reduction-furnace

somewhat and separation productivity by 30-50%, increased the amount of

r sur- titanium sponge extracted per cycle by 50% as a result of super-

. .r utilization of reactor volume, and improved the labor produc-; s it Dos-

J'-i!!y tavd t of the servicing personnel by 30% [102].

analysts, Vie disadvantages of the unshelled reactor are the greater

tor [92, danger of malting through the casing and the need for more flex-

ible cooling of the reactor walls in the reduction Process in

-.Lria- order to avoid freezing of a liner onto these walis, since this
|e from would interfere with magnesium transport into the reaction zone.

ell. One of the basic requirements made of a reduction reactor is

reliable sealing at high temperatures and the absence of cold

and a zone- in its working space. since lower it-.anim chlorl-dCo might

reaction form and sublimates might condense in such zones. Reactor seal-

rocess Ing must be improved by minimizing the number of weld seams on

results the casing and use of a reliable cover packing.

1ii, to R ,actor cover and casing flanges are sealed with packings
zone; imade from highly pure aluminum or annealed copper, which are pro-

~ivity
tected from reaction with titanium chlorides by asbestos '107).

Vacuum rubber is also used in the gaskets; in this case, the cover

and casing flaiges must be water-cooled.
each run, I
eaned of Great interest attaches to welding of the flanges to seal

oric acid the reactor; this makes it possible to load the reactor bodily

to the into t 'urnace, to eliminate cold zones in the working space,

to mechani,;e the time-consuming process of packing and removing

the cover, and to obtain more reliable sealing for high tempera-

tures [92, 107, 108, 127). Use of such a reactor may increase

FTD-HC-23-352-69
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reac

the process rate sharply, as well as the utilization of TiC14 and by h,

magnesium. drai:

Tne reactor cover mut be thor- take,

oughly heated; variously designed in-tion

ternal screens and external heaterr -'_1 ' The

are used for this purpose (102). In ferel
" *a~ t in. re c-^r 5 whose cove ar e- I e

a n-,dow , Int the reaction zone have terv,

recently come into extensive use [1281 one

7Te reactor is evacuated and the

titanium tetrachloride and argon are . .at
fed into it through a centrAl pripe in i. ' "4---he-1 " 1 ' -_-_- w h e n

its cover. The magnesium chloride is ~ :~ II1-~'Heat
drained from the reactor through a nes

siphon that pipes it out onto the 
$ faci

service platform through the cover

or the side wall of the reactor di- I1 _J live

rectly below its flange [107). In zone

other cases, the magnesium chloride Figure 39. Diagram of dral

is drained through pipes in the side electric furnace and re- the
or bottom center of the reactor, 

actor for maenesum re-

duction of titanium tet-

which are sealed with b&yonet locks rachloride. 1) Reactor;

or by freeze-plugging or the drain 2) cover; 3), perforated te
floor; 4) shutoff device f

hole Elr. 17. for !ranaS of6ttS'

nesium chloride; 5) elec- the
Figure 39 is a diagram of an tric furnace; 6 and ,)

industrial unit without a shell in- air manifolds for cool- 
shar

.a,. -uit wthou a hellin- ing-ai su pply to fur-

sert (with bottom drainage of the nace; 7) temperature
nces 7) eneru

magnesium chloride) and an electric Panders. furn
and

reduction 
furnace.

As we noted earlier, amounti of heat ranging from 100 to

200 thousand kcal per hour are released during 
the reduction fuel

process in modern reactors. It is therefore necessary to have 
eral

-' -- ytc ' , for wi t'"'rg hcat from thc reactor. Solu-
tion of this problem may be made easier by holding the zone in mm h

which most of the reactions take pl!ce at c ertaln leve! in the plan

T -F- -
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and reactor. The height of this zone in the reactor can be regula.:ed
by holding the melt level in a certain range and regulating the

drainagp rf a,imiii-eA -_aneci.m --hloride. As a rui, hedL i_

taken from the reactor by cooling the zone of preferential reac-

tion with air supplied to the furnace from a ventilating unit.
The cooling air is fed in at several points around the circum-

ference of tne furnace, through 2-3 horizontal rows of nozzles.
7ep fans are switched On to A .liver coling air at periodic in-

tervals by an automatic system that signals a temperature rise in
one or another zone of the reactor [92, 99, 100, I02-l0l.

The bottom of the reactor must be Graphic Not Reproducible

. ..... tc to support normal reduction
S4..wh. the eactiuv, xoz is cooled. -

Heating is necessary to keep the mag-

nesium chloride liquid in order to

facilitate separation of the magnesium

and magnesium chloride and smooth de-

livery of magnesium into the reaction ia
zone; it also facilitates regular

drainage of the magnesium chloride from
nd re-
"n re- the reactor.
m ter-
ctor; Undercooling of the reactor below Figure 40. Reactor
-rated the reaction zone retards the delivery for magnesium reduc-
device tion of titanium
-9- of magnesium into this zone and upsets tetrachloride.
) elec- the iuducion process, which slows down
d 8) I
cool- sharply and yields large quantities of lower titanium chlorides.
fur-
re To prevent cooling air from entering the bottom zone of the

furnace, the furnace has packing rings that separate the cooled

and heated zones of the furnace.

0 Furnaces that are heated electrically and fired with gas and
"u"' o' I.... no- ...... as ....dutio, furnaces;.. he may,,, hv ......v -* * ~a ' .a U C ,.J OCA 0 * t ..... .. ..~ I W f 1 5 1507 V 1 33.

ye eeal independent heating &nd coouWig Zoned (1029105, 107, 123].

Solu- Figure 40 shows a reactor 1?00-1300 mm ir diameter and 1700

in mm high; it has no shell insert and is used at the Henderson
the plant in the USA [92]. Figure 41 shows the titanium-reduction
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Graphic Not Reproducible

with

tiun;

driei

be pi

tz Ctol

linir
; tect'
__the 1

i ,ng v
with

Figure 41. Separation area of process for
magnesium reduction of titanium tetrachlorIde.
The TiCi 4 measuring tanks can be seen behind and r
the reduction furnaces, react

atmo_
section at an Asaka Titanium plant (Japan), which uses low-car- When
bon-steel reactors with shell inserts, diameters of 1240 mm, the t
heights of 2600 mm, and wall thicknesses of 50 mm. The French
plant at LePrese uses reactors 2000 mm high and 1200 mm in diam- areaz
eter, and its reduction furnaces are oil-fired (123). blocP

Preparation of Apparatus and Reagents tor a

To prevent contamination of the titanium sponge by gases and depos

moisture adsorbed on the inner walls of the equipment and by oxy- in tt

gen from oxide films and hydrolyzed magnesium chloride, the re- by ir

action shell and reactor are thoroughly cleaned before une in the
reduction process.

When a reactor with an insert reaction shell is used, theT or
inner surface of the reactor is cleaned mechanically and etched
with a dilute hydrochloric acid solution, followed by drying.

If a liner containing magnesium chloride has been left on
the walls of the reaction shell after the reaction mass has been on tr2

cut out on a machine, the shell is treated In what are known as and f

"dry rooms" to prevent nyarolysis; the air humidity in tnhese frko,,

Footnote (3) is on page 305. this
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L
rooms is held at dew-point level at -400C. The shell is charged

with magnesium and installed in the reactor under the same condi-

tions, after which the unit is sealed, evacuated, and filled with
dried inert &as.

.... an unzel.. reactor is used and the reaction mass will
be purified by vacuum separation of a monolithic block, the re-

actor walls are coated after removal of the sponge by a titanium

lining that provides good corrosion protection for them and pro-

tection against iron contamination for the sponge that settles on

the reactor walls during the next process. In this case, the in-

side surface of the reactor is prepared for the process by clean--
With Wir-.e bru whout 11....rbing the lining) and flushing

with compressed gas. As a rule, the sponge liner contains resi-

dues of unseparated magnesium chloride and also adsorbes gases

and moisture onto its developed surface. For this reason, the

reactor must be insulated as quickly as possible from contact with

amopherC ai r in LC order tu reduce the degree o f1,. 2 .. hydrlysLs.

-crr- When such a reactor is dried, measures must be taken to protect
the titanium liner from oxidation.

ench The reactor walls are coated with titanium liner on other

diam- areas besides their points of contact with the titanium-sponge

block. A layer of titanium sponge also forms on the inner reac-

tor and cover surfaces above melt level. This may result from

es and deposition of minute particles of titanium thac has been reduced

y oxy- in the gaseous phase or [1073 from reduction of titanium chloride

by iron in the reactionsre-

In the TiO,+ Fe -TI + F" (9)
TiG s + Fe - FeT.1 + FeC (9a

the or

ng. Fe% + - FTI + T*4 . (10)

t on At elevated temperatures; the titanium sponge that has formed

been on the wall surfaces of the reactor welds to the reactor material

own as and forms a dense diffusion layer that protects the steel surface

se from reaction with TiC1 4 and from solution in the fused magnesium;
this reduces iron contamination of the basic mass of titanium

FTD-HC-? 3-352-09
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sponge. The coating of the overheated, oxide-free reactor sur- cont

fa^e by a titanium layer that results from interaction with TiClh a...

may be used t -lt m.tc tai wih titanium -- a process that ad- minu
vances must efficiently in the presence of hydrogen [107]. r.1S

THe magnesium is loaded into the reactor in the solid state, nesi

in the form of pigs and large ingots, or in the molten state. In meta

foreign practice, the reactor is usually chargoed with solid mag- an

iesiu in the form of small pigs r5,r 1o, 21]. in this case, the and

magnesium is thoroughly cleared of surface oxide films and slag 
magn,

inclusions before loading, by etching the pigs in 0.5-1% hydro- filti

chloric acid solution and then washing with clean water. The pig fine

surfaces are carefully inspected after clearing of oxide films, 
it i:

and all inclusions, blisters, and cracks that are found are 
tor

drilled out and countersunk. Some of the pigs are broken up as a appa:

control against the presence of slag inclusions, the

To prevent oxidation of the pigs after etching, 
they are tital

loa-^ded into the reactor as quickly as possible. In certain cases, chari

the etched pigs are processed and loaded into the reactor in "dry than

rooms" [92).

The process of charging the reactor with solid magnesium 
is la

very time-consuming, and utilization of equipment working volume

is much lower than when molten magnesium is used. 
When molten nace

metal is loaded, the productivity of the 
reduction furnaces is ing!

increased, since no furnace time is spent 
waiting for the magnes- 

sidui

ium to melt and more favorable conditions 
are set up for mecha- does

nization and automation of the process.

In domestic industrial practice, magnesium 
is usual!, loaded rie'.

in the liquid state into a reactor that 
has been overheated to 

furni

800 0C [127. The magnesium is poured in with a special 
vacuum sli(

batching crucible, which serves for storage, 
transfer, and pour- 

(to

ing of the metal into the reactor under 
conditions that protect 

with

been
the magnesium from oxidation [169). Figure 412 illustrates one of 9ee0-,

the methods of loading a reactor with liquid magneSum [16, page t50w

21]. To prevent oxidation of the magnesium flowing from the s lAs

batching crucible as it is loaded into the reactor, it 
is

read3
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continuously bathed with an inert gas, which creates a protective

4 atmosphere around the emerging stream of metal. It takes several
minutes to pour the metal. Before it is

placed in the pouring crucible, the mag-

nesium Is thoroughly refined to remove

metallic impurities and suspended matter

and to separate it from molten fluxes

hP and P1Pftrn1Vt. In PertAin cases, the

magnesium is filtered through cermet

filters, e.g., filters made from the

fine fractions of titanium sponge, as

it is poured into the reduction reme-

tor [1023. With suitable design of the
a apparatus and high skill on the part of

the servicing personnel, the quality of .O

titanium sponge produced in reactors Figure 42. Diagram
charged with molten magnesium is higher of installation for

charging reduction

rythan when a solid reducer is used. reactor with molten
The reactor, with or without its magnesium. 1) Mag-

nesium batching cru-

load of magnesium, is evacuated to 200- cible in constant-

400 p'm befcre installation in the fur- temperature jacket;
0 2) guide frame; 3)
nace and checked for tightness. Seal- reduction reactor.

ing is considered adequate if the re-

sidual-pressure increase in the reactor (also known as inleakage)

does not exceed 5-8 pm/min.

After testing for tightness, the reactor is filled with

ed dried inert gas (usually argon) and installed in the 
reduction

furnace. To degasify the reactor walls and the surface of the

solid magnesium, the reactor is heated to 4000C in the furnace

(to 600 0C in the case of a reactor without a load of magnesium)

with simultaneous evacuation. When the desired temperature has

of been reached, the reactor is filled with dry argon and heated 
to

650-7600 C, i.e., until all of the magnesium has been melted and

slightly overheated. At this temperature, the inert-gas pressure

in the reactor is lowered to 0.05-0.10 atm and the reactor 
is

ready for the reduction process.
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--------- ... e ."- ... . I.- the ueduion process; be-

fore delivery into the reactors, it is usually passed through a on

vessel filled with titanium spo. e that has been Leated to 750- ox!,

900 0C to purify it further of oxygen, nitrogen, and moisture rlo ac €

102]. Sometimes helium is used instea of argon to increase heat thy
conduction in the reactor gas space [92, 107). Here, however, it come

must be remembered that technical helium is of unsatisfactory face

purity. Specially Purified or snee.tally pure he14m...., is ....
i parably more expensive than argon. ium

Reduction Technology the

After all of the mgnesium has been melted and its tempera- in t!

ture has reached 740-7800 C, delivery of titanium tetraehlorie ters

into the reactor is started. In occasional cases, the TiCl4 is

fed into the reactor at temperatures of 650-7009c. It is u-ual! ture

supplied through a central pipe fitti.g on the reactor cover. and

The TiCl supply to all reducers is either centralized or via proc

"A4.4A-.. tv4.1 U ._,._ ,one fu each unit; in some cases,

the TiClt is filtered before delivery into the reactor, usually tant

through ceramic filters [102]. tal

B At the start of the reduction process, before TiCl4 is fed the I

into the reactor, the maznesium surface and the reactor oalls

are coated with a thin film of oxides, end the magnesium does not
j wet the passivated reactor walls (107). As a result, the reduc- indw

tion process will obviously advance very slowly, and for the most show
Fpart in the gaseous phase, when the first portions of TiC are

fed into the reactor. During this time, the pressure of the lishE
vapor-gas mixture often rises to 250-400 mm Hg, so that it is perat

necessary to bleed mixture from the reactor periodically. Tem- vari

pez-i ur j aioo uns~utale; bhe mximum--temperature zone is held cond!

above the level of the molten magnesium on the walls and cover of 127,

the reactor. The specific TiCl flowrate (the flowrate referred

to 1 cm2 of reactor cross section) is low and does not exceed 6-8 the i

g/(cm2*h). During this time, large quantities of lower titanium to fc

chlorides form in the reactor; this is because of the deficiency

of reducing agent and the elevated TiC and argon pressures. supp]

PTD-HC-23-352-69 FTD--
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ess; be- So it continues until particles of reduced titanium appearLrough a on the melt surface and the ,eactor walls. Interacting with the

to 750- oxide films, the titanium reduces them and depassivates the sur-
ture 18, face of the reducing agent and the reactor walls, The magnesium
ase heat then begins to wet the surfaces of the titanium particles and

wever, it comes into contact with the titanium tetrachloride oa this sur-

ctory face.

incom- As a result of the increased numbers and area of the titan-

ium particles, the rate of the reduction process rises rapidly,

the pressure of the vapor-gas mixture drops, and the temperatures

tempera- ia:;h : eat or ar Lve;:e:;out and stabilized. The process en-
loride ters its main stage. The titanium particles formed during this

i1- is phase of the reduction Process absorb oxygen, nitrogen, and mois-

I3 usually ture present inthe vapor-gas mixture and oxygen from oxide films

Over. and impurities in the magnesium. In the normal course of the

via process, most of these contamr4naed particles settle at the bot-

lome cases, tom of the reactor. If reactor-wall temperature decreases, sub-

sually stidttlitl auWi u or znMl d Litarjium pariUcies may be vUr-
tallized. If the reactor walls are not undercooled, no substan-
tial amount of sponge forms on them during the initial period of

is fed the process.
wals
does not Extensive practice in the magnesium reduction of TiC14 underreduc- industrial conditions and specially designed experiments have
the most shown that this complex process can be standardized to a substan-

-lh are tial degree and adapted for autcmatic control. It has been estab-
the lished that the most favorable conditions result when the tem-

is perature schedule in the reactor is controlled by programmed

[sem variation of the TiClI flowrate 
with correction of temperature

Is held conditions by forced cooling of the reactor [92, 196, 119, 122,

cover of A2-, 172, 3291.

referred Several schedules have been proposed for standardization of
xceed 6-8 the reduction process; they can be classified for convenience in-

titanium to four types. Schematic diagrams appear in Fig. 43a [3293.
ficiency I. Uuring the second half of the process, the rate of TiC14
ures. supply to the reactor is lowered progressively with the purpose

FTD-HC-23-352-69
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10 tial
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0 ~Sohedule 11

~ 'rflhTdi ti
-al .g*a~heduie III tor I

~i~p biiued
Afterloading ached

4? ah ckidule of magnesium the r,

A Process ti~na hours

E- Mag nesium, utiliiation, 5

S. ManeIUM ohlve,'±Aa .An?5"nv

Jer meA, arbitrary unit
U b

Fig. 43. TIC14 reduction conditions. a) Schematic

diagram shoving stabilization of reduction process;
D) variation Of specific TiCl4 flovrate and tmapera-

ture at reactor vail during programmed reduction proc-
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of better reducing-agent utilization.

II. The 8chedule is based on the assumption that the process
is autocatalytic in nature. The rate of TiCI supply to the re-
actor is varied to conform to the cycles of variation of Its par-
tial pessure in he reactor (as a function of the rate of ac-
cumulation of MgC1 2 in the reactor).

III. In this type, the maximum possible TiC1h flowTate is
stabilized throughout th, entire process.

IV. This formula differs from the preceding one in that ad-
ditional quantities of reducing agent are loaded into the eac-

tor in large portions during the process. Conditions are stabi-
.... GXU e,,,-zv aG, .Jdn~v, an in the preceding acheauie. This
schedule makes it possible to increase the per-oycie output of
the reactor, chiefly through better utilization of its volume.

A

II~b

t t.

F ' I, i *

Figure 4. Diagram showiln aut ati control Of MUG-
tion pe ss. 1) Phu eIsba gs cont L and annunciator
panel; 2) TtC2 4 flowmeter with rSulatlknt valve 2a; 3)
teia eatu e iende for ma ra~nt of teeuptoe In

aoearton sone with ulthpoetl so potant itio o its p 4)
t furnace cooling fan with act t ng echanse Patn
dampers in air manifold th ; 5) treor scales with
Iellher" 5a and valve 5b of mnsis chlor lode d atin
unit pnoufatl drive ylrndem; 6) reulating units'a aor

ditaio al and titanium tetachloid e P lesses in teaetor;
7) thed ocouple with potentiometer ?a for easurment
of temperature in botto one of eactor; of9) volt-

mmeters
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Below we present the basic tndicators of the reduction proc- has In
ess for each of the schedules examined above. of thf

the ani
I II III IV

Reactor cycle output, arbitrary, tity C
units 1.0 1.0 1.0 1.15 by 'he

Magnesium utilization factor, % 70 62 62 62 this t

Full cycle time, h 47 44.5 39 46 at the
Amount of commercial metal ob- velope

tained per reactor per year,
arbitrary units 186 197 225 219 zones~causes

An we so4 from these data, schedule III is most advantageous. proces
However, schedule IV will evidently be more efficient when equip-

R ment that permits loading the reactor with molten magnesium with- A
out interrupting the TiC1 supply Is developed, that aoican 

be
Figure 43b presents the standard diagram that was used as a i

basis for standard reduction processes in industrial reactors at tios.

one of the domestic plants. The TiC 1 flowrate is given in terms reache

of one square centimeter of initial reactor cross section. Tem- lished
perature is measued with avtt'ti€_ te---rnt.- n Figure 44 sizes
is a diagram .of automatic reduction-process control in accordance lur re
with a preset program. This diagram relates the TiC1 4 flowrate [100).
with temperature, cooling-air-fan operation, and furnace heating. the h!
The ay:tem provides for automatic tapping of the magnesium chlo- nesium
ride and maintenance of a given argon pressure in the reactor

r127, 1701. Other automatic=oontrol schemes for the reduction I
process exist [107, 172). tot du

tor an
We see ftm FIrg. 413 that th* rate of the process increases mnes

rapidly until 103 of the magnesium has been utilized. Even be- and ba
fore the first magnesium chloride is drained, the reaction sur- that b!
face increases to the point that the process rate reaches its tor be
maximm and rqAPnshee aw- lone- - th=rM 1 .. tOv "s- to it.
nesium in the reactor and until the rate of its transport into
the reaction zone limits the reaction rate. This period of peak

efficiency continues until 40-50% magnesium utilization. During tance

this time, the offtake of heat from the reactor is at maximum, An ade4
so that the lowest reactor wall temperature values correspond to better

it on the temperature curve. After utilization of the magnesium into t
Footnote (41) Is on page 305.
FTD-HC-23-352-69 FTD-HC.
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proc- has proceeded beyond this Ui-it, the process slows down in pite

of the developed reaction surface as a result of the increase in

IV the amount of magnesium in the sponge pores with increasing quan-tity of reduced titanium. The reduction rate comes to ha limited
I.15by the magnesium transport rate into the reaction zone. During

veloped porous structure. Magnesium passes into the reaction

9zone through capillaries in this sponge. This is one of the

causes of the rapid growth of the lining in the last stage of the
geous.
quip-with- At 60-70% magnesium utilization, the conditions are such

that all of the unreacted magnesium Is In sponge pores, where it

can be contacted by the titanium c€lorides only with difficulty.

as a This is what determines the maximum degree of magnesium utiliza-

s at tion. It has been reported that the magnesium utilization factor

terms 75-85% In some Case$ [105, 1073. It has also been estab-

Tem- lished that as the rate of the reduction process rises, the pore

....t,'p sizes in tne sponge decranui, WLII za -3 J. v1:= ........

-u reduction and crystallization centers form in large nufers
ate [100]. Thus, other conditions the sas, the general rule is that

ting. the higher the rate of the reduction proeecs, the lower the mag-

'hlo- nestum utilization factor.

)r
ion It has been proposed that magtiesium be loaded into the reac-

tor during the reduction process to improve the utilization fac-

tor and reactor useful volume [102, 105, 107). The afterloaded
ses magnesium may be introduced in solid form with special cart&Idges

be- and batchers or in the liquid state with equipment similar to

5ur- that shown in Fig. 42. It is extremely important that the reac-

tor be kept sealed during this process and that no air be admitted
to It.

to The magnesium chloride drainage schedule is of great impor-

During tance for normal conduct of the process and formation of 
sponge.

# An adequate amount of magnesium chloride in the reactor promotes

nd to better layering of the rignesium and facilitates its transport

esium into the reaction zone. Sponge forms and lower titanium chloride
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are further reduced in the fused magnesium chloride. At the same intern

time, an excess of magnesium chlorde lowers the utilization of in orte

reactor usefu volume and covers a large reaction area with melte freezi

thus lowerIng reactor productivity , are (
tive

aniagnesum chloride is usually drained several imes during

the reduction. Here the tappvnr schedule is established soas to ever,

keep the alt level and the preferred reduction-reaction front In asur

tions
the lyhe in onich the reactor Is most effectvely cooled. There
as equipment des is with continuous manesium chfrlde drl-"I e.- petsadditi

An agtnestum chloride accumulates in the reactor, an ncrea- the do
thye las roaton (ar is covered wth the fused salt, and the r 4acti

volume tQe re i zao t rduceo. As a result, the process rate pce
gadually fells oft, ad the pressure of the vapor-gas mxture ture s4

rtsere reaching 150-250 mm HS before the next tappind of the salt. is mea
The fo er lowers reactor pmoductivty, nd the latter creates acondiJti ons favoring the formation of lower titanium chlorides,.a

De inage of gnesium chloride exppee magnesium-wetted specir.
sponge surfaies with bhe eae o racton with Poat, t
the roedudIn ent nreaes and the vapor-as preur e drops to suppli

cople-Jacket at s aautomat

Cases have boon observed n which thr tee meau rose C
abruptly in one of the reactor tones after the magnesium chloride

jwa" taped. Ths Is obviously to be xlaned by frth r ra- due- upsets

tion or lower titanium chlorides by magnesium brought down whenlo e
I : +  ~the salt was drained (for the most part, further reduction ofdee

TIM 1 which crystallises out of the salt In certain underoooled cover 11

t o n e s1 ) . b r i d g e ,

oothe t(mpeate n t e reactor Is the principal factor In process,
ftteraingn the type of reaction between the TIC14 and the 089- and It J

negims the sponge-formn process, reactor produtivity, and duor.

sponge quality. Te*WerstUr* cannot be asured at the center of At

the reactor, in the reaction core, *in** there are no thermno-, veporia

CoupIe-ocket materials that ar stable in TICIA at temperature- This res

• ~above 1O00-1200*C. At any rate, temperature measurement at the prpo

walls of the "eactor rather than at the center Is of greater tatn
Footnote (5 io page 305.-c.t,._-
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At the same Interest for industrial practice. This temperature must be known~

lization of in order to prevent the melting of holes in the reactor wall or

with melt, freezing of th x-at .mas onto the wlls. Thsama*ements

are sometimes made with a multij1unction thermocouple in a protec-

9during tive jacket mounted on the inner wall of the reactor. Then, how-
-A _- - ever, the jacket shields the thermocouple and prevents accurate

on front in measurement of reactor wall temperature. Vocal reduction reac-

ed. There tions often develop on the jacket, and this also distorts data on

do drainage.( 5 ) the temperature conditions in the wall layer of the reator. In
an inrareas- the design of the equipment and the subsequent extraction of the

it, and the reaction mass or spkinge. For these reasons, internal thermo-
process rate oouploiu have recently been supplanted increasingly with tempera-

mixture uz'e senders with which the temperature on the reactor outer wall
~ fthe salt. i ~sd
creates

corl4es. As we see from rig& 43, the temperature in 'che wall layer of

wettedthe reactor is held at a level determined by the TiC14 flowrate
o t t h p eifie d for the P aticular ph~ of th pr ce "o "NS s P k

La drpsto pose, the TiCl4 flovrate and the on-off switching of the fan that
drpst supplies cooling air to the reactor outer surface are controlled

autozatically.
rose

chlorideCooling of the reactor~ below the optimum temperatures results
.cr dec in the formation of large amounts of lower titanium chlorides and

rown whe upsets the reduction process. Cases have been~ Ofserved in hih

ion oflwtehrtueendn~ ~ flowrates have oawrid much of the re-

dercoledduced titanium to crystallize on the reactor walls and gradually
darcoledcover its entire cross section -- the formation of a so-called

"bridge,* accompanied by a sharp deceleration of the reduction
ctor In process, Once the supply of magnesium to the reaction sone stops

the ma- and it is difficult for the !'iCl4 to make contact with the re-

Y, andducer.

centr ofAt above-optimum temperatures, conditions are created for
hermo-
p er ture- vaporization of the magnesium and the gaseous-phase reactions.

tat the This results In the formation of a large amount of dispersed,

iater pyrophoric titanium, which maken the subsequent operations of ex-
tracting the sponge from the reactor and gridinx It much more
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difficult and also reduces the amount of high-grade titanium ex- star
tracted from the TiCl 4. Moreover, the reactor material interacts nesi
more vigorously at elevated temperatures with the reagents present with
in the eactor, to the detriment of tianum quality. Elevation of t
of the temperature may cause the reactor to melt through and, con- vent

seauently a bre.aown in which expensive titanium sponge is equi

spoiled. Under normal process conditions, the optimum reactor begi
outerwall temperature is held in the 750-8500C range. The tem- 7800

perature In the bottom zone of the reactor is usually about 750°C. nace
since this supports better tapping of the magnesium chloride C92]. duce

At the end of the reduction process, when the supply of TICI sponj

has been shut off to permt further reduction of lower titanium whi
chlorides and more complete separation of the magnesium chloride, tenii

1' there is a 30-60-minute hold at 900 0C. after which the last riag-
nesium chloride is tapped, unit

After the high-terperatur.- hold, argon is admitted to the
unit and it is cooled in the furnace to 8000 C (in the case of a
stainless-steel reactor) or 6000C (in the case of a low-carbon- tempi

st6al ruac cor) zo protect the reactor outer surface from severe salt

scaling resulting from exposure to air. Subsequent cooling of the ducir

unit to 20-40eC takes place on a special bench, on which its sur- chloz
face is sprayed with water or flushed with air. this

Certain Variations of the Periodic Process of tt
i n uall

One ver:±ion of the wagnesiothermic process proposes the use
of magnesium condensate as a reducing agent for titanium tetra- tetra
chloride; this material ts obtained on removal of the magnesium
chloride and magnesium from the reaction mass during vacuum
separation [155, 158]. Here the magnesium and magnesium chlo- TC
ride sublimates are condensed directly in the reduction reactor
during the procesa of vacuu* separation [153, On compl~tio sOfecpater
vacuum separation and cooling of the condenser-reactor under con- an

dittons that minimize contact between it and atmospheric air, the
reactor is dismounted, covered, sealed, evacuated, filled with
dry inert gas, and installed in a reuction furnace. The tetra- tion

chloride can be supplied into a reactor with magnesium condensate TiC14
heate
Footr

FTD-HC-23-352-69 FTD-H

287



I

ium ex- starting at temperatures as low as 250-4000 C, since dispersed mag-
teracts nesium is highly active at this temperature and reacts vigorously

present with TiCl4. After the temperature has risen to 700-8000C and all
vation of the condensate has melted, the process is similar to the con-
d. con- ventional reduction. This process makes it possible to increase

is equipment productivity, since the warmup time before TiCl14 supply
ctor begins is shorter (going to 250-4000C rather than the usual 740-
he tem- 7800C). The process of remelting the condensate in special fur-

.t 750-C. nacesis-also cminated, and this lowers operating costs and re-
de (92]. duces magnesium losses. The quality of the resulting titanium

of TiC 4  sponge depends strongly in this case on the effectiveness with
anium which oxidation of the condensed, dispersed magnesium and mois-
loride, tening of the magnesium chloride can be prevented during the
t mag- period in which they are in contact with ambient air (when the

unit is disassembled after termination of the reduction process,
and during its assembly for vacuum separation).the

of a With a view to lowering the temperature of the process, at-tmntxhAV2 hao" TQAI +.^.-. low--I4 -th^mtt hae been made to reduce T -1 t ,,.,, obai a lc-met
Svere salt melt. A mixture of magnesium and sodium was used as a re-

of the ducing agent for this purpose, or sodium, potassium, and other
s sur- chlorides were injected into the reactor [103-105, 107). However,

this did not markedly improve magnesium utilization, processing
of the reaction mass was complicated, and the grain size and
quality of the sponge deteriorated.

tra- Numerous attempts have been made to supply the titanium

slum tetrachloride to the unit simultaneously with molten or gaseous
magnesium with the object of increasing reactor productivity and

1o- magnesium utilization. Thus, several patents propose that the

ctor TiC14 and magnesium be introduced into the reactor gas space with

on or special tangential and swirl-type nozzle injector. Otheronpatents suggest introduction of magnesium into a bath of fused

r, the magnesium chloride or batched injection of magnesium vapor into

ith a chamber containing TiC14 vapor by means of a special distribu-

etzra- tion tank 7 ) Another method envisages simultaneous injection of

ensate TiCl 4 vapor and magnesium powder into a reactor that has been pre-(8)heated to high temperature. However, a major obstacle tc the

Footnotes (6), (7) and (8) are on page 305.
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implementation of these processes is the absence of sufficiently prod

reliable flow-control and batching equipment for molten and cyci

vapvrized magnesium; another is the fact that when TiClj, and mag- have

nesiu are supplied simultaneously to the reactor, the TiCl4 and shor

magnesium feeders are quickly overgrown by titanium sponge. More- Vacut
over, these methods usually produce large amounts of dispersed,~pyrophoric sponge, and this makes its processing difficult and

lowers the grade of the metal. t-on
~magne

Hoist and Proft proposed a method for reduction of TiCl4 with

magnesium vapor in a vacu.m rather than in the usual ner-gas not e

atmosphere [1511. Here, both processes (both the reduction of

TiC14 and separation of the reaction mass obtained after reduc-

tion) =.- carried ou in the same apparatus. The apparatus is menta

a reduction reactor with a top-mounted water-cooled condenser. and n

Magnesium pigs are loaded into the reactor, which is then sealed the r

and evacuated to 60-70 mm HS, with simultaneous preheating to

700°0 . When these conditions have been reached, TiC14 vapor is react

admitted to the reaction space above the pig magnesium and re- feren

acts with the sublimated magnesium vapor. During the reduction nents

reaction, the condenser gas space is disconnected from the reac- can b

tion-chamber space, and the process takes place in the bottom of its b

the unit, where the titanium and magnesium chloride form and the perat
unreacted magnesium remains. howevi

When the TiCl supply has been shut off, the unit is evacu- rials

ated with simultaneous heating to 900-1000°C. Communications is Purthi

then opened between the reaction chamber and the condenser, where magnet

the magnesium chloride vapor condenses and the magnesium drains 
tions

in the molten state into a special receiver. -he titanium sponge

left in the reactor contains, on the whole, from 0.1 to 0.5% mag- hard

nesium chloride and manganese, and the extraction of titanium movinj

into the commercial sponge is 85-90%. The shortcomings of this actio

method consist in the formation 
of a fine sponge, lower TiCl4

utilization owing to the formation of lower titanium chlorides

in considerable amounts, and the impossibility 
of periodic tapping of raE

of the magnesium chloride product while maintaining a high vacuum nesiul

in the reactor. This last circumstance sharply reduces reactor 
and mi

the m-
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ficiently productivity, whir.h does not exceed 100 kg of titanium sponge per

and cycle. Other design versions of the equipment for this process

4 and mag- have been submitted [152), but they are all host to the above
iC1l4 and shortcomings.

ge. More- Vacuum Separation of Reaction Mass

Dersed.

lt and The reaction mass obtained as a result of magnesium reduc-

tion of TiClh contains about 50-70% of titanium sponge, 30-35%

TiCI4 with magnesium, and 15-20% magnesium chloride. The maximum permissible

~rt-tas chlorine and magnesium contents in refined commercial sponge may

-ionco not exceed 0.08-0.12% and 0.1-0.5%, respectively.

=reduc- The reaction mass can be separated by either of two fund&-

t'us IS mentally airrerent methods: sublimation of the magnesium chloride

onser. and magnesium in a vacuum at high temperatures, or leaching of

n sealed the reaction mass in 0.5-1.0% hydrochloric acid.

ng to Sublimation of magnesium chloride and magnesium from the

rapor is reaction mass in vacuum separation is based on the large dif-

nd re- ferancc tetc ,i the vapor pressures of the reaction-mass compo-

'duction nents at high temperat="e. A3 Wo s ro Table 30, fu&iA5ium
!he reac- can be distilled out of the reaction mass at a tez-perature above

:ttom of its boiling point (11030C), and the magnesium chloride at a tem-

and the perature above its boiling point (1418
0 C). At these temperatures,

however, titanium sponge reacts vigorously with the reactor mate-

evacu- rials, with the result that sponge quality deteriorates sharply.

tiodu is Furthermore, it is impossible to remove the magnesium chloride and

-r, where magnesium from the sponge thoroughly enough under these condi-
drains tions.

um sponge It has been suggested that the process be conducted uner a

0.5% nag- hard vacuum with the purpose of lowering the tempeatu-e and re- U

anium moving more of the magnesium chloride and magnesium from the re-

of this action mass [103-106J.

TiC1l
orides At a residual pressure of aiLout 50 ym Hg, the boiling point

ic tapping of magnesium chloride is approximately 7000C, and that 
of mag-

gh vacuum nesium about 400 0C. However, t1.,se are the figures for magnesium

reactor and magnesium chloride in the frm state. In the reaction mass,

the magnesium chloride and magnesium occupy n-res in the titanium

FTD-HC-23-352-69

290



Graphic Not Reproducible titaniu

Pri

out the

[lO6, p

industr

complex

In

pre ferr

of a mo
[92, 19

easier

Figure 15. Machine for drilling reaction tening

mass out of reduction reactor.
somewha

sponge, including extremely fine pores deep in its interior, the rag
the dep '

Hence to accelerate the process and obtain more complete subli- theo de:
mation, vacuum separation is usually carried out at 950-1000

0 C

[9 2 , 10 7 , 1 58 ] .
rat ed sl

rated s

The reaction mass may be subjected to vacuum separation in

the form of a monolithic block or in the form of chips. 
In the Fi

latter case, the reaction mass is cut out of the reactor on a 
of a va

special machine (Fig. 45) after completion of 
the reduction proc- tion Dl

ess and cooling of the reactor. To prevent moistening of the 
ral vie

hygroscopic magnesium chloride, the reaction mass is machined out section

in special so-called "dry rooms," where the air humidity corre-Sspnds to dew points at -26 to -50°C [106, 107, 159, 167]. Vacuum mm Hg)

separation of chips permits more efficient utilization of separa- 
to red

tor volume and facilitates the subsequert operation of removing 
tion m

the sponge from the reactor. However, even in rooms with air sure of

humidities below 0.5 g/m 
3 , magnesium chloride takes up appreciable tor.

amounts of moisture during the machining-out process; a contribut-

ing factor here is the increased contact area between the mag- hess.

nesium chloride and atmospheric moisture when the chips are cut. tion t

In addition, the chips are more strongly heated than a monolithic pm Hg

block under a hard vacuum, and this increases the time required pumped

for the process. The construction and operation 
of "dry rooms" 

to 10-!

complicate the technological process and raise the cost of the

PTD-HC-23- 352-69 FTD-KC
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I
titanium sponge.

Proposed methods for cutting

out the reaction mass in a vacuum

C106, page 27] have not come into
industrial use because of their 0 -

complexity. --

In industrial practice, the * U

preferred method is separation

of a monolithic reaction mass * "

[92, 197, 158, 167). Here it is -
easier to avoid appreciable mois-,

tening of the reaction mass, but 4.4

somewhat more difficult to drive

the magnesium chloride out of

the depths of the block; it is

c also harder to remove the sepa- Figure 46. Diagram of ar-
rated sponge from the reactor paratut for vacuum-thermal

purification of titanium

in [107, 158, 168). sponge. 1) Electric furnace;2) titanium-sponge block; 3)
he Figure 46 shows a diagram 1at-stage floor; 4) lower

of a vacuum-separator installa- funnel; 5, 8) water-cooling
Jackets; 6) inner casing; 7)

roc- tion [172), and Fig. 47 a gene- shield; 9) trap; 10) upper
ral view of a vacuum-separation retort; 11) inner shell; 12)

upper funnel; 13) supporting
out section. funnel; 14) upper-platform

floor; 15) packing; 16) sup-e- A balancing vacuum (10-50 porting column.
acuum mm Hg) is set up in the furnace

.ara- to reduce the load on the reactor casing with its load of reac-

.ng tion mass at 900-10000, which is evacuated to a residual pres-

sure of a few microns, and to prevent air from entering the reac-
iable tor.

ibut-
The assembled unit is carefully sealed and cheocked for tight-

ut. ness. The vacuum 1 oss in the assembled cold unit after evacua-

thi c tion to a residual pressure of 50-60 Um Hg may not exceed 1-2

ed Um Hg per minute. After checking for tightness, the unit is

, pumped out to a residual pressure below 0.2 =e Hg and the furnace

ie to 10-50 mm Hg; the electric heating is then switched on and the
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A

reactor temperature is raised while it is pumped [92, 107, 158). of the

When the temperature has risen to 300-3500C, most of the 
a prede

moisture present in the moist magnesium chloride or adsorbed on residue
mented

the reactor's internal walls has been removed from the reaction

mass. Below 300-3500C, the moisture released does not oxidize the 
is disc
1-2 wmi

titanium sponge, which is coated by a layer of magnesium chloride

and mAnesium. The rest of the moisture is eliminated as the tem- 
tion ps

perature rises from 500 to 5500C. Above 480
0C, all of the mois- or by v

ture released interacts with the titanium sponge, 
contaminating of the

It with oxygen and hydrogen [65, page 92). In addition, hydrogen Is more

chloride may be released from the reaction mass at 1820C as a re- Ur

sult of hydrolysis of magnesium chloride crystal hydrates and for- aratior

mation of MgOHCl. If the reaction mass contains lower chlorides pore M1

of titanium, TiCI4 may also be liberated as a result of their dis- process

proportionation. be cari

to proc
When the temperature in the reactor has been raised above

600-7000C and the residual prsssure is below 1 mm Hg, the
plete,

Pootnot
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magnesium and magnesium chloride begin to distill violently, with

the result that the vacuum in the unit drops and the condenser

temperature rises sharply. During this time, the furnace elec-

tric heating system is switched off periodically to prevent over-

heating of the condenser and obstruction of the vacuum system by

sublimates. After as little as 8-12 hours have elapsed from the

start of vigorous sublimation, most of the magnesium and magnesium

chloride have been driven out of the sponge. The residual pres-

sure in the unit then begins a rapid drop. During this time, the

temperature may be raised to 960-1000
0 C. This begins high-tem-

perature holding, during which residues of magnesium chloride are

removed from the sponge as the reactor residual pressure gradually

descends to 10-20 um.. During this period, which reoresents about

80% of the total process time, the rate of magnesium chloride and

magnesium sublimation is determined chiefly by the rate at which

their vapors diffuse out of the depths of the sponge to the evapo-

ration surface [107, 158J.

A variety of methods are currently in use for determination

7, 158J. of the end of separation. The process is usually broken off after

f the a predetermined high-temperature-holding time and 
a given stable

rbed on residual-pressure level in the reactor. This is sometimes supple-

,eaction mented by'detertination of the vacuum loss in the 
reactor when it

xidize the Is disconnected from the vacuum system, which should 
not exceed

1-2 um/min. It has also been proposed that the end of the separa-
the tern- tion process be determined from the teNerature of the gas stream,( 9 )

the tms- or by measuring the residual pressure near the evaporation surface
h mtin of the magnesium chloride, For obvious reasons, the latter method
hydrogen is more promising.hydrogen

as a re- Under industrial conditionb, determination of the end of sep-

s and for- aration is complicated by the fact that the composition, porosity,

hlorides pore sises, etc., ,of the reaction mass vary substantially from

their dis- process to process. It is therefore Important that the reduction

be carried out under standard conditions, which make it possible

to produce reaction masses of uniform composition and structure.above

e When it has been determined that vacuum separation is Com-

plete, furnace electric heat is switched off, the reactor is

Footnote (9) is on page 305.
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filled with argon, and, simultaneously, the countervacuum in the restdue

furnace is lowered. After bhe unit has been cooled to the ambient the sept
air temperature with the sponge inside it, it is disassembled, into tho
The reactor is sent with the sponge to the sponge-refining depart- (331, 3.
ment, and the condenser to the condensate-remelting department. All
The magnesium melted out of the condensate is recycled to the tions fc
reduction process, and the magnesium chloride is sent for elec-

it is ne
trolysis to recover chlorine and magnesium, which are alsc re- grade ti
cycled.

Sep
The comleteness with which the magnesium and magnesium n indus

chloride are eliminated from the sponge is determined principally shorter
by such factors sA the high-temperature holding time, temperature, orer
the hardness of the vacuum, and sponge structure [107, 158). It Int he

into hehas also boon established that increasing the holding tie (for

example, 'om 24-30 to 48 hours) cannot, by itself, lower the can be r
sponge ohloride content [158]. At the same time, a substantial 80). Th

increase in vacuum-separation time is generally detrimental to thee
At the a

sponge quality owing to the reaction between the sponge and air
that s eps Into the reactor. mchum r

Nor doe the esidual pressure in the reactor at the end of M
the process determilne the completeness of sublimation. Thus, it t 4eel
has been found that when the residual pressure in the reactor Is
varied from 2 " 10 "4 to 2 * 10 - 5 mm Hg and other factors are held pressure

constant, there is practically no change in the chlorine content

of the titaniumsponge C108, 1583. tam ihf

The temperature in the reactor has a strong influence on the Indicatei
depth and 'speei of sublmatlin. Thus, the magnesium-sublimation tetrachl,
rate is :4cOubledwhen the temperature Is raised from 900 to 925 0 C, nesium w
but magrhosium chloride Is removed somewiat mrs slowly [108, 158]. system AU

It has also been established that the lower the porosity and the vacui
the smller the sie of the pores In the sponge, the more diffi- Ing acttF
cult does-It become to rmwvo ,the magnesium and magnesium chloride or silici
from It. For exIle, for the reasons examined above, an increase traps [1(
in the rate of the reduction process reduces. sponge porosity and. To I
pore dimensions, so that it becomes more difficult to remove in the ei

tems are
FootnotePTD-HC-23-352-69 295 PTD-HC-2'



he residues of magnesium and magnesium chloride from the sponge in

kent the separation process. On a slight increase in TiCl feed rate

..nto the reactor, spcnge porosity increases from 40-8 to 16.3%

art- (331, 332].

All of' the above attests to the fact that in defining condi-

tions for conduct and culmination of the vacuum-separation process

it is necessary to consider many factors in order to obtain high-

grade t1tanium sponge.

Separators with bottom- and top-mi nted ;ondensers are used

In industry. It has been reported that the separation time is
shorter In the former case, since some of the magnesium and some

re, of the chloride are melted out of the reaction mass and drain
It into the condenser; in this case, the condensate is denser and

can be remelted easily and with less loss of magnesium [106, page

80]. This creates more favorable conditions for protection of

the titanium sponge from contamination by trickling condensate.

At the same time, the construction of the removable electric

vacuum furnace and condenser used in bottom-condenser equipment is

much more complex than in units with top-mounted condensers.

Mechanical sleeve-type and other vacuum pumps, including

twin-rotor pumps, are used to evacuate the reactor to a residual

ld pressure of 1-2 mm Mg during the separation process. Multistage

oil-diffusion pumps are used to create the hard vacuum. 
To pro-

tect the vaculm pumps from entry of sublimates, the vacuum sys-

tem is fitted with a number of echanical and oil filters. As we
the indicated above, water vapor, hydrogen chloride, and titanium

n tetrachloride may enter the vacuum system In addition to the mag-

C nesIum and magnesium chloride sublimates. To protect the vacuum

8 system and pumps from these aggressive substances and to improve

and the vacuum in the system, it Is equipped with speoial traps hold-

I,- ing activated charcoal, alkali heated to 8006C, titanium sponge,

ide or silica gel, or perhaps even with liquid-nitrogen frese-out

ase traps (106, 1673.

d To prevent air and vacuum-oil vapor from entering the unit

in the event of unexpected vacuum-pump shutdown, the vacuum sys-

tems are provided with automatic shutoff valves. 
(10)

Footnote (10) It on page 305.
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Temperattres in the reactor and condenser are usually meas- chlord

ures with surface temperature sensors and regulated automatic- dense a

ally in accordance with a predetermined program. he:

The residual pressure in the unit is measured wth type VIT the timi
Sthermocouple vacuum gauges, tion of

The vacuum-separatin process has important shortcomings, aeparat:

chief amng which are: 
and rea,
aration

Sa) the interittent nature of the process; The

b) the low productivity of the equipment, its complexity andth
high cost, h rd

the redL
c) high electric power consumption (6-10 kWh per kg of ti-

tanium). the

A proposal whose object is to increase vacuum-separation- 
the

equipment productivity is the combined process consideredand ma

ter 12, in which vacuum separation is linked with a hydrometal- necessax

lurgical final phase of the process in which residual magnesum in order

chloride and magnesium are driven .out of the sponge.
(1 1 ) A number the vaeu

of modifications of vacuum separation in continuous-flow equip- Extractl

ment have been suggested,(12)as well as variations in which the Sponge

reaction mass is remelted to dense titanium without removal of The

magnesium chloride and magnesium from the sponge [65, 161]J(1 3)How;-  welded

ever, these methods have not come into 
industrial use because of 

te spot

inefficiency or the complexity of equipment design. meter of

From the standpoint of increasing reduction and vacuum- tenaceou.

separation equipment productivity, interest attaches to a single ium spon!

unit of equipment that handles both of these processes [1623.
() ') steel, s.

One verslorot this. equipment- is- a-eduction reactor over which a with the

condenser is mounted; during reduction, the reactor wor'king space material

is hermtically separated from the condenser working space by a titanium

special screen with a central plugged hole large enough in dtam- it so at:

eter to pass the magnesium and megneslum ohlorid vapor, during the rea,

vacuum separation. When reduction is complete, tChe oonden le,' Jac]

vorking space is evacuated and the hole Is unplugge. 'Since the from the

reaction mass has been heated to about 900oC, the magnebtu'A after vai

Fotnotes (11), (12), (13) and (I*) are on pages 305 and 306.
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ually meas- chloride and magnesium begin to ',bliuate off vigorr.usly and con-

automatlc- dense at the top of the unit, i, ie condenser,

Here, equipment productivity is increased by elimination of

th type VIT the times required to cool the reactor to 40-600C after comple-

tion of reduction and heat it from 40-60 to 900 0 C during vacuum

,tcomings, separation, as well as elimination of the intervening disassembly

and reassembly of the unit between the reduction and vacuum-sep-

aration processes.

The essential shortcomings of the combined apparatus:
mplexity anid the impossibility of checking it for vacuum-tightness between

the reduction and separation processes;
r kg of ti- the relatively complex design;

paration- the extremely violent sublimatior of the magnesium chloride

ered in Map- and magnesium during the initial separation phase, which makes it

ydrometal- necessary to cool the reaction mass after reduction to 300-500eC

magnesiun in order to avoid overheating of the condenser and obstruction of
I)Anumber the vacuum system by sublimates.

low equip- Extraction of Titanium Sponge from Reactor and Processing of

which the Sponge

moval of The titanium sponge that forms in the reactor is strongly

welded to its walls. The effort that must be applied to separate

because of the sponge from the reactor material is about 40-100 * p.1 2 centi-

meter of cutting perimeter. The liner part of -the sponge is nest

vacuum- tenaceously welded to the walls. It is easier to sparate titan-

to a single im sponge from stainless-stool reactor walls than from ordinary

U[623.( 14) steel, since a layer composed of an intermediate alloy of titanium

over which a with the stainless steel forms between the sponge aiid:the reaotbr

orking space material and is easier to separate from the reictor walls. hen

pace by a titanium is used as the reactor inner lining, the spongse welds to

In diam- it so strongly that it is practically inpossibie 1-o remove it ftOm

rs during the reactor walls.

ndenser Jackhammers are usually used to separate the sposge liners
Since the

esi um from the reactor walls and extract the block of titanium sponge

_and 306. after vacuum separation has been completed and the reactor has
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cooled. Then the central bloom part of the metal is cut out and amount

the sponge block is extracted from the reactor. separa

Extraction of the sponge from the reactor by this method is moved

an extremely strenuous and time-consuming operation. However, T
mechanical methods of cutting the titanium sponge out of the re- is cru,
actor have not yet come into extensive industrial use owing to anical
the severe oxidation suffered by the titanium sponge during cut- 2 thou:
ting. Attempts to prevent sponge oxidation by feeding an inert proces,-

gas into the cutting zone have not produced the desired results. for sqt
This is partly because the pores in the sponge itself contain 6lock

enough air to oxidize the metal vigorously and partly because a d zes

substantial amount of moisture is adsorbed on the sponge surface. design

Use of out reaction mass (chips) in vacuum separation is of minate

interest from the standpoint of convenience and ease in extracting into t

the sponge from the reactor. However, as we noted previously, the drive

use of out reaction mass lengthens the vacuum-separation time and over,

is detrimental to titanium-sponge quality. must b

ium du
In industrial tests, the titanium-sponge blocks were pressed

out of the reactor on a 320-ton press. A massive false bottom
was placed on the floor of the reactor for this purpose. The ther,

press rod passed through the magnesium chloride drain hole of mills,

the reactor and bore on the false bottom, which pressed the block tionl.

out. The sponge can be removed from 3-4 reactors in an hour by than 2.
this method (3163. fractic

bottom
At one of the titanium plants of Osaka Titanium in Japan,

dis cardremoval of the spopge is made easier by fitting the reactor with tanium-
a perforated-bottom ihell made from low-carbon steel about 3 mm con I
thick. (1 5 ) On comletion of vacuum separation, the titanium sponge, 10 :m
whiczi has welded itself to the shell, is extracted from the reac-
tor with the shell; the reactor is then out up and removed from

of tie
the titanium block, which is cleaned of Impurity-onti1nated

surface film (ig. 48). berth*1 be the
After extraction from he reactor and cleaning, the block of qualit

titanium sponge is sent for trimming. First the bottom of the
block, the liner, and the surface films, which contain large obtain

Footnote (15) is on a page 306.
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out and amounts of impurities and are processed Graphic Not ReproducJble

separately from the main block, are re-

moved from it.hod is

ver, The main sponge block, the bloom,

e re- is crushed into coarse fragments. Mech-

g to anical or hydraulic presses rated at 1-

cut- 2 thousand tons are usually used for this

inert process. Presses equipped with devices

ults. for squeezing rather than cutting the

&in block are preferred, since this mini-

se a mizes oxidation of the sponge. Presses

x-face. designed for crushing sponge must eli-

I is of minate entry of oil, water, and scale

:racting into the sponge, and this makes bottom-

ly, the drive presses more desirable. More-

me and over, the mechanical part of the press

must be protected from entry of titan-

ium dust and be explosion proof.
)ressed

:tom The sponge is then ground down fur-

.he ther, usually in a system of Jaw-crusher

Iof mills, followed by screening into frac-

block tions. isually, the fractions smaller
r by than 2.0 .m from the main block and the Figure 48. Extrac-tion of titanium

fraction smaller than 6-12 mm from the sponge from reactor
bottom and lining are screened out and and cleaning of

bloom, a) Shell withan, discarded. The maximum size of the ti- sponge, after ex-
with tanium-sponge fragments in commercial traction from reac-

3 mm tor; b) separation
consignments normally ranges from 12 to of !hell from sponge;

sponge, c) removal of con-

reac- taminated surface
the more uniform will be the composition films from bloom.from
of the metal in the commercial consign-

ed ment, but the more finely the sponge is ground, the greater will

be the danger of oxidation of the sponge and inferior sponge

lock of quality.

the
After the sponge has been ground and the quality of the metal

obtained from the variouq reactors has been chocked, batches of
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metal that are most similar as regards chemical and granulometric

composition and mechanical properties are combined to form com-

mercial consignments weighing to 5-8 tons. Each charge is thor-
oughly mixed with any of a variety of mixer types that ensure

rapid blending and do not contaminate the sponge with mixer mate-

rial. One of the mixtures used at an Osaka Titanium plant in

Japan is shown in Fig. 49.
(16)

Graphic Not Reproducible

A Son

*sponge a!

are some,
Figure 49. Sponge-processing department. In
the foreground, containers for storage and order to
transport of the sponge. In the background, sent in
a sponge mixer.

Tow
After blending, a general sample is taken from the consign- capable

ment oy quartering or automatic intersection, The sample is tensivel
analyzed chemically and tested mechanically, sponge C

venientl
The final titanium sponge is placed in sealed containers, in forie(t

which it is stored and shipped to consumers. Airtightness of the orm (F
containers is very important, and the container material must

have sufficient resistance to rubbing by the titanium sponge dur- ing abou
ing shipment. tae bttaihierA

Footnote (16) is on page 306. then M

Footnot'
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Graphic Not Reprdu-nihle
u~lomet'i C

orm c)r.-

is thor-

ensure

Ixer mate-

ant in

Figure 50. Containers for storage and trans-
port of sponge.

Sometimes the containers are evacuated after filling with

sponge and then filled with dried inert gas. These precautions

are sometimes necessary for long-term storage of the sponge in

order to prevent moistening of magnesium chloride residues pre-

sent in it.

Towt containers made from high-strength aluminum alloy and

consign- capable of holding 1 to 2.5 tons of titanium sponge are used ex-

le is tensively in American practice for storage and shipment of the

sponge (18, 107, 108]. These containers are vacuum-tight, con-

tainers, in veniently loaded and unloaded, and can be stored on outdoor plat-

ess of the forms (Fig. 50). The containers used at the Osaka Titanium plant

al must are cylindrical, made from galvanized iron, and capable of hold-

sponge dur- ing about 200 liters (see Fig. 49). After filling with sponge,

the bottom, which has an elastic gasket, is crimped and the con-

tainer with the sponge is evacuated through a special fitting and

then filled with dry inert gas.(17 ) To prevent the sponge from

Footnote (17) is on page 306.
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interacting with the container material, a polymer film is bonded

onto the container inner surface and the sponge is enclosed in a

liner of the same film inside the container.

Man

scr
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No.

252

262

276

284

286

289

289

289

295
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290

298
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252 Also, Patent (USA), No. 2,205,854, 1940.

262 2R.A. Sandler, Authorts abstract of dissertation, Lenin-

grad, 1961.

276 3Osaka Titanium brochure, 1960.

284 4Timchenko, V.S. et al. Author's certificate (USSR),

No. 135,645, 1961.

286 5S.N. Sergiyenko and I.P. Maslennikov, Author's certifi-

cate (USSR), No. 125,384, 1960.

289 6Patent (Japanese), No. 7808, 1956; Patent (USA), No.

2,782,118, 1 57; Patent (West German), No. 1,030,995,

1958.

289 7Patent (Japanese), No. 13,656, 1960; Patent (USA), No.

2,772,415, 1956.

289 8patent (USA), No. 2,708,158, 1955.

295 9Ustinov, V.K. et al., Anthor's certificate (USSR), No.

132,824, 1960.

297 1 0Author's certificate (USSR), No. 129,907, 1960.

298 11Patent (USA), No. 2,933,600, 1961.
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1958.

303 15Osaka Titanium brochure, 1960.
S302 160Osaka Titanium brochure, 1960.
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Chapter 14 of gaseo

The
QUALITY OF MAGNESIOTHERMIC TITANIUM SPONGE in& tasi

mechanic
General Information uniformi

Recent years have witnessed the introduction of titanium througho

into new branches of engineering, including, primarily, rocketry, oxidized
shipbuilding, and the chemical industry. New refractory and heat- g s
hardenable titanium-based alloys have been developed and put into The
production to meet thn needs of these branches. As a result, the method,

demands made of the titanium sponge as regards purity have risen 0.02% Fe
sharply; this applies primarily to its content of gaseous impuri- hydroger
ties - oxygen, nitrogen, and hydrogen. hardness

It has been established that for many alloys, increases in Un
hydrogen and oxygen contents lower thermal stability and are quite magnesic
detrimental to plasticity [175, page 29]. The cold-cracking re- N2 , 0.0;
sistance of joints welded in titanium alloys is lowered substan- 0.05% Si
tially when hydrogen content increases [175, pages 24 and 32). other ir
Here, although high hydrogen content is the basic cause of cold from 90-
cracking in the welded joints, nitrogen and oxygen also contribute Tat
to the formation and development of cold cracks by lowering the for titi
plasticity of the seam.

Ow.
In view of the harmful effects of gaseous impurities on the existini

properties of the alloys, rigid upper-limit standards have been ally fo
introduced for their gaseous-impurity contents. For hydrogen, introdu
these limits range from 0.005 to 0.015%, for oxygen from 0.02 to to supp
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0.20%, and for nitrogen from C.01 to 0.05% (175).

Rigid specifications as to the purity of the metal confront
sponge-titanium producers with the problem of lowering the metal's
impurity contents significantly. In view of the contemporary
trend toward expansion of the titanium industry and the use of
titanium in engineering, as well as the need to use titanium
scrap in the alloy after machining, it can be stated with confi-
dence that the purity requirements made of titanium sponge will
increase stadily in the future, especially as regards its content
of gaseous impurities.

The quality of titanium sponge is determined by the follow-
Ing basic characteristics: chemical composition and related
mechanical properties; the homogeneity of the metal, i.e., the
uniformity of impurity distribution and mechanical properties

iu throughout the entire volume of the commercial lot; absence of

cketry, oxidized fragments and fragments with chemical composition dif-

nd heat- fering sharply from the basic mass in the commercial consignment.

,ut into The purest titanium, which is now produced by the iodide
lt, the method, contains less than 0.01% 02, about 0.002% N2) less than
risen 0.02% Fe, less than 0.03% each of C, Al, and Si, and traces of
impuri- hydrogen, magnesium, calcium, and nickel. Such titanium has a

hardness of about 50 HB.

es in Under industrial conditions, titanium sponge produced by the

.e quite magnesiothermic method usually contains 0.03-0.15% 02) 0.01-0.04%
ng re- N2, 0.02-0.15% Fe, about 0.002-0.005% H2, 0.02-0.12% Cl, 0.01-

abntan- 0.05% Si, 0.01-0.03% C, about 0.01% Al, 0.01% Ni, 0.01f . and

32]. other impurities. The hardness of maenesiothermic sponge varies
cold from 90-100 to 160-180 HB, and in some cases to 200-220 HB.

ntribute Table 32 lists chemical-composition and hardness requirements
rig the for titanium sponge produced in various countries.

Owing to the complexity and chiefly to the imprecision ofon the existing methods for quantitative impurity determination (especi-
been ally for oxygen), determination of mechanical properties has been

gen, introduced into the technical specifications for sponge titanium
.02 to to supplement determination of its chemical composition. Here
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TABLE
Technical Specifications for Titanium Sponge Produced

T"of J U = chncal Ciia
, r.is s 0; is* . ..

titanium spose Usti
USSR s

so I10 100
Ig I ,p, I =ated

Mechavical ~ L..- ' iNI.

.ptopertiee jbWX 1W . 0.03
Leached "W s - I,

iLeached Iu , "_ - . owsodiothermic 51.4r, -14000 A

Mi haaical TInA' car

SUU' I I ':I "  - I5, -,0 I

properties- --

Great Britain

l Booke of Mstund. lo8,. Wke.74

e .~~~~~ To. "iaimboh~,1

sodiothaermict

Properties J~ W, JJ..I-
Vest Germay br oup, Tikruta)

Promse (Pechiney)
teal T41 lift-.'0k I I -

Io
Note: Hardness HO measured under 3000-kgf load with

the cases marked with the asterisk, where the measure
respectively.
01. book of A3TM Stand., 1958, No. 2, P. 741l
e2. Kobe Titan brochure, 1961, and Osaka Titanium brochure,
03. Imp. Chemn. Ind. (ICI) brochure, Wrought Titanium, 1959.
04.1 Toho Titanium brochure, 1961
05. Tikrutan brochure, 1962.
06. Pechiney brochure, 1961
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32
ueed by the Magnesiothermic and Sodiothermic Methods

Composition, 1, not above Literature
111flTTTsource0 IF.I IN I , ,j ,@

USSR0.0610.071 0.041 -I - - 0.04 "
0.!o0.00 I I Io 10011
.05 oz . o.. - - U 14-64
0.10 O Z.Ou 1 11

O,10 I 0,1$ O06 I - I -J I 0 I --USA

00.11 0,4566 00006 0.5,0 -

0 . 1 5 a l t O l . 1 A . .o 0 -3 0 - - •

L30 0.0 0.64 0 4,60J 0* 04 -0.15 025 0.0 0.6:0 0.510I0.35 I 0 I 0o. 0 .20 0.5 I- -
0,30 ~ t 02 0,0 60150

0.10 0.3 04 to35 .40! i0.200 -i - - %a

Great Btitain

- 006Japan- 10 -. I- - 0 &.o o.; _ r 0 -
0.0 0,09,2006 005 J 0;6 110.j0 to t 1031 1 1 0*1 -

Wet Germany (Krupp, Tikrutan)-1". 6010 =II1 1*3 1 '1
France (Pechia)y)

h 30-a holding tiane and 10-Um ball diamter, except for
ure ments were made at 1500 kgf?, 30 s, and 10 o,

brochure, 1960.
um, 1959.
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the mechanical properties are regarded as a generalized character-
lzation of the metal's chemical composition. It is obvious that
in this case, mechanical properties obtained for the metal by any stud
given method must reflect its chemical composition as Iccurately of t
as possible and be independent of other factors. Hardness deter-
mined-on a cast specimen is the mechanical property that meets pur
this' condition best [178-181). gun,

gen,
Influence of Impurities on the Hardness of Sponge Titanium

The following impurities are encountered in appreciable quan- chani
tities in sponge titanium: nitrogen, oxygen, hydrogen, iron, car- auth
bon, silicon, and chlorine. Many investigators have concerned subst

themselves with study of the influence of these impurities on the ingot
hardness of ingots melted out of the sponge [178-181, 184]. The oxyg
influence of the impurities listed above on the prorerties of
technically pure titanium after thermomechanical processing has is a
been the subject of several papers [180, 181]. obtal

Since the hardness of stant
titanium produced by arc re- distr

.- -- - - - - - melting is one of the basic
e- -- ±...,4P criteria that determine sponge. At to 0.

-4 J quality, a number of authors most
have studied the influence of

impurities on the hardness of SOUr
C control ingots [179-181, 1841.

A distinctive feature of Mac- ai
- Kinly's method [181) is the ad- as fc
- dition of various impurities in Si,

t - predetermined amounts to pureI W a 4W 4W 4# 4 4* 4W 0 titanium sponge. Brown et al.Impu~rity content, % ri de
[180] used test results from

Pigure 51. Hardness increase 152 consignments of sodiother- tionARE of cast specimen as a

function of nitrogen, oxygen, mic titanium produced under in- Infl
and iron contents. I) Accord-
ing to [16]; II) according to dustrial conditions and obtained
[10]; III) according to [11]. the following relationship be- about

tween impurity contents and the
hardness: that
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aracter- H81 96V',-+ 15'-q + 46 S--6 + 2017+ 57.
s that The influence of impurities on control-ingot hardness was
by any studied In 1178, 179, 184] by correlation analysis of the results
ately of tests on 2500 industrial consignments of magnesiothermic titan-
deter- Ium sponge. It was established that the principal hardening im-
ets purities in titanium under industrial conditions are iron, nitro-

gen, and oxygen.

Figure 51 shows the increases in specimen hardness with
le quan- changes in the contents of these impurities according to various
n, car- authors [179-181, 184]. The information given here differs rather
rned substantially as regards the degree to which oxygen influences
on the ingot hardness. This may be because the methods used to determine
The oxygen content in the sponge were not accurate enough.

of
The weaker influence of iron on hardness according to Brown

g has is apparently to be explained by the fact that these data were

obtained from a study of sodiothermic powder, which differs sub-
of stantially from magnesiothermic sponge in its iron content and

re- distribution.

sic The observed fluctuations from 0.01 to 0.040 C and from 0.02
sponge to 0.05% Si in the sponge have little effect on its hardness (at
horsIos most 8-10 HB units).
ce of

ss of Sources of Contamination in Titanium Sponge

1841. The average impurity contents in magnesiothermic sponge ti-
Mac- tanium produced over the long term under industrial conditions are

the a,.- as follows for the blooms: 0.0% 02, 0.016% N2 , 0.06% Fe, 0.030%
ties In Si, 0.023% C.
pure Table 33 lists impurity contents in the titanium tetrachlo-

ot al.
from ride, magnesium, and argon typically used under industrial condi-

tions for titanium production [1843.
other-

der in- Influence of impurities Dresent in the TCl1
obtained About 40% of all the nitrogen, more than 20% of the oxygen,
ip be- about 15% of the iron, and nuch of the carbon are introduced into
and the sponge together with the TiCl 4 . The sponge-hardness increase

that results from impurities present in the TiCl4 represents about
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TABLE 33 magne
Chemical Composition of TiCl 4 , Magnesium, and Argon Used in Titan-

ium Reduction
into

Purified TiC14 , Z Magnesium, 2 Argon, 2I-:b &s" j b ,)------us-'- amoun
Impur.y mss) .%Y mass .. s ussa m ,,nt

USSR__________ USA USSR Japan US p A ent
Nitrogen .......... -0.001 0.015 - -0.,003 O,3 - 0.02-02 0.0005 the ri

ge........00-0,0 rc 0.01 0.01"-,~.00 0600"3043 0,000 of th
ON!dmn ......... ofto .o JrDeo~
Cor ,.0 , ;® 0 2

Ira0DON--00.0 1 Z3 0.02-0.03 0.03 titan811o0 0004 o01o0 <0,01 D~o.oo o.004 - tita

11"W 0.0 . 0.- 1 000 i hNot t. - o., - -,' 2 II|gE. ......... J '0 "0"=l .0 +" I II

________" :, -- hgheCop er. ... .... ... _ -. oDoo, r0, ,r
Zinc'. .. ... .. ... 0.003 -

,~an mlkJ .,. ... ,-,,3 - 0.04t -,,-. a rea

: impurJ
the T]

depos

40% of -the total increment frcm introduction of impurities by all these

other sources. early
The elementary composition of the TiCl4 has not yet been stud- that

as 5U the f~
ied throughly enough, although about 20 impurities of inorganic therf

and organic origin have already been identified in it and it impur
of the

was assumed until recently that there were only six (SiCI4, AlCI 3 ,
VOCI3, FeCl 3, COC12 , and chlorine). More than 4 tons of TiCl1  ties
are used for each ton of titanium sponge. Practically all of teome thou
the impurities are transferred trom the TiCl into the sponge, so

that the impurity contents in the metal will be more than 4 times 
actor

~appare
the levels in the TiC 1,.tT

A certain amount of dissolved air may also be present in the
TiCl4 in addition to the bound oxygen and nitrogen 18e, 185.Pu
This requires filling the systems used to store the purified TiCl4  to pro

and transport it to the reduction reactors with an inert gas that lowstl

prevents the TiCl4 from reacting with air.

Influence of iEvurities present in the magnesium reacto

About 20% of the N2, 40S of the 02, and 15% of the Fe are air.
introduced into the sponge together with the magnesium. The or ind

sponge-hardness increment due to the impurities present in the filter

Footno
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magnesium is about 30% of the total hardness rise.

ed in Titan-
Under typical industrial conditions, the magnesium is loaded

into the reactor at the beginning of the reduction process in anArson, 2

-hybMas)- amount sufficient to support the entire cycle without replenizh-

'SR Japan USA ment. The mass of the magnesium in the reactor is then 1.5 times

Sthe mass of the commercial titanium sponge produced. Since most

0O of the impurities will be transferred from the magnesium into the

- titanium sponge, their contents in the sponge will be 1.5 times

higher than in the magnesium.

However, it must be remembered that when TiCl 4 is fed into

a reactor holding liquid magnesium under these conditions, the

impurities present in the magnesium will interact primarily with

the TiCl 4 and with the titanium that has formed, and will be

deposited on the floor and walls of the reactor. Adsorption of

les by all these impurities on the surface of the titanium sponge formed

early in the process is another possibility. Hence the sponge

been stud- that is deposited on the bottom and walls of the reactor 
d.ring

norganic the first phase of the process is :ore heavily contaminated 
by

nd it impurities than the basic mass of the sponge; during 
processing

of the block, these parts of the sponge must be removed and

l4 AlC 3 0 scrapped. Thus, the magnesium is purified of most of its impuri-
f TiCl 4a ofC4 ties in the reactor at the start of the process. There are known
all of

methods for purifying the magnesium before placing it in the re-
sponge, so

an 4 times actor by pretreatment with titanium tetrachloride 
in a special

apparatus.(l )

ent in the To improve the quality of magnesium for use in reduction of

185). TiCI4, it is necessary to prevent !ts contamination by improving

ified 4the purity of the raw material used in the magnesium electrolyzers
i gasthatto produce the magnesium, to electrolyze the magnesiun at the

tgas that

lowest possible temperatures, to store it in mixers, and to trans-

port the purified molten magnesium and load it into the reduction

reactors under conditions that prevent it from interacting with

Fe are air. Transfer of the magnesium through pipes with electromagnetic

The or induction pumps and filtration of the metal through cermet

in the filters, and titanium filters in particular, are promising [184).

Footnote (1) is on page 325.
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Recent research indicates that if special measures are ob- tne pC

served, unrefined magnesium taken directly from magnesium electro- in the

lyzers can be used in reduction reactors [330].

Contamination of titanium by reactor material ties t

About 50-70% of the iron present in titanium sponge enters it saryt

as a result of reactions between the titanium and the reactor reacti

material. The melting point of the eutectic Ti-Fe 
alloy is about

10850 C. Use of type lKhl8N9T chrome-nickel steel results 
In the minims

formation of a complex eutectic alloy with a melting 
point of chlori

980-10000 C. SJnce the reduction process is carried out at tem- G

peratures up to 900
0 C and the separation at temperatures up to -- an

1050*C, the titanium may alloy very rapidly with the reactor mate- from

rial. The rate and depth of mutual diffusion between titanium and and Ti
iron are quite high. Moreover, the titanium sponge is contami- tire.

nated by nickel and chromium as well as iron when chrome-nickel walls,

steels are used as reactor materials. tractl

The iron, nickel, and chromium used in the reactor material 
cludir

interact with the titanium; they also dissolve in fuscd 
magnesium. walls

The reactor material interacts with TiC 4 at high tempiratures. 
materi

It has been established that titanium tetrachloride reacts slowly Influ

with the reactor material up to 600
0 C, but that the rate cf the

interaction rises sharply at higher temperatures. About 20-25% spong

of the total iron enters the sponge as a result of solution of titan!

reactor t-terial in the magnesium and the interaction with TiCl4. and i

It has recently been found that among the suitable structural

materials, types OKhlT, lKhl3, Kh25T, and other chrome steels are

more stable in the presence of magnesium and titanium tetrachlo- the c

ride than St. 3 rnd lKhl8N9T [184]. 
ium
Ing v;

It has been established that a major part of the impuritivs chlor

from the reactor material into the titanium during vacuum separa-

tion, especially in the last phase, when the temperature at the chlor.

wall-titanium interface is highest. In work with reactors made Howew

from St. 3 tteel, it is necessary to watch carefully for the for- ways

mation of scale on the inner surface of the reactor as it i&. be- in th

ing prepared for the process. It is also necessary to remember prese

Footn,
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are ob- the possibility of surface melting of the heat shields installed

,m electro- in the reactor, which may also contaminate the titanium sponge.

To protect the titanium sponge from contamination by impuri-

ties transferred into it from the reactor material, it is neces-

enters it sary to lower the temperature and shorten the cycle time in re-

actor duction and vacuum separation, to remove heat shields from the

is about reaction zone, and to use reactors made from steels that react

s in the minimally with titanium sponge, magnesium, and titanium tetra-

nt of chloride.

at tem- Great interest attaches to reactors with two layers of steel

up to -- an outer layer that resists scaling and an inner layer made

ctor mate- from a steel with less tendency to react with titanium, magneslum,

tanium and and TiCl. Use of titanium for the inner reactor layer is effec-

ntani- tive. Then, however, the sponge welds very tight to the titanium

nickel walls, as we indicated above, and this greatly complicates ex-

traction of the sponge from the reactor. Various coatings, in-

aterial cluding nlckel-plating$
2)have been proposed for the reactor Inner

agnesium. walls to prevent interaction between the titanium and the reactor

tures. material.

s slowly Influence of chlorine
of the As a rule, chlorine is present in magnesiothermic titanium
20-25N2n ofsponge in amounts from 0.02 to 0.12% Cl. During remelting of the
on of titanium sponge, all of the chlorine is eliminated from the metal,
h TiCl4. and it has no ma-ked effect on ingot quality.
eral

eels are A misconception that prevailed at one time was that all of

trachlo- the chlorine present in the titanium sponge was bound to magnes-

ium as the chloride, which did not distill out of the sponge dur-

ing vacuum separation. It was considered impossible for other

chlorides, such as those of calcium, manganese, chromium, loier
separa- titanium chlorides, and others, as well as chlorine and hydrogen

madhe chloride absorbed on the sponge surface to exist in the sponge.
made However, the fact that the chlorine content in the sponge is al-
it be- ways somewhat larger than the amount that the magnesium present
i b e in the sponge could bind demonstrates that not all of the chlorine

member present in the sponge is bound into magnesium chloride. 4oreover,

Footnote (2) is on page 325.
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industrial practice has shown that even substantial increases in

temperature, hardness of vacuum, and vacuum-separation time do tit

not remove all of the chlorine from titanium sponge, indicating in

the presence of less volatile chlorine compounds in the sponge. har

This may, of course, be due to some degree to the fact that part the

of the magnesium chloride iq in closed pores deep inside the the

sponge, from which removal of the vapors is difficult. chl
con

As we know, magnesium

chloride is an extremely hydro-

scopic compound, forming crys- of

C tal hydrates with 1 to 12 water lyz

1 molecules on interaction with chl

moist air. Hydrates contain- atmi

I . Ing 6, 4, and 2 molecules of Ser

water exist at temperatures con
0 49

S above OeC. Since the titanium are

sponge, which contains magnes- Cl)

to ium chloride, is exposed to [8!

pongefhhrone content, air during extraction from the in
I (by mass)

Figure 52. Oxygen content in reactor, crushing, and prepara- 0.01
sponge and hardness increase tion for melting, the magnesium cone

of cast specimen as functions chloride may take up as many as les
of its content of chlorine
bound in magnesium crystal 6 ioles of water per mole of rin
hydrates. MgCI2 * During remelting of such All

sponge, some of the oxygen present in the water of crystallization oxyl

enters the metal, to the detriment of its properties. 
Fig.

Figure 52 shows sponge oxygen content and the increment 
in tice

the hardness of the metal as functions of sponge 
chlorine content 1.5

and the amount of water in crystal-hydrate 
form. The hardness in- cont

crement was computed as a function of oxygen content after Mac-

Kinly (181J. M0,

the
When the crystal hydrates are heated to 182

0 C, removal of

water lowers the content to 2 moles per mole of MgC1 2  Furthr

heating hydrolyzes the dihydrate and forms 
the compound Mg0 

vau

belo
vaeu
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in All of the oxygen present in the MgO is transferred _nzL tne

0 titanium when the sponge is remelted in vacuum arc furnace&. Thus,
ng in analyzing the effects of chlorine on sponge oxygen content ar.d

e. hardness, it is necessary to use a relationship that connect:,

art these quantities when an oxygen source is present in the sponge in
the form of MgO. As we see from Fig. 52, a 0.01% increase in

chlorine content results in an increase of about 0.004% in oxygen

content and an increase in hardness by 2 HB units.

'dro- These increases in oxygen content and hardness occur if all
I Ys- of the magnesium chloride present in the sponge has been hydro-

,ater lyzed. However, as we indicated above, some of the magnesium

th chloride is in closed pores and therefore cannot interact with

.n- atmospheric moisture. This is supported by the studies of V.V.
. Sergeyev et al. [189), who established that the relative oxygen-

content and hardness increments are smaller when the chlorides

lium are thoroughly distilled out of the sponge (down to 0.06-0.08%

es- Cl) than at chlorine contents above 0.08-0.10%. The authors of
[189) take this as an indication that much of the chlorine is

the in closed pores in the sponge at chlorine contents below 0.06-
)ara- 0.08%. Since it is not possible under ordinary vacuum-separation

bsium conditions to remove chlorine from the sponge down to contents of
Sy as less than 0.02-0.05%, it must be assumed that this amount of chlo-

rine is either in closed pores or bound in less volatile chlorides.
3uch All of this indicates that the influence of chlorine on sponge
ation oxygen contamination and hardening should be somewhat weaker than

Fig. 53, a and b, indicates. It has been established in 1.i'ac-

in tice that 0.01% of Cl increases the hardness of the metal by I-

ntent 1.5 HiD units, which corresponds to an increase in sponge oxygen

s in- content by '.0.002%.

To prevent contamination of the titanium with oxygen from

MgO, it is necessary to carry the vacuum-separation process to

the point of maximum removal of magnesium chloride from the

er sponge. Here, however, it must be remembered that extending the

vacuum-separation process cannot lower the chlorine content much

below the limits indicated, and that seepage of air into the

vacuum unit may inject the titanium sponge with more oxygen than
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Graphic Not Reproducible

the residues of magnesium chloride that has beer

have not been driven out of the sponge sponge t

can bind. In addition, as the separa- from it

tion time is extended, the sponge also from it.

becomes contaminated by iron and nitro- moved f2

gen owing to the reaction with the re- 40°C; mc

actor material, able ele

It is therefore very important to Influen<

establish an optimum permissible chlo- See

rine content in the sponge aild optimum the sepc

temperatures and times for the vacuum- contamir

separation process. In most cases, the Nol

permissible amount of chlorine in mag- The har

nesiothermic titanium sponge is 0.08- nitroger

0.15% (see Table 32). G.M. Vaynshteyn viously,

et al. [106, page 88] found that varia- cold one

tion of sponge chlorine content in the

0.08-0.12% range has no market influ- The

ence on the mechanical properties of vacuum-s

ingots and sections cast from this gen cont

sponge and does not complicate sponge- feeding

melting technology. titaniu,
a specia

To prevent deterioration 
of sponge

Figure 53. Structure quality as a result of hydrolysis of Tit

of titanium sponge
obtained from various MgCl2 , it is also necessary to minimize 

durl- I

points in reactor. the time of contact between moist air makes it
The numerals indicate
the density of the and the reaction mass after reduction minimum

sponge. and the titanium sponge after vacuum the tite

separation, and to provide for storage of the sponge in airtight Tit

containers. As we indicated earlier, contains filled with sponge It toget

are sometimes evacuated and then filled with a dry inert gas. In in the e

some cases, a special container with a compound that is more system'z

hydroscopic than MgCI 2, such as AlCl 3, etc., is placed in the acts as

container with the spong 3) [199J. oil vapC

Good results are obtained by drying the sponge before 
melt-

ing, or consumable electrodes pressed from it, at 80-100'C. It

Footnote (3) is on page 325.
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oride that has been established under laboratory conditions that drying the

he sponge sponge before remelting removes practically all moisture residues

e separa- from it and thus prevents hardness increase in the ingots cast

onge also from il. It has been demonstrated that all moisture can be re-

nd ritro- moved from the sponge by vacuum-treating it at temperatures above

the re- 40°C; moisture can be eliminated completely from a pressed consum-
able electrode in a vacuum at 1001C [190, 207).

rtant to Influence of other contamination sources

le chlo- Seepage of air into the reduction reactor and especially into

optimum the separation reactor is an important source of titanium-sponge

vacuum- contamination by oxygen and nitrogen.
ases, the

ia -theNormally, air leaks into a cold separator at 1.0-2.0 pm/min.
in mThe hardness increase that results from the higher oxygen and

0n.08 nitrogen contents in the sponge may range from 5.0 to 10 HB. Ob-
at varia- viously, somewhat more air will seep into a hot unit than into a
t in the cold one.

influ- The inert gas forming the atmosphere for the reduction and

ies of vacuum-separation processes is another source of oxygen and nitro-

this gen contamination of the sponge. To purify the inert gas before

:ponge- feeding it into the reactor, it is passed through a layer of

titanium sponge that has been heated to 800-900
0C Pad placed in

Sspong a special retort mounted in the electric furnace [184].

AS of Titanium sponge may be contaminated by oxygen and nitrogen

minimize during its removal from the reactor and during crushing. This

st air makes it desirable to remove the sponge from the reactor with a

luction minlmum of mechanical effort and not to permit overgrinding of

,acuum the titanium sponge during cruohtng and milling.

tirtight Titanium sponge may be contaminated by carbon, which enters

;h sponge it together with oil vapor during vacuum separation. This occurs

gas. In in the event of vacuum-pump shutdown without actuation of the

iore system's vacuum shutoff. The incandescent titanium sponge then

the acts as a getter, the pressure in the reactor drops, and vacuum-

oil vapor is sucked into it from the vacuum system.

e melt-

C. It
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Distribution of Impurities in the Sponge and Homogeneity of Corn- dur

mere1al Consignments low

Uniformity of chemical composition and mechanical properties tam

is one of the basic indicators that determine the quality of
sponge titanium, since it determines to a substantial degree the red

uniformity of titanium ingots cast from the sponge and titanium the

-olled produccs. The rather high reduction rate of titanium in- the

f;ots and rolled stock that now prevails is a consequence of their to I

chemical-composition and mechanical-property nonuniformity. tior

Consignments of commercial titanium sponge weighing up to nes4

4-8 tons are currently made up from metal obtained in several

reactors. From 500 to 1500 kg of titanium sponge are extracted witt
from each reactor after the process. It is therefore necessary and

to blend the sponges produced in several reactors in order to pro- reac

duce a commercial lot. Under these conditions, it is very impor-

tant that the sponge in each reactor taken 'separately and that unlf

from all reactors whose metal is taken to make up a commercial have
consignment be uniform.

However, owing to peculiarities of the magnesium reduction line

of TiC4 and vacuum separation of the reaction mass, the Impuri- rate

ties present in the titanium block are not uniformly distributed. spec

However, statistical reduction of the results obtained from ment

determination of chemical composition for samples taken at var- of t

ious points in a block of titanium sponge indicate that the Im-

purities are distributed in characteristic zones of the block if t

the composition of the starting materials is kept constant and sity

the reduction and separation processes are carried out 'Ander vari

standard conditions. This makes it possible to remove a substan- surf

tial part of these impurities from the titanium sponge during (see

cutting and grinding of the block [172J.

The liner section of the sponge, which has a developed sur- by b
face, is first to interact with air that seeps into the reactor cal

and with the nitrogen and oxygen present in the argon with which fici

the reactor is supplied. Lower titanium chlorides and dispersed obta
magnesium are often found on the surface of the lining sponge

FTD-HC-23-352-69 FTD-
., *



Com- during the reduction process. When the reactor is opened, the

lower titanium chlorides and disperse magnesium oxidize and con-

rties taminate the sponge (especially the lining) with oxygen.

The magnesium chloride becomes saturated with water when the

the reduction reactor holding the reaction mass is disassembled and

lium the mass is brought into contact with air. The lining sponge and

n in- the surface layers of the main titanium-sponge block are first

their to be saturated with moisture. In the subsequent vacuum-separa-

tion process, oxygen enters the sponge from the hydrolyzed mag-

,to nesium chloride.

I The surface layers of the sponge, which come into contact

ted with the reactor material, contain substantial amounts of iron

ary and carbon, as well as nickel, chromium, and manganese if the

o pro- reactor is made from stainless steel.

The bloom section of the titanium sponge is purest and most

atal uniform, provided that TiCl 4 and argon of the same composition

have been fed into the reactor throughout the reduction process.

ion During processing of the titanium block, its bottom 
and

uri- liner, the surface layers of the sponge, and the 
film are sepa-

rated from it to obtain high-grads uniform metal and used afteruted.
speciel purification to make up lower-grade commercial consign-

from men's. After removal of the contaminated metal, the main bloom

ar- of the block is processed and consigned separately.
im-k f Owing to peculiarities of the reduction and vacuum-separa-
d ition processes, the titanium sponge varies in structure and den-

sity. Figure 53 shows typical sponge structures and densities in

stan- v&rious reactor zones. Granulometric compositions and specific

surface areas of titanium sponge are listed in Tables 35 and 36

(see pages

ur- Uniformity of the metal in commercial consignments Is ensv

tor by blending matched sponges with the closest similarity of chemi-

cal cowosition and mechanical properties. Usually, it is suf-ich

ed ficient to know the chlorine content and hardness of 
the sponge

obtained from each reactor to make up c uniform blend.

FTD-HC-23-352-69
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After batching and thorough blending, chemical composition

and hardness are determined for a cast specimen smelted out of

a general sample taken from the over-all charge, so that commer-

cial consignments of metal with uniform composition and mechani-

cal properties are obtained [12, 16).

Inclusions of gas-saturated and iron-alloyed metal that are

encountered in titanium sponge cause considerable difficulty in

rolling titanium ingots. In some cases, these inclusions may not

be thoroughly melted during remelting of such sponge in vacuum-

arc furnaces, and they may enter the ingot in the for:t of inhomo-

geneous inclusions. When these ingots are rolled, the defects

cause exfoliation of semifinished products and form large inclu- Manu
sions in them, so that their mechanical properties drop sharply scr

sion in hemso tat teirPage

and they must be rejected. 
No.

To prevent such inclusions from entering the ingots, it is 315

necessary to prevent softening of the reactor, to remove oxidized 317

areas completely from the surface of the titanium block, and to 320
cut off the surface layer and films before breaking up the sponge.

During milling, it is extremely important to avoid overrefinement

of the sponge, since this results in vigorous oxidation. More

over, it is extremely difficult to remove inclusiosts from a finely

crushed product. The sponge must be carefully graded after crush-

ing, during which the opportunities for oxidation must be mini-

ized.

To prevent small inclusions from entering critically stressed

Products, the use of fine sponge should be avoided in smelting out

ingots and making semifinished pieces that will go into products

(of which high reliability, stability, and strength are required

in hepvy-duty operation. Use of fine sponge should be limited

for the most part to smelting ingots for less vital applications.

FTD-HC-23-352-69 FTP-
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Chapter 15 ye

pr
REDUCTION OF TITANIUM TETRACHLORIDE BY SODIUM st

Pu
Htstnry of Development of the Sodlothermic Method wa

Like magnesium, sodium is one of the most common elements in sp

nature. Its content in the earth's crust is 2.4%. In the table bo,

of abundances in the earth's crust, sodium comes after oxygen, bu

silicon, aluminum, iron and calcium. Vast deposits of rock salt [27

and a highly developed industry that produces the metal by elec- re

trolysis of sodium hydroxide or fused sodium chloride, together

with the comparatively moderate cost of metallic sodium, make duc

this metal available for use as a reducing agent in the produc-s

tion of titanium. maJ

In 1966, world sodium production (outside of the USSR) came tiv

to about 250-300 thousand tons per year, of which about 50% were and

produced by electrolysis of fused sodium chloride in Downs elec- sio
trolyzers. Sodium produced by this method Is distinguished by the

rather high purity (99.6%). magl

Sodium has a high affinity for chlorine (-AZacl m 56.5 iuw

kcal/g-atom of chlorine), which is 13.5 kcal/g-atom of chlorine

higher at 8000C than the affinity of titanium to chlorine (-AZ*icl 194

1 13.5 kcil/g-atom of chlorine); this is sufficient for complete 
be

4 reduction of TiCI4 by metallic sodium. Titanium and sodium are Thl
practicaly i ein one another. duco

vaci

WD-HC-23-352-69 PT
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All of these factors taken together with the technological

aspects of the reduction process make sodium one of the most pro-

mising reducing agents for the organization of a modern large-

ale, high-efficiency titanium-producing process.

Titanium tetrachloride was first reduced to the metal and

to TiCl1  [sic] with sodium in a 1875 by the Russian scie tist

D.K. Kirillov [209). Attempts made earlier by Berzelius (1825),

Wohler (1857), and a number of other scientists to reduce potas-

sium fluotitanate with sodium had not produced the desired re-

sult -- no metallic titanium was formed. Only in 1887; i.e., 12

years after D.K. Kirillov, did Nilson and Petersson succeed in

preparing metallic titanium by reducing TiCI4 with sodium in a

steel bomb [274]. Using a similar method, Moissan obtained 95%

pure titanium in 1890 [66, 275). Pure titanium (about 99.9%)

was produced by Hunter et al. in 1910 by sodium reduction of

ements in specially purified titanium tetrachloride in an evacuated steel

he table bomb [67). These experiments were reproduced by Lely and Ham-

xygen, burger [278) in 1914, and the process was later studied by Belle

ock salt [279) in a somewhat modified form (using sodium hydride as the

by eleo- reducer).

ogether We see from the alve that the sodiothermic method of re-
make ducing titanium was developed under laboratory conditions at a

produc- somewhat earlier date than the magnesiothermic method. However,

major difficulties that arose in work with such a chemically ac-
SR) came tive metal as 6odiun, the need to carry out the process in a bomb,

50% were and the long-standing idea that the process represented an explo-

ns elec- sion hazard slowed the development of the sodiothermic method. On
shed by the basis of these difficulties, Kroll, the originator of the

magnesiothermic me hod, regarded the sodium reduction of titan-

56.5 ium tetrachloride as altogether hopeless [2451.

hlorine However, experiments carried out with the method in 1940-

e (-AZic 1943 by the German firm Degussa indicated that the process could

complete be carried out in an inert atmosphere at standard presure [280).

ium are This method was applied on a rather large scale in Germany to pro-

duce titanium powder for use in igniter charges and as a getter in

vacuum electronics. The reduction was carried out in an iron pot

FTD-HC-2 3-352-69
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In a sealed reactor. The reaction mixture, which consisted of a the

eutectic mixture of sodium and potassium chlorides in 1:1 pro- 1957

portions and metallic sodium, was fused, gaseous titanium tetra-

chloride was fed into the melt, and an agitator was started to tit

stir the bath. Ts-e end of the process was indicated by jamming oL'at

of the agitator by the titanium that had accumulated in the re- tion

actor. fine.

The sodiothermic process was later improved in England,

which had a developed metallic-sodium industry; the production tage

of magnesium in England was and remains quite limited owing to

the absence of a chear minpaiim raw mater±al. In 1851, Lhe
British firm Imperial Chemical Industries (ICI), one of the main high

producers of metallic sodium, began to operate an industrial

sodiothermic installation with a capacity of 150 tons of titan- sharp

ium per year, whose reactors had a cycle output of about 45 kg of 
inves

titanium [281, 282). In 1955, the same firm built a sodiothermic

plant with a capacity of 1500 tons of titanium per year at Wilton, react

Yorkshire; it used a sealed steel reactor In which the reduction nesiu

was carried out in an Inerv-gas atmosphere at an excess pressure Is lo

or about 220-300 mm Hg. (in t

Successful assimilation of the soalothermic method by the

British firm ICI contributed to its introduction in the American reau'

titanium industry. In 1956, under license from ICI, the Ameri- ing o

can firm Electrometallurgical placed a 6750-ton/year sodiothermic the u

plant in operation at Ashtabula, Ohio. By this time, the tech- which

nology and equipment of the sodiothermic process had been improved I

to the extent that this plant was working at capacity within 0 react

months [97, 2861.

In 1958, the firm Industrial Chemicals placed the USA's ts s,

second sodiothermic plant, one with a capacity of 4500 tons of a ho

titanium per year, in operation at Ashtabula. According to

available information, this plant uses improved semicontinuous the d

reduction equipment [245). Flans were made to build at least

two more sodiothermic plants in the USA, at Natrium, West Virginia ally

and Wilmington; North Carolina, '4ith a otal capacity of 11,800

tons r[94. However, neither of these plants was built because of 
chlor

FTD-HC-23-352-69 FTD-H(
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d of a the sharp drop in titanium production in the UCA that began in

pro- 1957 for the reasons discussed above.

tetra- In the Soviet Union, the sodiothermic method of reducingr
ed to-edtO titanium has been successfully developed and mastered under lab-

he oratory and pilot-plant conditions in complex with the prepara-

he re- tion and purification of the sodium and hydrometallurgical r"

finement of the reaction mass.

od, The sodiothermic 3:,ethod has the following important adva i-
"-ges ovr- the magnesiothermic reduction of titanium:

g to1hp 1. Because of the hiahe:, chpmjnai -tivity of sod. m, the
Ie main rate of the sodiothermic reduction of titanium is considerably

a! higher than that of the magnesiothermic method. This permits a
itan- sharp increase in reactor productivity and reduces unit capital

5 kg of investment for the construction of sodiothermic plants.

thermic 2. The coefficient of sodium utilization in the reduction

Wilton, reactor is almost 100%, while the corresponding figure for mag-

duction neslum does riot exceed 60-705. The cost of the reducting agent

essure is lower in the sodiothermic than in the maznesiothermic method

(in the USA, by about 30-35%).

Lh&e 3. The reaction mass obtained as a result of sodiothermic
erican reduction can be processed by hydrometallurgical metb'-1s (leach-

.meri- ing out in a dilute hydrochloric acid solution). This permits

therw'c the use of inexpensive, highly productive apparatus, a respect in

tech- which this method compares favo'ably with the expensive and rela-
improved tively unproductive vacuum-separation process used to purify the

In 8 reaction mass in the magnesiothermic process.

4. The titanium is obtained in the form of a fine powder in

the sodiothermic reduction. This makes it much easier to prepare
,5 of a homogeneous charge and pour more uniform titanium ingots.I0

luous 5. Use of sodium as the reducing agent opens prospects for

[ast the development and implementation of semicontinuous and evantu-

Virginia ally continuous processes for the reduction of titanium.

h1.800 6. Reducing the titanium tetrachloride through the lower
V ...... of chlorides in two stages -puduce titaniu, of higher purity. Ths

FTD-HC-23-352-69
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modification of the sodlothermic process permits eegeneration of Schw
the lo-grade titanium and titanium scrap Into a high-.quaatyproduct. madea

However, the 

sodi 
. .... .

t............ • ,,C met'-94 a190 has disadvantages that Soimust be borne in mind in coLparlng it with the magnesiothermic sm

1. The need to take special precautionary measures and en-
au... - i. = *-elability and good sealing of the equipment, sincethe sodium used has high chemical activity. When these condi-
tions are obse-fed, however, work with sodium becomes quite safe.

2. Conduct of the reduction under conditions such that, be-
cause of peculiarities of the technological process, the sodium
chloride that accumulates in the reactor is not w1thd,_wn frO.
it during the reduction process, as in the magnesium reducton of
TICIu. As a result, the a pacity of the sodiothermic reactor is
utilized less efficiently than that of the majesiother Lc reac-
4--

3. The heat effect of the reactions in which TIC14 is re-duced by sodium under standard conditlans is 66% lager thanwhen magnesium is used as the reducing agent. For this reason,
neat must be talren out of the reactor more rapidly durlng the
sodlothermic reduction, and the system that measures ana regu-
lates process parameters must be more sophisticated. The need
f r preei6iun tempera:ue control in the reactor is also dictated
by the narrow interval between the melting point of s:dium chlo-
ride (80ioC) and the boiling point of sodium (883 0C).
Physlochemica Background of the Process and the Mechanfsm ofthe Reduction Reactions

I...... ' he o l reacti n which titanium tetrachloride Is re-i duced by sodium can be represented as stepwise reduction of titan-! lura chlorides by tne scheme
IT10 4 . TK38 * I - 1 dynam:

4'Lu-e -4 presenta curves of the free-cnorx . .- ,,th

reactions In which titanium tetrachloride can be reduced by sodiur,
and for certain secondary reactions, as calculated by the Temkin-
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II

on of Schwartzmann method described above on the basis of tne Etartf_.g

Ity data In Table 29 (see pages 228 and 229). The calculations were
made for the case in which liquid titanium tetrachloride and fusedF ~ that io'j OC TId ;itofe reactor) i.e. under condiU n

mic similar to those under which industrial reactors are operated.

en-N
Ince

di- or i .

safe. W I . 1Il

'-4 ,I I I I
odium 53 " " I' , ,

from. i L -_
0 0.,W Ition of A-H II or is S

re0c- .40 .. "II re-

re- 
-H 0 V[lason, W f r W WA

.gj, r T'elpergktugree l. I;[the hl .0
egu I W P I I' t Ie u- " s -

need I

Iictatedchc- .je o

0 of Figure 54. Temperature curves of iso-
barin-isothermal potentials for the
sodlothermic reduction reactions of
titanium chlorides.

Is re-
f titan-

Usa n o fro Pig. -. r t e ----.....----

dyna- cally possible in the sodium reduction of titanium tetra-

chloride:
for the 1 v. ; ., MCC-
y sodium 4 4

Tern!!- TiW, + No - TIO, + NaMt (TV ')
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TX.,+ NAm /O, +Neb of TcTK;, +N& - TK:, +. Nsa. (iidben

(V') cluded

_Ts%+ Na + No. (V[TiCl 6 ]

Also possible in the system are secondary rea.ttons in which __

mctallic titanium interacts with TiCI4 and the lower titaniun of
chlorides and reactions among the lower titanium chlorides:

3M4 + T=m 4. ( VII') 22.4% (-
S(VIII?) the ope

2TiCl+ TI -3TI,. (IX') Ing poi
Clark [

TE.+ Tiism2Tt. (X')

As we know, the direction taken by a chemical reaction de-

pends to a substakntial degree on the physical states and equilib- C.)

rium partial pressures of the reactants and the reaction products. ;

These data are given in Table 30.

Tne nature of the reduction process is decisively influenced

by the reactions of the sodium and the titanium chlorides formed

in the reduction with the sodium chloride, which is in this caseWN

the environ.ment in ich many of the reactions examined above take JW

place.

The fusibility diagram of the Na-NaCl system was investigated Figur

by Bredig et ai. [258]. it was found that the system has a eutec- or Nz

tic at 1.5-2.0% (atomic) of Na, with a melting point of about

790*C. Above 1050CC, all of the sodium dissolves in NaCl. In In

the range of working process temperatures in the sodiothermic 
chenco,

NaC! ranges from 7 to 17%. 50% of

Ehrlich et al. [259) studied the phase diagram of the 
TIC! - ally n¢

NaCI system (Fig. 55). This diagram shows that at 25% (molecular) reducti,

of TIC13, the liquidus line has a peritectic point at 553'C. The

system also has a eutectic at a 40% content (m~ol 1a') of TIi!3;

with a melting point of 4620C. Beyond the eutectic point, the and Heri

S, d ;,ihou . ... t i,%-,- ti ons 1.0 the meltng po-nt t.. the

nystem

Footnotl
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(1112) of TiC13. Thus, only the single chemical compound 3NaC!.TICl 3 has

3 A

(IV,) been Identified In the .aC-TiCl system. It has also been con- V

(v,) cluded on the basis of" the trend of the liquidus line and data on

(Vit )v, the heats of formation and activities of the salts that complex

[TiC 6) 
+ 3 ions exist in this system up to a content of 12% (mole-

in which cular) of TiCI 3 in the melt, and that appreciable dissociation

anium of the complex Ions begins at higher TiCl concentrations.

The NaCl-TiCl. system was also studied up to a content of

(V/II I
(M.)o too. or r1 b M. V. Kra nenetsk.- y I2b 21 .who o tabl hed

(VIII') the presence of a eutectic at 22.4% (mol.) of TiCl 3 with a melt-

(i1,I ing point of 500C; other investigators have been G.V. Chernov,
(I )

W Clark [263), and Mellgren [264].
; (X')

ion de- __________l equillb- 0ov o !

iproducts.
4MV * L+rl/d,

.nfluenced COe f 34 j ":* - -

-s formed

his caae F FI iF

above take , ,,I m mV ~ XXP X0 U iContent, % (by mass)
m TiCl 3 content, % (mol.)"

vc..tgatcd .,'gu,7e 55. Phase diagram Figure 56. Phase diagram.

- a eutec- of NaCl-TiCl, system. of NaCl-TiCI 2 system.

abc -t

i. i In the NaCi-TiCl -Ti system, S.V. Ogurtsov, V.A. R aznlr- ;
3 l2

termic chenko, and S.I. Yegorov [106, page 60) identified a compound cor-

!um in responding to the formula l3NaC1'3TiCl*2TiCl, containing about

50% of the lower titanium chlorides and melting at about 5020C.

.he TiCl - This compound, which they named "black salt," undergoes 
practi-

molecular) cally no disproportionation and is therefore highly suitable for

reduction.

of TiCl3, The NaC!-TiCl svstem was investigated in detail by x.omareK

it, the and YIerasimenko [265, 266]. Figure 56 shows the phase diagram

ag point that they established for it. We see from this diagram that the

system has one eutectic at 50% (by mass) TiCl2, with a melting

Footnote (1) In on rage .

FTD-HC-21,-3,52-69
3

332

I

4ra



F-

point of 605 0 C, and two peritectic compounds. One of the

NaCTI Cl., forms at a content of about 50 1 TiCl 2 and melts at " aC "

6280C, while the other, 2NaC'TiCl2, decomposes in the solid lnvc

istate at 5146G. Ube prenence of thezc compounds in the NaCl.TICl2  (262

system is confirmed by x-ray structural analysis. stud

he tepereaure curve or free energy established by Komarek Ehri

and Herasimenko on t1-a basis of the phase diagram of the NaCi- tota

TiCl 2 system suggests that liquid NaClTiCl2 melts are most cond

stable at temperatures around 800
0C and the component proportions solw

Na:Ti:Cl - 2:1:4.

Thus, the existence of [TiClj]2 complex ions in this system 
reae

is highly probable. 
redu

The Phase diagravs of the sodium (potassium) chloride-titan- appr

ium dichloride systems have also been studied by Mpllgren E264 ,

Krey and Kellogg (267), Ehrlich and Kuhne [268], Yu.V. Baymakov

[269], A.M. Budnevskiy (270), and other authors [271; 178, page and
205; 135, page 73). ther

It was established by B.V. Markov that equilibrium intervenes

in the NaCI-TiC 2-Tie3-C 4 .. at contents of 35-40; TiCl2
and 65-60% TiCl3 £271). Boozenny [272) investigated equilibrium reac

in the Na-TiCI -TiC1 2-NaCI system. Calculations based on his ex- eac!

perimental data yielded the following results. For NaCI melts form
containing small amounts of dissolved TiC1 2 and Na at 850eC, the

equilibrium TiCl and Na concentrations are determined by the salt

equation of tb

c;. g-
5 at whreduc

For NaCl melts containing dissolved TiCl 3 and TiCl2= the eqi,!ib- Temv

r... T . an.d TiCI coneenrations at 8500C are determined by the
~2 "3

equation metal
(12) range

I- _. study of the ativity coefficients or TiCl 3 and TiCl 2 in

V 11~~ is assoclated with NaC1 to oi
Nac!, Boozcnny eatablled that T1012 is....!dd, v

a substartially greater degree than is TiCi,. title

FTD-HC-2 3- 352-69 rLfD-E
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There are practically no data available on the state of the
jr. at NaC]-TiCl 4  system , nd the cn lusions drawn by t ̂  in- 4vidu-

[4iTi2  [262] that this system is extremely stable, but more recent'

studies by Ehrlich [2591 indicate its instability. Obviously,

omarek Ehrlich's data are more reliable. Kroll's data [260) suggest

aCl- total insolubility of TiCl in NaCl. It was found in experiments
.t conducted by Smollnsky, Hannam and Leach that about 1% TiCI4 dis-
,ortions solves in NaCl [2701.

As we see from the temperature curve of free energy for the

system reaction of titanium tetrachloride with sOdiuM (nee Fiz 51); the
reduction reactions may ppoeeed at r.eiaively low temperatures

-titan- from the thermodynamic standpoint. However, tney advance at

r2641 appreciable rates beginning at temperatures above 2000C.

'makov For study of the directions taken by the reduction reactions

page and their mechanisms, and to investigate the feasibility of sodio-[ thermic reduction of titanium with periodic sodium supply to the

.tervenes reactor, it is heloful to consider 2 temperature ranges:

T A 7iCi2  from 200 to 700°C, i.e., from the temperature at which the

ibrium reaction rate becomes appreciable to the temperature at which

his ex- easily fusible sodium chloride and titanium chloride salt melts

melt3 form in the system;

C the from 700 to 9800 C, i.e., from the temperature at which these

salt melts form in the system to the maximum possible temperature

.of the reduction process (or, in other words, to the temperature

at wnich the eutectic alloy forms at the interface between the

reduced metallic titanium and the rea4tor materigl).

Ieuillb- Temperature range from 200 to 700tC

ed by the
As we see from Fig. 54, the direct reduction of TiC14 to

metailc Litanlium "I') is the riodynietIieally most probable in the

(32) range from 200 to 4506 C, and the reduction of TiCl to TiC12

(III') between 450 and 7000 C.

a o However, because etli *4in-m is ins1luhl in molten

sodium, reaction (I') becomes difficult, since the minute par-

ticles of reduced titanium coat the surface of the sodium chloride

331



and, tc some extent, the sodium, forming a dense conglomerate. the so

This creates conditions favoring the secondary reactions of ti- second

tanium with the tetrachloride (VII') and (VIII'), although the tion

thermodynamic probability of these reactions is low, especially

with an excess of sodium, owing

The reaction in which TIC!4 is reduced to TIC1 2 (1ii) is pation

thermodynamically possible in this temperature range. However, sodiur

in view of the considerably higher vapor pressure of TiCi 3 as com- titani

pared with that of TiC12 at 200-7000C, preference should be given chlori
to the reduction of I +4" M4, 3ITT'). Moreover, the equilib-

rium concentration of TiC1 in the TI -NaCI system is consider-
33sent

ably higher than that of TiCl2 in the TiCl2-NaCI system [99). tni
These factors, together with tne sluggish reduction of TiC12 to devel¢
Ti (V') [521, suggests that occurrance of the reactions in accord- liati

ance with the scheme already cited is most probable under these the o
conditions:

aTIC, - *flft

In the gaseous phase, in consideration of the high vapor pyroph

pressures of TiCI,, Na, and TiCl.., Preference must be given to chiefl

the direct reduction of TiCl 4 to titanium (I') and the reduction I
of TiC14 to TiCl3 (II'). From the kinetic standpoint, reaction the mc
(II') is more probable than (I'), since the molar proportions of 600c.

the compound to be reduced and the reducing agent are 1:1 in reactl

reaction (III) and 1:4 in (i'). From the same point of view, the In the

rate of the direct reduction of TiC1 4 to Ti in the gaseous phase tor nc

is higher than the rate of the stepwise reduction via TiCl and cating
TiCl2 to titanium. The

These conceptions of the course taken by the reactions in titani

the 200-7000C temperature rnge are in good agreeent with the amount

results of laboratory studies and with practical reduction if the mE

TiCls, with sodium under industrial conditions.

Thus, S.V. Ogurtsov et al. (106, page ..LJ established in the N
laboratory studies that even at the very beginning of the Process, extrer
the surface of the metallic sodium is coated by a dense crust

consisting of a mixture of fine titanium (up to 20%) and sodium of th

chloride particles. This crust is detrimental to contact between about

FTD-HC-23-352-69 PTD-H
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merate. thi sodium and the TiCl1 so that Reaction (I') subsides and the

of ti- secondary reactions (VIII)-(X') develop. Agitation of the reac-

ugh the tion mass diring reduction sharply increases the reaction rate.

ecially The t:mperature rises rapidly in the center of the reactor

owing to the focal course of the reaction and inadequate parti2i-

III') is pation of heat, with the result that strong vaporization of the

However, eodum begins. The sodium vapor penetrates through pores of the

13 as con- titanium crust that has formed and interacts with the titanium

d be aiven chlorides.

equilib- The surfaces of previously formed titanium particles pre-

consider- sent active centers on which the reduction reaction of the ti-

tanium chlorides is activated, and which act as n,'lei for the

2 to development of titanium concretions. In all cases, the crystal-

in accord- lization front of the reaction products is directed upward from

Ir these the original fused-sodium level.

As a rule, the top of the reaction mass is coated with a

vapor pyrophoric layer consisting of NaCl and lower titanium chlorides,

ven to chiefly TiCl 3 .

eduction It has been established that the reactions take place for

eaction the most part in the condensed phase at temperatures up to 500-

,'tions of 600cC. As the temperature rises to 600-700
0C, gaseous-phase

.i in ireactions acquire significance, and this accelerates the process.

view, the In the 600-7000C rangc, mixing of the reaction mass in the reac-

us phase tor no longer increases the process to any marked degree, indi-

C 3 and cating that the reagents have good contact in the gaseous 
phase.

The reaction mass obtained in the 200-700
0 C range contains lower

Ions in titanium chlorides (chiefly TiCl,) and unreacted sodium 
in Large

th the amounts, and this greatly complicates subsequent processing of

on of the mass and is detrimental to the quality of the metal.

Titanium that nas Deen reduced under these conditions takes

ed in the form of a conglomerate with sodium chloride in the form 
of

e process, extreelf ine patio1.lfl5 ThiS make- itd---------'t t rfie h

crust reaction mass and causes large titanium losses and deterioration

ct between acout 3-4 pm when the process was run in the 200-500°C range, and ,

FTD-HC-23- 35-69

336 1
II| 3

!

I



,; - about 7-8 i - in the 9 - 000 0 range.'-' degree

-- -7P to-t-t I

r .i This temperature range is of the greatest interest from the tre.u
. ,|theoretical and practical standont,,a . ,foa ,*- A4....... o

.in the
' ' : Ithe TtC1l-NaCI and TIC12-NaCl systems tndieave, readily fusible

3- 2

b-molts may appear at temperatures as low as 500-600". r e a

melt representing a solution of Na, TiCI3, and Ti1 2 in NaCl ca.
' " exist, the temperature at which the fusible melts form may be

where
However, because of impediments to contact between the TiC(by m

;Ad TICl2 and the solid sodium chloride P-rd the slowness with

uhich they diffuse through one another, these readily fusible
h utilizp hases appear in he system aL about 7000C.

As the phase diagrams indicate, TiCl 3 , TIC 2 , and sodium are
3A 2reactiSi )ighly soluble in NaCl in this temperature range and have high lotius

v apor pressures (see Ags. 55 and 56 and Table 30).- three
The appearance of a seuond liquid phase - the solution of

lower titanium chlorides and metallic sodium in NaCl - in the
heterogeneous system consisting of gaseous TiCl, liquid sodium,- solid titanium, and MaCl, and the sharp increase in the vapor 2n

resuee of Na, TiCl3 , and TIC12 changes the mechanism and take p1
-inetics of the reduct..on reactions. 3r

Practical experience indicates that the gaseous-phase reac- tions t
liona are predominan : .l 60-705 of the sodium placed in the
"ac t or haa been utilized. i.e.. while there is a sodium excess iulxs
,nd a relatively small amount of NC In the reactor. When 6o0-
"C% of the Na has been utilized; the importance of reactions in (I')
the melt increases sharply, although the gaseous-phase reactions p

.. Ire still significant. At more than 90% Na utilization, the the hig
ieduction reactions take place for the most part in the fused fine ar
Gal'. system. deposit

The shift of the reduction reactions from the gaseous phase on its
into the fused salt coincides with the point at which all of the
sodium left in the reActor Is dissolvod in Nedi. nlis max"uIm,  te Na
Pootnote i(2 iS in page 369.
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decree of sodium utilization. after which the reaction transfers

to the liquid phase, can be calculated for any desired tempera-

ture. If we denote the sodiutm utilization coefficient by X, the

theresidue of unused sodium is 1 -X, and the amount of NaC1 formned
Lam of- -n r U-I

tee a I --X - .2.26 !.
aCl can

I!

be X - TTo.ox~, (13)

where et 1r the solubiliaty of er" i cn hC .. temerature t Ann 1.

e TiCl3 (by mass).

*ith Thus, P. " .0 (by mass) at 880 0C, and the degree of sodium

utilization Is about 00..

For convesilence "s tuanlyZisibus5 beisavior Q& ,£
reactions when sodium is supplied to the reactor periodically,

high let us adopt a convention in which the process is divided into

three characteristic periods:
[on of

la period "up to 705 Ha utilization, during which the

reactions take place basically in the gaseous phase;sodium,

por 2nd p0ri A - at 70 to 900 Na utilization, when the reactions

nd take place In mixed phases;

3rd period - at 90 to 100$ Na utilization, when the reac-
e teat- tion3 take place basically in the fused salt phase.

n the In the first period, as in the case of the gaseous-phase re-

excess actions at 200-700 0C, the preferred reactions are the reduction

en 60- of TiClk. to TiCl 3 (II') and the direct reduction of TiCl4 to Ti

on in (I'). This trend of the reactions is explained by the high vapor

actions pressures of TiCI4, TiCl3, and sodium in the gaseous phase and by
the the highest kinetic probability or (I') and (W1). 'The extrefely

used r" ". and pyrophoric titanium powder formed during this phase is

deposited in considerable amounts at the top of the reactor and

of the In the third period of the prosess, when more than 90% of

ximum the Na has been used, the entire sodium excess is dissolved in

FTD-HM-2 3-352-69
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If

I the NaCl, and its chemical activity and vapor pressure in thegaseous phase have dropped, the principal sodium reduction reac- presstions of the titanium chlorides are transferred into the liquid the pr

phase. 
sure$Since TiCI 4 is practiln.Ly 4nsoolub~e 1n NaCl, it must be ducts,

assumed that the ± acti'.-.? the TiCl with the sodium dissolvedIn the NaCI takes place wit,., formation of TiCl 3 by React!=n (TI') sodiuriand, to some extent, with formation of TiC!2 by Reactions (III') Pazukh
and (IV'). During this phase, because of the high chemical ac-
titY t h tyt.n u accu,41a~ed Loward the end or the process,
the reactions of TIC14 with Ti that form TICl3 and TiC12 (VII', the]VIII') and Reactins MI) and ,X"I meaPelmeltir

Since the equilibrium concentration of TiCl 3 in the TIC13- actedTiOl-NaCl system is several timeu the enuilibrium TIM2 coneen-tration, and beoause of the luggishnss of the reduaon of T..i.
to Ti (V'), the reaction in which Ticl3 is reduced to Ti Is de- Neutveloped preferentially under these conditions [271: 178t page 205; ally n134, p ag e 7 3 . )  

M

Durxing the same period, the high liquid-phase concent-ations the meof TiCl3 and then TiCl 2 , development of the active titanium sur-
face, and the decrease in the activity of the sodium in the meltmay cause the reactions of TIC1 3 and TiCi2 with metallic titan- rat

ium and one another. Thus, during this phase. the titanium is
eduu-d in the fused-salt system by the stepwise reactions:TiCl 4  TiCi3 - Ti (II', VI'). The presence of compounds of thetype 2NaClTiCl3 [82), NaC!.TiC£l, 2NaC!.T1C!2 [265), 13ifaCl. in add
3TiCl,2TiCI F106 page 601 in the -e.d-salt .... In..........-. . ." .. =' ,,u which

the secondary reactions, and this favors process rate and metal As thequality. 
tweenThe second period of the process (at 70 to 90% Na utiliza- precia

tioh) t=^1as Place In the mixed phases and is intermediate between
the first and thir periods. The nature and mechanis oe Pazu...reactions taking place in the gaseous and condensed phases is the Ti UI3same here as in the first and third periods. As Na utilization sodium
increases from 70 to 90%, the importance of gaseous-phase reac- concretions falls off, and reactions in the melt become more important. ----
Footnote (3) Is on page 369.
FTD-HC-23-352-69 
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the Under real conditions, conditions of constant temperature,

reac- pressure, and concentration do not prevail in the reactor, and
the process unfolds in a broad range of zonal temperatures, pres-

sures, and concentrations of the reactants and the reaction pro-
b ed u .

A,-edl 4y...at.c scaled-up laboratory iv---a-ions of theIn (I ')o sodium reduction of TiCi 4 were conducted by V.A. Shubin and V.A.
(II ' )Pazukh n. (4)

In the experiments, the reaction vessel holding the sodium,
reces, the floor of which was made of pressed titanium powder, was

placed In the procesz space under the cover of the reactor. On
melting, the sodium penetrated through the porous floor and re-

1l,.acc wt T'' L ., Into th eaator.
nIn A salt melt consisting of NaCI and TiCI was obtained as a

iof TiC 2  result of the reactions tat temperatures around 700-7500 C. Theis de-
NaCl:TiCl3 molar ratio wab close to three and underwent practic-
ally no ch--.ge as the TIC1 'I - .. a frti4 on.
The molar ratto of the reduced metallic titanium to the TICI3 in

rations the melt was approximately two.
m sur-

emelt On the basis of these tests, the authors concluded that two

reatin tep take Plc siutneul acrad 700-7n5o0  .A can

itan-

Ibe described over-all y the eqertioenct
M0 +s 6N; -" ~ i +....T

of the in experiments run at 08000, he fsed-out alt contained,

CI. in addition to TIC!3 a certain amount of TICi-, the content of
1ibts which was higher the lower the TiC 14 supply rate to the reactor. !

;ctal As the layer of titanium sponge grew and the time of contact be-

tweetn the titanium and the melt increased, the melt became ap-

Illza- preciably poorr, i. Tl, an Iu " "

kietween f4the bna.. -1 A. ......- 4--..4.. V. 1AO..tJ..A~
d 'atC am ; SJ 0,nC-oukEAn tflCSI "A

the Pazukhin conclude that a chloride melt consisting of NaCl and

Is the TiCl is first to form in the reduction of TiClh to Ti. Like the Ilation sodium, this easily fusible melt thoroughly wets the titanium I

reac- concretions, forming a continuously replenished TiCl 3- and Na- |rtart. Footnote (4) is on page 369. 1
FTD-HC-2-326
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;:ta~iint-ilmo; them. Tne tit~nillm a"'"accacts as a catalyst

for the film reduction of TiCI3 by sodium and serves as a base for variat

aggregation of the reduced titanium particles.

This reaction mechanism is confirmed by the experiments of

S.V. Ogurtsov, who established that the reaction between Ti and wnich
TiC14 in the presence of the NaCI coating the titanium surface

proceeds at a higher rate than when Ti and TiCl interact without

NaC. The author explains this Phenomenon as due to stepwise re-
duI^ i-, of TiC14 via T ICl3  to titanium in the melt 1106, page " OIL. i n r

3 higher

Increasing the temperature and holding time of the reaction Savin
ass reduced the raotion of TiC 3 and increaed those of metal- betwee

lie titanium and TiCl. As holding contn si e ha ,C,1 ,-

Ashes first from the ___ - -i o d by theTiC1, nis m a

This confirms the stepwise nature of the reduction reaction. The neuc

longer persistence .2 TiCl2 in the melt indicates that the rate rece

of its reduction is considerably lower than that of TiCl, and eoha

this limits the rate of the over-all reduction of TiCl4 to the

metal via TiCl2.
ium be

V.A. Shubin and V.A. Pazukhin also established that the aver- ium b

age particle size of the reduced titanium was 7-9 um at about perat

700C, hut decreased to 5-5 .4 . 8A A0C. n-e authors explainr the2

irregularity of grain growth in the 700-8000 C temperature range ranges

as due to the rapid development of the gasecus-phase reactions the Ti

during this period, the cc

On an increase in the argon pressure in tne reactor, the

gaseous-phase reactions are suppressed, with the result that the

titanium partiles grow rapidly. At a reactor argon pressure of

about 30 _ Hr; most of the titanitim was obtained in the form of

dense aggregates up to 25 mm across with 80-85% titanium contents

and an average density of 2.0 g/cmI.

It was also found that with a deficiency of sodium, the re-

du tlon reactins of the lower chlonide procee hascally in 60 0o

melt on the surface of the titanium grains, with a favorable ef- especl

fect on grain growth; an excess of the reducing, agent. on the te, e!

other hand, tends to reduce titanium-particle size.
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VA-. Shubin and V.A. Pazukhin determined the temperature

base for variation of the rate constant of Reaction (I):

pnts of
4 Pnd whinh iveg. a calcuate d ai ation energy of[ face B-2360 (15)

without
The in.. atvation-energy value indicates that the reduc-

tion reactions are aurocatalytic in nature. YocflzVawa cites apage 413],
higner activation-energy value, 6040 cal/mole [273], and V.D.

eaction Savin and V.A. Peznichenko submit data indicating that It lies

metal- between 5900 to 1500 cal/mole below 8000C [2871.

To summarize whxt we have said r.garing the chemiMl mecha-

I o Tnism and kinetics of the reactions in which titanium chlorides are

reduced by sodium admitted periodically to the reactor and the

mechanism or the reduction process and the aggregation of the

:o the :reduced titanium particles:
1. Titanium tetrachloride and the lower chlorides of titan-

the aver- ium begin to react with sodium at an appreciable rate at 
a tem-

bout perature above 2000 C.

lain the 2. When the process is run in the 200-7000 temperature

range range, the most probable reduction reactions are those between

tions the TIC14 vapor and the sodium and lower titanium chlorides in

the condensed phase:

the T14 + Ns - TK s (II')

Shat the ITK.+ N -- + NOCS(IV')

"-- . and the oreferential caseous-uhasle reactions are:

contents + -k1. Tk+n. (I')
o,+ -o+ .(II')

the re- The importance of the gaseous-phase reactions increases above

600cC. The reduction of TiCl 2 to titanium V11 is SlugiSh,

ble ef- especially at lower temperatures, and hence insignificant in the

Ii the teprtr r ..a nde C.....4Aarati.

IL
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3. The process run in the 200..70 0 C temperature range has The r

the following distinctive features: appreciabl
a) a relatively low rate of the process and a 3ow sodium mation %.f

utilIzatlon factor (abhcl- CVI-t;

b) a low degree of reduo,*n of the titanium .
to the metal, resulting in a reaction mass with a high content of range and
lower titanium chlorides, chiefly TiCl 3 ; subsequent processing the reacti

of ............ .. IU ,muer difficulr ana attr.nded by loss
of a large amount of titanium; analogous

tecorresc) the formation of small (7-9 um) titanium partlclez, which 90%, the gare closely conglomerated with sodium chloride; in the fIn the fus
d) to s e t. the reat ion rate a .. h

coefficients of the sodium and titanium tetrachloride can be in- When
creased by stirring the reaction mass during the reduction, its rate i

the rate a
A second liqu: ' phase representing low-melting solutions of Utilizatio

Isnodiumn avid th 4t.4 hl.,'4 A. and dihloid ftitanium In zodium
. ... ..... . . , hete eeous system with cise batch

the liquid sodium at temperatures above 7000C. Chemical crom- otherwise
pounds of the type 3NaC!.TiCl , NaCI.TiCI2, 2NaCl.TiCl2 , and become ext
13NaCl'3TiC .'2TiCl2 have been identified in such systems. Metal

. .The aearAn. .of w-.l.......a... ....... rcac- 9800C temp
tion rate and the importance of the reactions taking place in the the surfac
salt melt; in turn, this increases the sizes of the metallic- reaction-m
titanium particles and aggregates and, consequently, improves ess or inc
the quality of the titanium. increase i

When reductions arc carried out in the 700-9800C temperature Discu
range and t. .olu',u is utilized up to 70% (first period), the during a c
gaseous-phase reactions. chief among which are (II') and (_') proceed zotake precedence. tions and

When the reduction process is conducted in the 700-9800C tem- in large t
perature range and more than 90% of the sodium has been utilized lents in t
(third period), the principal reactions take place in the salt and solid-
melt. The stepwise titanium reduction reactions (II') and (VI') tor with s
predominate during this phase.

FTD-HC-23- 352-69 FTD-HC-23
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e has The reduction of TiCl2 to ttanium (V) is slow and of no

1 2

appreciable importance under these cond!'.ons, although the for-

Idium mation of titanium dichloride is more probable tnder these condi-
i tiOns than it is in -he 2OO-7000' range.Florde ....... reducion proceszes are run in the ... -90"T te.,prabure

ntent of range and 70 to 90% of the Na has been utilized (second period),

ssing the reactions are mixed-phase, with the nature and mechanism of

by loss the reactions takiag place in the gaseous and condensed phases

I analogous to those of the first and second period reactions for
the corresponding phases. As Na utilization advances from 70 to
90%, the gaseous-phase reactions becom,. less important and those

in the fused salt come to the fore.

itie n- When Vhe Pro. Is run in the 700-9800C temperature range,

its rate is very high and limited, as far as is known, solely by

the rate at which heat is withdrawn from the reactor. The sodium
tonsoil ... utilization coefficl- st reaches 100%. However, continuing the

reuCtion to total utiizaion or the Sodium requires Very pre-

m with cise batching of the reactants, since the reaction mass will

con- otherwise coAtain lower titanium chlorides or metallic sodium and

and become extromely difficult to process.

Me tal part lez ...*I---t- -- rcuced h-t . the 700-
e reac- 9800 C temperature range and aggregate into larger concretions on

oe in the the surface of thr oreviouily reduced titanium. Increasing the

lic- reaction-mass holding time and temperature at the end of the proc-

,oves ess or increasing the argon pressure in the reactor result in an

increase in the titanium-concretion sizes to 10-25 mm.

perature Discussion of the reactios" .cerin temperature-.rnge o-
!, the during a certain period is somewhat arbitrary, since the reactions
[IT#

'") ., A &,^,s11,,. Ihe 3-, evothemic heat. pffa,'t nf the rean-

tions and nonuniform dissipation of h4, . 1--t from , reactor result

1800C tern- in large temperature, pressure, and reactant-concentration grad-

Itilized ients in the working space, with the result that gaseous-, liquid-,

salt and solid-phase reactions take place simultaneously in the reac-

id (VI') tor with secondary and disproportionation reactions.

FTD-HC-23-352-69
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What we have said regarcing the mechanism of the sodiother- one so

mic TiC 4 reduction applies for periodic deliverv of sodfim fn thesufa

reactor. With simultaneous, continuous delivery or the TiCl4 and materiI Na into the reactor at 700-980*C in the proportions stn' hiomet- rials 1
-,nric for Reaction (I'), they react at such a high rate that the

stepwise nature of the reactions is practically el'faced. On the

other hand, lower titanium choride= o. on a departure from
s~oich~emetrec T ' dNa proportions when they are fed intoq

the reactor simultaneovsly and continuously. Thus, at TI-

1:1, the principal product is titanium trichloride, while the

dichloride forms preferentially a,: -he proportions TiCIh: Na =

Design of Equipment and Process Technology

The reduction of titanium tetrachloride by sodium is accom-
panied by the release of a large amount of heat. The enthalpy of

= the over-a-ll reaction
~(I')

Sis 204.4 kcal/g-atom of titanium under standard conditions and
V '3zoeed8 t.he en-ha py of the mainssiotzhexmie reduction by 66%.

The amount of heat released in modern reactors for the sodlo- for sod

thermic reduction of TiClu is about 450-600 thousand kcal/h. A 4

eonsiderable part of this .eat must be withdrawn from the reactor 
reactor,% slideval

Ito maintain thea mt~ired se fandtos r-s~| 7) conni

I The industrt1 technolo.. of the sodiother-do titailum re- recor

duction is based on a process run in the 750-980
0 C temperatureI range with simultaneous delivery of liquid sodium and titanium

tetrachloride into the reactor in near-stoichiometric 
proportions. din i

, dium in'

Figures 57-60 present a schematic drawing and photographs of for blet

a reactor used for the sodiothermic reduction of titanium at the stalled

Ashtabula plant of the American firm Electrometallurgical. The leop, wl

reactor is 1500 mm in diameter and 4300 mm high. It ts made of chloridl

sta1inlosq steel "-ith' ar iner jiin c-. .l.-carboo, at~cl. The 4'.

total thickness of the reactor wall is 25.4 mm r2453. The expen- of the

sive two-layered steel is used in an effort to prolong reactreactor

sarvice life, which is limited at high temperatures chiefly by face th
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e -the caling resistance of the maerial of whic n he r ect cr outer

o t h e s u r f a c e i s m a d e . E v e r t h i n e s a i d e r l l p r p epp d n g e . + , n o

L ad materials for magnesiothermic reactors 
also applies to the mate-

t- rials that may be used for nnstru!cton of a sod:1othermilc rsctD. !

.7 -Vi
I{

he

__ 

I

I

, !I

.y ofi

d3
I

re r-~Fi ur 57. sca ag rs an c o he ter ia F ir5. the arctor fo r

for sodiothermic reduction of 
sodi p reduction of

A TI l s ) Reactor c a ing; 2 c1i " n

La M

4- . 4

zctor reae p) cove; 3) shieldi )
slidevalve unit; 5) salt lock;T 

e o -5 at c v r f

6) runner* roe coo.lrng flanges; eom-hpdoero

7) connection for evacuating the reactor has a conitonting

ke- reactor. pipe for evacuation of the re-

SM. 
actor and f4lin it wih ar-

ions. iun, fie57. s for ohe delivery of t itan iu 5e -cthlo rlde ad so-

dium into the reactor, and a connection 
with a slodevalve device

of for bleeding pressure from the reactor. 
A heat shield is in-

" the stalled nderthereactoroer;r d usually packed with a salt

he liockd whose pu tose is to prevent ocporized sodium titum 
tetra-

chloride, ad lower titaniu chlorides fom entering he cold zone

of te reactor between the shield and the cover. Ah a he beao"eoing

pen- o f he reduction process, when the i i r excess of sodi u t he

r - -n the ea t o l d also se tos a condes ier, o oe e vice

fo.ra r b sen prssromte rectr As heshedii-

the face the sodtum vapor condenses and is drained 
into the reactor's
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furnace
Unlike the reactor used

in the magnesium reduction of titanium tetrachloride, this reac- sodiumo:tor does not have a device for drainage of the sodium chloride sodium
f rmA ril~im +-h -A- -1--agent arformed dur n th *1d u^I-tinc is not drained from the re- agen ao

actor either during the process of after its completion (214, 215, sodioth
245). This is because the sodium chloride may take minute titan- the oth,
ium particles, lower titanium chlorides, and sodium with it when promot.,
it is drained. When the titanium particles, lower chlorides, and promote

SFTD-HC- 2 3- - 9 
FTD-HC-
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sodium present in the drained sodium chloride come into contact

with atmospheric air, they oxid ze vIgorously, wIth the r'sulting

substantial titanium losses. ThIs process release4 large amount

of heat and gases, to the det.iment of working conditions and the

safety of operating personnel. Moreover, in the sodium reduction

of TIC! , Lhe fused sodium cn±orice is a process atmosphere that

favors stabilization of the reduction process and improves condi-

tionis f 'or crystaiiization of the titanium.

These are the reasons why the sodium chloride is not drained

di-ing the.. sodiothermic reduction of titantum tetrachloride, From

the standpoint of reactor useful-volume utilization, this is a

deficiency of the technology under discussion, since there are

about 2.7 liters of NaCl per liter of reactor volume occupied by

red ... titanium, which has a iass per unit volume of about 2

kg/liter.

Furnace designs for the sodium reduction of TiCl 4 are slmi-

lar to thoje used in the magnesiothermic process. Since the

amount of heat released in a 
sodiothermic reactor is 2-3 times

In the amount in the magnesium process owing to the larger exother-

m rub- mlc heat effects of the reactions and the higher rate of the proc-

im rub- ess, the cooling systems used in furnaces of the former type must

be more efficient.
wire,

When The problem of heat offtake from a sodiothermic reactor is

the more complex than for the magnesiothermic process. To a certain

th oil degree, the situation is made easier by the fact that, in 
contrast

ners on to the magnesiothermic process, 
the peculiarities of the sodium

r fiances. process make it possible to switch off the bottom zone of 
the

furnace after the reactor has been warmed up and the reduction
or used reaction has begun in it, since it is unnecessary to drain the

Sreac- sodium chloride produced and there is no danger that the reducing

|ride agent and the lines through which it is transported into the reac-

the re- tion zone will freeze. Furthermore, the larger capacity of a

1i, 215, sodiothermic reactor as compared to a magnesiothermic reactor with

I titan- the same per-cycle output gives it a larger surface area and hence

t when

es, and promotes dissipation of heat.

iI
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in zone all pipelines and containers in contact with the molten sodium.
eduo- T11he flowrates arid proportions of the TiC 4 and Na are programmed

ing by a special device and regulated automatically. The contrc:

[for of parameters used to guide the redoction process ae the temperature

the artd pressure in the reactor at a riven flow-rte "nd the propor-

ualizes tions of titanium tetrachloride and &odium.

" Before placing it in the furnace, the assembled reactor ia

carefully sealed and evacuated to a residual pressure of 200-

"hermlc 300 Um, followed by leak-testing. A reactor in which the loss of

make- vacuum during this test does not exceed 5-8 um/min is regarded as

orking tight.

ders The sealed reactor is installed in the furnace, evacuated

again to a residual pressure of 200-300 um, and then supplied with

.... = .... .. .. .. -" .. . ..... of 0.2-0.3 * M. l . v .ur

rature is heated with the argon to 500-6000C, the argon pressure in it is

ntly lowered to 40-80 mm Hg, and delivery of the starting reactants is

trans- begun. For a few minutea at the start of the process, the reactor
If receives only liquid sodium; the object here is to stabilize so-

this dium flowrate and test the monitoring and measurement instruments

and and the automatic systems. Simultaneous delivery of the TiC14
anium with the sodium into the reactor is then started, with observance

of stoichlometric pr portions.

d into At the beginning of the process, when the volume of reaction

larly mass is still small and there is no sodium excess in the reactor,

Y is the highest temperatures are observed at the base of the reactor.

fld so- "Alaan, as. a resu Of Y deelprur Off a th c-e retivri,
turated the maximum-temperature zone shifts to the top of the reactor and

a re- remains there until 60-79% of the sodium has been utilized. Dur-

lum is ing this period, much of the heat can be taken off through the re-

actvr cover, and the shield temperature Is the basic parameter

gnetic with referlence to which the rate of the reduction process can be

tive regulated.

r a Experiments run with periodic sodium loading have indicated

,llows that the temperature at the top of the reactor rises sharply Im-

as are mediately after injection of a portion of sodium into it; this

PTD-HC-2 3- 352-69
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indicates rapid vaporization of the sodium and progress of the re- to the

duction reactions in the gaseous phase. S

After consumption of 60-75% of the Na, the maximum-temperature tetrac

zone gradually migrates to the middle of the reactor, indicating a
deceleration of the gaseous-phase reactions and a shift of the re- fused

actions to the surface of the melt and into it. surfac

On utilization, of more than 90% of the sodium, the maximum-
temperature zone is entirely within the melt, where it remains to and p

the en of teathithe end of the process; this indicates vigorous progress of the r c~reactc
reactions in the fused NaCI. The process rate remains high.

Under industrial conditions, an effort is made to conduct re- taneo
duction with a small (1-3%) sodium excess in order to prevent for-
mation of lower titanri-um, chloridea. At the end of the process,
sodium delivery is cut off, and the supply of titanium tetrachlo- the or

ride is continued at a slow rate until the sodiv.m is 100% uti- livere
!! lzedfused

amountThe average rate of titanium chloride delivery over the re-

the fuduction time is about 450-600 kg/h. In the initial phase, until this c

10-15% of the sodium is utilized, the delivery rate is held at the
200-400 kg/h level, then raised to 500-700 kg/h, lowered again at fr t
98-99% sodium utilization, and held at the 40-60 kg/h level until
all of the sodium has been utilized.

On termination of titanium tetrachloride delivey, the fur- practI te tra(
nace electric heat is switched on and the temperature in the reac-

tor is raised to 960-10000 C. The temperature is held at this

level for-6 h, ing Whi...... time the lower chlo.ides are radueed
and, in the opinion of some authors, the reduced titanium parti- the Ai

cles increase in size [245). a work

After the high-temperature hold, the electric heaters are 215,
o~usse

switched off and the reactor is cooled in the furnace to 600-700*0: diamet
to r ew Van e oX14at. n of th e r .arne-fn me era!1 when t *s ,r .ctedtriai

from the furnace. Cooling of the reactor in the furnace takes 2- 4 acco
are ir

hours, after which it is transferred to a chilling platform for a i
forced air co-ling to lower its temperature further [21., 215). c
On cooling to the ambient temperature, the reactor is transferred cycle

FTD-HC-23-352-69 FTD-4
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the re- to the department in which the reaction mass is assayed.

Smolinsky tested a variety of ways of delivering the titanium

erature tetrachloride and sodium into the reactor [252]. They included:
ating a) injection of the titanium tetrachloride into a layer of

f rused sodium and potassiz:-_ ihlorides with liquid sodium on its

U m surfacez

b) introduction of liquid sodium into a layer of fused sodiumns to
and potassium chlorides under titanium tetrachloride vapor in thethe
reactor's gas space;

Sr-c) introduction of sodium and titanium tetrachloride simul-
lt o- taneously into the fused sodium and potassium chlorides.t for-

s, It was found difficult in all cases to prevent buildups in

chlo- the orifices of the feeders through which sodium or TiC14 was de-

.. livered.. .. i fused a"t. urther, vigorous agitation of the
fused bath produces an extremely fine titanium powder. A certain

.....- ' ̂c'-o st attaches to solutloh ot the metallic sodium inre-

til the fused salt before the TiCl 4 is delivered into the reactor. In

this case, the reaction rate Is quite high and the titanium is
at the
in at produced in the form of larger particles that are easily separated

from the salt.until

At the present time, however, the most highly perfected and

fur- practically useful industrial method is that in which the titanium

tetrachloride vapor and liquid sodium are delivered simultaneously
into the reactor gas space in near-stoichiometric proportions.

reduced below we shall consider the equipment and technology used at

Irti- the Ashtabula plant of the American firm Electrometallurgica! as

a working industrial example of the sodiothermic process [214,

re 215, 245). The reduction reactors, the design of which was dis-

-7o0oC cussed above, are Installed in a resistance furnace 2400 mm in

cted diameter and 6100 mm high. There are 24 reduction units, with 19

es 2-4 accomodated in each of two plant buildings. Two metering tanks

for are installed in each furnace: a 1.8-2.2-ton tank for sodium and

5]. a 3.6-4.5-ton tank for the titanium tetrachloride. The reduction

erred cycle begins with evacuation of the reactor to a residual pressure
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of 300 Pm Ho b oans or a four-stage vapor-oection pu-. Tbe of the

reactor is then filled with argon and installed in the furnace, zone s
R Sodium and TiCl4 are delivered simultaneously Into the reactor for tions

5-7 h. Then the furnace is switched on. the reactor heated to the sa

10000C, and held at that temperature for 4-6 h to complete the placed

reductio reaction. Then the furnace heaters are switehed off that t

and the reactor is cooled in the furnace for 2 to 4 h. the aa

For further cooling, the reactor Is placed on a chilling TiCt

platform, where cold aid is blown over it. Air heated in this tsamost
manner is used to heat the plant during the winter, hsephase

i It is easly seen. from he above fgures that the per-cycle partl

output of the raaotor is about 1000 kg of titanium In this case, A

and that the average hourly flowrate of titanium tetrah!or!de

r imo 600 to 850 kg or 35-50 /cM2 of reactor cross section. 
-... "
chlorid

The equipAent is tied up for a total of about 12-18 hours in a a

single reduction cycle. assumed

j Published technical literature offers practically no data on range r

the influence of temperatures pressure, and titanium tetrachlorlde €oman.

flwriate on te course of the reductirn processes carried out isdiu
industrial rea, e o -on the quality of the titanium produced.

.-. s .. ., 5)-- us

V.A. Shubin ad V.A. f natuk4ii1 S.V. Ogurtsov and V.A. Razni- substan

chenko [106, pae 60), V.D. Savin [2873, and others have studied gaseous

the influence of these factors under laboratory conditions. The heat; t

optimum established was utilization of the titanium tetrachloride run wit

and sodium to practically 100 of the -tOlohIeir quantities.

In all experiment&, increasing the rate of titanium tetrachloride

delivery into the reactor and raising the temperature from 800 to s t
960-10000C resulted in larger titanium particles and aggregates. h ot

Increasing the argon pressure in the reactor had a similar effect. have not
23"1.

0ertain aspects of temperature variation were studied by A.I. electrol

Voynitskiy et al. [251] during reduction of TiCl4 by sodium in an

industrial-type reactor. The TiCl1 was delivered into the rean- chloride

tor continuously at a high rate, but the sodium was fed in per- by sodiu

jodically after 95-98% of the preceding portion had been consumed.

The highest temperature develops above melt level. After 60-75%

Footnote 15) is on page 39.
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PUMP. e of the reducing agent had been utilized, the maximwn-temperature

furnace, zore shifted Into the melt because of the development of reac-

reactor for tions between the titanium chlorides n4 the sodium dissolved in

eat~ to he slt. he ifferences between the .,eidin- ot &har,-jooupies
laeteplaced at the sawe level in the nli wer eryse indicating

cehed off that the reactions were advancing throughout the entire volume of

the salt, and not zonally. It was established that delivery of
•hilling TiCJ4 and sodium into the reactor simultaneously in such a vay
in this that reducing-agent utilization wilal be above 95% at all t!, mes

If

is most expedient. This minimizles the Importance of gaseous-
Pe- -eyclephase reactions: so ht the prcca s can be acelerated and larger
.hscae particles of high-gade metal can be produced.

tchlorlde A.I. Voynitskly and O.V. Perfill'yev also establIsthes that the
C se il, Iignificant difference between the melting point of sodium i

mw in a chloride and the boiling point of sodium (820C) does not present

mymeor difficulties In the sodiothormic process, as had been

Sno data on assumed at one tie [245]. Itunning the process In the 801-88300

r trachloride range results in vigorous evaporation of the sodium, which is a-

ea out In ca died by expenditure of about 1000 Mal per Sr--atom *f
sodium. The sodium vapor condenses in the top of the reactor,

so that heat Is withdrawn rapidly from the working zone. To aV.A. Raxni- sbstattal degree, the reaction proceeds simultaneously in the

re studied gaseous phase and is accompanied by evolution of large amounts ofIon. The heat; this is a characteristic aspect of the odwothermc process

acehloride run with a small sodium excess [92, 10h 160 209, 210, 217, 223.

|antilois.rachlorlde Preparation of Sodium for Reduction Process

teo Soo to t etallic sodium es now produced by electrolysis of alkali

letates. solutions o sodium chloride. Thermal methods of produa n sodium
liar effect have not yet boon used to any appreciable degee In industry [22,
ied by A.I. 2i]. ands of the sodium used to sduce titaniu is poduced by

i n is helectrolysis of fused sodium hloide. The raw material for so-

dium production In this case is relatvely uncontamrated odlme

this cet

chie chloride produced during the reduction of titanium tetrachloride

nconsumed. by sodium.

or 60-75%
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Currently, sodium chloride is electrolyzed in Downs elec- 
has prac

trolyzers at 580
0 C, amperages of 25,000-40,000 A, and a voltage the equi]

of 7.0 V. The unit-current sodium yieli _s 80-85% and the rate primaril

of electric power consumption about 12,000 kW-h/ton of Na C2421, Howl

With practically 100% sodium ut lization and 95% extraction 
a large

of commerical titanium from *he TC,, 1.82 kgof Namus be usedeu i
to produce 1 kg of titanium. In magnesiothermic reduction, the less exp

amount of magnesium used per kg of titanium is 1.24 kg, figuring 
product

with 70% magnesium utilization and a O5% yield of co..rcal titan.

ium from the TIC1,. A kilogram of Na costs about 40 cents, and screens

a kilogram of magnesium about 80 cents. Thus, the cost of the glass is

reducing agent in the sodiothermic method is aboi t 78 cents per sodium i

kilogram of titanium, as against 99 cents, or 25$ more, in the Satisfac!

magnesiothermic process. The calculation is made for A1erican material

conditions; elsewhere, this relationship might be tipped slightly Durl
in favor of mgnesium. Nowever. given well-dev !oped odi"- n---.d oxide, n

sodiothermic-titanium industries, the cost of the sodium per kilo- oxide in
gram of reduced titanium may be held below the cost of magnesium. ^..&some.

Ihe amount or electric power used in producing the sodium 0.006-0.

needed to reduce 1 kg of titanium is about 20 kW-h, as against tor of 2

about 21.5 kW-h when magnesium is used. tered at

Acquisition of sodium of high purity Is made easier by the 
in pract

fact that sodium chloride is usually electrolyzed in an inert At
atmosphere to prevent oxidation of the sodim. There are two of scree

methods for subsequent purification of the sodium: distillation steel pl

or filtration, and they both yield metal of high purity. necessa .

The contents of the principal impurities in sodium produced 
lated ox

in Great Britain and purified by filtration or distillation are and one

as follows: 13ss than 0.001% each of calcium, magnesium, silicon, To

and nickel, 0.006% oxygen. 0.00059 iron r242], screens

Distillation of sodium, which has a relatively low boiling 
the sore

point (8830C) can be used to produce 99.99% pure metal in which 
and that

the oxygen content doer not exceed 0.006% and nitrogen is 
prac- move sus

tically absent [236). Purificatioin of sodium by distillation is through

made easier by the fact that, even at high temperatures, sodium from bot
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elec- has practically no reaction with the structural materials of whicn

voltage the equipment and pipelines in contact with thr sodium are made -

the rate primarily iron, nickel, and copper. J
Na [242). However, the purification of sodium by distillation requires

-*traction a large amount of power and is very expensive. Dist.1lation re-

rt be uncd quires 3.0 kW'h per kg of sodium. Filtration is a simpler and

ion, the less expensive ejetuod of purifying sodium and usually yi6.ds a

figuring product at least as good as the distilled metal.
lci ttia n- Sodi wi .s usually filtered through a layer or fine metal

pu U- tC SI IS.'C ....- J.i...
othe glass is a good adsorbent for sodium oxide, and for this reason

nts per sodium is sometimes filtered through a bed of glass powder [237).

in the Satisfactory results are obtained by filtering sodium through

1erican material with a pore size of about 5 Pm [238).

slightly During filtration, the sodium is cleared of iron, calcium,
diumandS aoxide, nitride, and sulfate impurities. The solubility of sodium
Purgnesium. oxide in the metal declines as the temperature of the met al de-

creases. Thus, it is 0.023-0.027$ in the l00-1500C range (or

Isodium 0.t^ n"&-" u nd inneaen_ bv a Ne-
jagainst tor of 2-3 at 2000C [239), For this reason, .odium must be fil-

Itered at the lowest possible temperatures. The temperatured used

by the in practice range from 110 to 120*C.

inert At the Ashtabula plant, sodium is filtered through 20 layers
e two of screening with hole diameters of about 40 Uam and a perforated
--ation steel plate with a hole diameter of 20 um [240]. Since it is

necessary to clean the filters periodically to remove the accumu-

produced lated oxides, two units aze set up in parallel - one oper-ating
tion are and one being cleaned.

silicon, To prevent sodium oxide from building up on the filtering

screens and plates, it is recommended that the work be done with

boiling the screens and plates covered at all times by a layer of w*&i

in which and that the entire system be filled with an inert gas. To re-

is prac- move suspended matter from the screens, pure metal is forced back

lation is through them; as a rule, the basic direction of filtration is

sodium from bottom to top. The filter is washed by feeding metal down

FTD-HC-23-352-69

356

- . . . . .



through it. In this cases suspensions are easily removed from the for il
filter and drop into a collector from which they are erod i all

~~remo)ved. .

ihic

Since sodium production has recently developed into the whichtprua

hh hpeto e allcsodrecen tdeope r iao thek prrseca

sodium has come into extensive use in the
drain dca nd nudr e ans beoelectrical been de storage
Whn thne-ta Isheingp me including piping of liquid sodium, in thabout o 1200. teathve s rather well developed from the de- the rsign and technological standpoints and present no major technical geroun

mus e b

Tre shipment of mtallic sodium in 36-ton railway tank cars tion.
ewith internal oil-heated ccaron e co tmiao o im t oa bfe ue In use to

drained anm dry the tanks before fil. g has been described (240]. fetallWhen the metal is being warmed, the oil temperature is held at carbon

about 120C . After the sodium has been melted in the tank, argon

pesuipento a~. ppreu rize ( yst.m I~nu tevum-rnf ehot o

isdu dos notp caped throug a)dthe sodiam is displaced into
intermediate storage tanks at the sodium-using plant. Under - amount
dinary conditions, sodium is stored under a layter of oil or kero dered
sene. 'to prevent carbon contamination, sodium to be used in re- with kele
ducing titanium is usually stored under d-ngon. elt

of the
Sodium can be transferred by displacement with an inert gas, plosiv

with centrifugal or eectromgnetic pumps, or by vacuum suction.The latter method is preferred, since sodium is highly fluid at Two-St

120eand penetrates through ny defctive seale in ppelines and Ae
equipment of a pressurized system. In the vacuum-transfer method, the sosodium does not escape through defective seals in the system, chiori¢
since this is prevented by suction of air through the defect and phase,
oxidation of tihe metal at this point, so that the oxide plugs 2NaCl'
the leak. Barometric traps are installed to prevent sodium tram 259; 2
entering the vacuum system of the pumps [2i41J. T

At the Electrometallurgical Ashtabula plant, the pipeline compou
used to transfer sodium from railway tank oars to the reduction metalli*1reactors is 1200 meters long, the lines are induction-heated, tion pz
and magnesium oxide provides heat insulation. According to data T

obtained in practice, the power required for electric heating otfiin
one meter of sodium-tilled pipeline 50 mmt in diameter 1510~Footnot

PTD-HC-23- 3526 TD-HC-

I 357



from the for induction heating and 75 W for wire-coil heating [44]. I
dically

A m or disadvantage of sodium is Its 111'h cheml i activity,

which requires extremely careful design and observance of special

he precautionary measures.

he Safety measures for work with sodium are set forth in detail

drage in the specialized literature [242-244]. We note, however, that I

the reaction of metallic sodium with water Is particularly dan-
de-hncal gerous, since it proceeds with vigorous evolution of hydrogen and

heat and Is consequently explosive. Hence all necessary measures

must be taken to exclude the possibility of the sodium-water reac-Ik cars tion. Use of water In the same areas with sodium, including its

t is use to cool equipment holding sodium, is strictly prohibited.

ed [2401. Metallic sodium also reacts vigorously with chlorinated hydro-

id at carbons (for example, CC1 4 ) and dry ice.

k, argon The sodiotherm.c reduction of titanium produces a certain 3
d into amount of wastes that contain unreacted sodium and must be ren- I
der or-
or or- dered harmless. It is recommended that they be generously doused
or inr- with kerosene, ground up, and burned for this purpose [242), or
in re- else treated with sodium hydroxide solution with thorough removal

of the hydrogen formed in the process to prevent formation of ex-

ert gas, plosive mixtures.
(6 )

Iuction. T
uid at Two-Stage Reduction

.ines and As we noted above, the lower titanium chlorides formed in

r method, the sodium reduction of TiC14 are readily soluble in fused sodium

;tern, chloride. As a result, low-melting eutecticon form in the salt

7ect and phase, along with chemical compounds of the types NaCl'TiCl 2 ,

lugs 2NaC.TiCl2 , 3NaCl.TiC1 3, 13NaCl.3TiC13 .2TiCl2 etc. [106, page 60;

um from 259; 262; 265, 2663.

The presence of these low-melting eutectics and chemical

peline compounds in this system, together with the high solubility of

duction metallic sodium in NaC1, make it possible to carry out the reduc-

ated, tion process in two stages.

to data The first stage of the process is run at 500-800*C under con-

ating of ditions such that the reduction proceeds not to metallic titanium,

100 W Footnote (6) is on page 369.

PTD-HC-23-352-69

358

i.



t

but to its lower chlorides. This is accomplished by conducting with h

the process with less than the stoichiometric amount of sodium. acquis:

As a rule, the process is carried to formation of TIMI2 or to the iarit!i

binary anud ternary salts mentioned above. In the firs;. stop of iariti

the process, i.e., the reduction of TiCI4 to the lower chlorides, that d

about 60% of the total heat of the reduction re~e.tion of TiC1 4 to have sr

the metal is released. The reactions that reduce T!C!u to the '-'4tivi!

lower chlovideu proceed at high rates and permit the design of on the

highly productive reactors for the first stage of the process. ties i]

Here it is important not to permit the reduction of TIM1 o i

tanium in the gaseous phase or disproportionation reactions to.

advance to any marked degree, since a large amount of finely dis3-

persed titanium would then form in the reactor and not only lower

the yield of high-grade metal from the TiC14 , but also compli-

cate the second process stage in which the lower chlorides are

reduced to titanium. At the same time, the formation of a small

amount of finely dispersed tiAni-,,m d,_rin, tn.- first ata&e 16

even desirable, since it absorbes a substantial amount of impuri-

ties and this makes it possible to obtain purer metal in the

I second stage.

In the second stage of the process, the lower titanium chlo-

rides, which are dissolved In sodium chloride, are reduced by

s-.dlurt red onto the melt surface. The reactions are diffusive in

nature.

The resulting titanium particles are then nuclei on whose

surfaces large titanium crystals grow, reaching lengths up to 25-

100 mm and thicknesses of 3-8 ram. During the second stage of the Fi

process, the reduction proceeds quite rapidly at 600-I000°C, re- zod....h

_Inasini about "409 of the heat ot the over-all reduction of TiCl 4  i

I I

tto 'tanium. It is especially advantageous to reduce binaryItta rue salts and the so-called "black salt" (13NaC 3TiC 3 de r

•iaMy since this minimizes the disproportionation reactions, 
riti

wh ch prcte finely dispersed low-grade titanium [266 . In

Two-stage sodium reduction of Ti can produce titanium of h

C14 and 40%very high purity, with quality approaching that of iodide titan- ondh
ium. It has been reported tha t his method has produced metal

Footnot
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nducting with hardnesses of 60-80 HB [106, page 60; 246]. (7'Ob-'ious ly, the
f sodium, acquisition of high-grade titanium is related not onl.' to pecul-
or to the iarities of the reduction process itself, but primarily to pecul-

It step of iarities of the crystallization of titanium in large crystals

chlorides, that do not contain interstitial elements in their lattices and
f TiCI 4 to have small specific surface areas and, consequently, low surface

4 to the activities. This reduces th! adsorption of contaminating gases
sign of on the surface of the metal and, with it, the amounts of impuri-
,rocess. ties in the titanium ingots melted out of these crystals.

oC14 to 
Graphic Not Re roducible

1tions to
finely dis-

I only lower
compli-

td s are
f a small

[taie is

I 
of 

impuri-

anium chlo-
uced ty
lillusive in

Figure 61. Titanium crystals obtained
on whose by reducing TICl 4 with sodium in two

stages.
sup to 25-

agofthe Figure 61 shows titanium crystals obtained by the two-stage
0000 C, re- sodiothermic method.

inary It has been found that slowing sodium delivery in the secondbinary stage and dilution of the fused lower chlorides with sodium chlo-
eactions, ride promotes crystal growth.

]. In addition to improving quality, the two-stage reduction, in

itanium of which 60% of the net heat effect is released in the first stage

ide titan- and 40% in the second stage, and in which there is no appreciable

ed metal bonding of the titanium crystals to the reactor walls, creates

Footnote (7) is on page 369.
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Figure 62. Diagram of installation for placed
two-stage reduction of TICM by sodium. for the

1) Retort cover; 2) retort; 3) shield; of the
4) inner shell; 5) furnace; 6) three-
point thermocouple; 7) external thermo- reduced
couple; 8) contact galvanometer; 9) po- level o
tentiometer; 10) rotameter; 11) bellows.

I valve; 12) TiCl tank; 13) level tube;

14) sodium tank; 15-16) automatic con- origina
troller; 17) thermocouple for temperature complet,
measurement in sodium tank; 18) contact
galvanometer; 19) timing relay.

c-inditions favorable for semicontinuous and continuous processes produce

1loi' the sodium r uction of TICIM. which a

Figure 62 presents a schematic diagram of a tio-stage in- ing, th

Aallation for the sodium reduction of TiCl4. The TiC14 is re- second-

(c,4ced first to the lower chlorides and then, in the second stage, ly, theI- NaC1 an,
t. titanium in the same reactor.

subject
several variants of the two-stage process have been proposed. difftcu

'r , Schott and Handley [246) recommend temperatures of 150-400°C -------W, Pootnot
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for the first stage, with introduction of 25 to 90% of the stoi-

chiometric amount of Na into the reactor to reduce the TiC14 to

the metal. The second stage is run at 805-105
00C with addition

of sodium in the amount necessary for complete reduction of the

titanium. The rate of injection of sodium into the reactor during

the second stage determines the size and structure of the crystals

and blocks of the resulting metal; As a rule, rapid introduction

of the sodium produces fine-grained titanium, while large crystals

form preferentially at low sodium feed rates. The titanium pro-

duced has hardnesses of 60-70 HB. It is recommended that the re-

actions mixture be transferred from the first, low-temperature

reactor into the fused salt bath of the second reactor by worm

feed; the entire system must be airtight.

Keller indicates that the first stage of the reduction to

TiC1 2 must be run at a reactor temperature above 8000C with

vigorous stirring.(S8 ) Voge [transliterated from Russian] proposes

that the NaCl melt with the lower chlorides that is obtained dUr-

ing the first stage of the reduction be poured into a box and

placed in a reduction fuVrace held at temperatures up to 10000 C

for the second stage. The sodium is injected onto the surface

of the melt at several points along the length of the box. The

reduced crystals form a crust on the melt surface. Since the

level of the fused salt rises during reduction, it coats this

crust and the crystals grow upward in the fused salt from the

original crust, reaching lengths up to 25 mm. After reduction is

co.lete, the box is placed in a furnace so that the excess salt

can be melted out.

Kinpbury( 9lroposea that the first stage be run at 7')0*C to

ses produce a melt containing 26.5% TiCl 2 , 34.5% TiC1 3, and 39.0% NaCl

which corresponds to the compound 3NaCI"TiC1 2 "TIC1 3. After free%-

in$, the resulting melt is crushed and loaded at 825 0 C into the

e- second-stage reactor, which has been filled with sodium. Obvious-

age, ly, the reduction will produce some titanium granules mixed with

NaCl and sodium, which it is proposed to separate in a vacuum or

subject to hydrometallurgical refinement; this would be extremely
)osed. difficult owing to the sodium excess in the reaction mixture.

400 0C Footnotes (8) and (9) are on page 369.
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Keller10)propos-s that the process be carried out in a reac- This rel
tor consisting of two parts separated by a perforated partition, Compoun

The NaCi melt with the lower titanium chlorides, basically TiCl 2, Th
would be on one side of the partition, and a sodium-saturated have me
NaCi melt on the other. The partition would prevent mixing of of merc
the melt and localize the reduction zone. Large crystals grow on sary th
the perforated partition at 850-950C. Cuy ha

cury Yap
This method was proposed in a different design verzion by atmosphe

V.A. Pazukhin and V.A. Shubin.(11 )  
ess be

To prevent the lower titanium chlorides from reacting with form low
the reactor material, M. Olinichka proposes that the first reduc- agents
tion stage be run in a reactor whose walls are lined with NaCl. mately I

Other versions of the two-stage process have also been sug-gested. ( 1 2 ) The increased frequency of patents for the two-stage nicely a

process indicate that intensive research is being carried out chlorid
toward the development of this promising method.

Reduction by Amalgams and Mixed Reducing Agents exceed

The effort to simplify the sodiothermic method of TICl re- room te
duction and make it less expensive has led to the testing of so- 5200C wi
dium amalgam as a reducing agent. Sodium amalgams can be pro- the real
duced easily by electrolyzing a solution of sodium chloride or Te
hydroxide in a bath with a mercury cathode at 25-30C. arated

As we know, the solubility of sodium In mercury is 0.1-0.7% a filter
at temperatures from 0 to 50 0 C, 1.25% at 50-1000C, and about 2.5% filtrate
at 150*C. In production of the amalgam, the electric power con- yield of
sumption per kilogram of sodium in the amalgam is smaller by a The resi
factor of 2-3 than when metallic sodium is produced by electroly- at 7000C
sis of used sodium chloride; consequently, the cost of the so- ium in t
dium in the amalgam is also substantially lower than the cost of is recy¢
metallic sodium [245p 2473.(13) sive prc

TiCl4 can be reduced to the metal not only by amalgams of nificant
sodium, but also by amalgams of calcium, potassium, and lithium. it
Reduction is promoted by the reaction of the titanium product with amounts
the mercury, with formation of the intermetallic compound TiHg. ess, whi
Footnotes (10), (11), (12) and (13) are on pages 369 and 370.
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reac- This releases about 7 kcal/g-atom of heat, an indication that this

tion. compound is nuite stable.

TIC1 2' The chlorides of sodium, calcium, potassium, and magnesium

ed have melting points considerably higher than the boiling point

of of mercury. For effective management of the process, it is neces-

ow on sary that the salts that are formed be kept fused, with the mer-

cury vapor pressure in the reactor running to several tens of

by atmospheres. It is therefore recommended that the reduction proc-

ess be carried out with an amalgam of two metals whose chlorides

with form low-melting eutectics [248]. The two metallic reducing

reduc- agents must have activities in the amalgam that give them approxi-

aCl. mately identical affinities for chlorine; this is necessary for

their simultaneous reaction with the TiC1 4 and the formation ofs ug-
a low-meltinZ eutectic in the process. These requirements are

ag nicely satIsfied by amalgams of sodium with calcium, since their
ut

chlorides have a eutectic with a melting point at about 5000C.

The content of the reducing metals in the amalgam should not

exceed 1-3% (by mass) so that the amalgam will remain fluid at
re- room temperature. The reduction is usually carried out at about

f so- 520 0 C with a mercury vapor pressure of about 10 atm prevailing in

pro- the reactor.

or The result of reduction is a mobile mass that is easily sep-

arated from the salts after they have solidified and filtered on

-0.7% a filter whose holes are about 20 um in diameter. The mercury

t 2.5% filtrate that results contains practically no titanium, and the

con- yield of filtrate is about 90% of the mercuri originally taken.

y a The residue on the filter is a titanium amalgam and is distilled

troly- at 700 0 C in an inert-gas atmosphere, leaving pure metallic titan-

so- ium in the solid phase, while the mercury that has been driven off

st of is recycled. Distillation of the mercury is a simple and inexpen-

sive process, since it is necessary to vaporize only an Insig-

of nificant part of the mercury taken for the process (about 5-6%).

hium. It has been computed that the cost of the reducing agent

ct with amounts to no more than 0.5% of the cost of titanium in this proQ-

iHg. ess, while the cost of the reducer represents about 20% in the

0.
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reduction of TiCl1 with metallic sodium. An important drawback
of the amalgam process is the rapid turnover of mercury, which Tng a
results from the relatively low solubility of sodium and titanium These
in it at moderate temperatures; another is the high toxicity of and c
mercury. These two factors render the amalgam process rather ecull
unworkable at the present time. it Pol

A process In which TIC14 is reduced at 550-6000C by an alloy what ,
of sodium with zinc has been proposed. In the 550-6000c range, the T
the solubility of sodium in - 4nc is about 2.5%, while that of in an
titanium in zinc is 0.45%. a result of reduction, all of the sium p
titanium is dissolved in the excess of zinc and easily separated for p,
from the salt phase after cooling. The resulting Zn-TI alloy is sodiUn
filtered at 850-9500C, and the filter residue is separated into rine t
its components by vacuum distillation at 700-8000C [249]. have a

enough
Use of zinc inst.,d of mercury makes It possible to elimi- 16.1%

nate the toxic mercury from the process, but sacrifices the basic contal
advantage of the amalgam method -- use of an inexpensive reducing alloy
agent. The process requires highly purified zinc, which is very melt f
expensive. Certain Improvements to the process have been sug-i ~gested. (I )

,z
~techno:

The metal produced by the amalgam methods is inferior In measur;

quality to titanium obtained by the magnesio- and sodiothermic tion,
methods, and this is another disadvantage of the amalgam proc- Oxygen
esses. titanit

Some of the proposals call for a sodiothermic process run makes I

at temperatures below 800eC. As we noted earlier, the reduction at the
of TiCl 4 by sodium then proceeds with formation of the lower chlo- Tt
rides; the crust formed on the surface of the salt inhibits the mixture
process. However, crusting can be prevented by formation of read- in mIn4
ily fusible melts in the reactor during the reduction process, tans d
e.g., a melt of sodium and potassium chlorides (NaCl:KC1 - 1:1) sodium
with a melting point of 665C. For this purpose, it is recom- nesium.

mended that the appropriate amount of potassium chloride be In- 8000 c.
jected into the reactor or that the process be run with an alloy mashes1
of sodium with potassium as the reducing agent.

(15 )
..... .reducin

Footnotes (14) and (15) are on page 370.
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ack Use of the sodium-potassium alloy that has a eutectic melt-
ch ing at -120C at 22.7% Na results in more favorable conditions.
anium These two metals differ li t*e as regards affinity '.'or chlorine
of and can reduce TiCl simultaneously; the resulting melt is at

r equilibrium with an alloy of definite composition. This makes
it possible to select a low-melting salt mixture, and this is

alloy what determines the composition of the alloy for reduction ofthe TICI4. However, the high cost of potassium prohibits its usege,alo 
soim ff in an alloy with sodium for reduction of TiC if metallic potas-

f the sium is used to prepare this alloy. There is a cheaper method
ated for producing the sodium-potassium alloy: reduction of KC1 by

is sodium. Since potassium has a somewhat higher affinity for chlo-rIt rine than does sodium, the melt to be reduced must at all times
have a large KCl excess in order to obtain an alloy with a high
enough potassium content. Thus, at 900eC, the alloy containing

mi- 16.1% K and 83.9% Na is at equilibrium with a fused salt mixture
basic containing 61.2% KC1 and only 38.8% NaC1. A relatively cheap
ucine alloy can also be produced by electrolysis of process aC1-KC1
very melt formed during reduction.

The very high chemical activity of potassium makes the entire
technological process much more difficult and requires special
measures to ensure safety of the operating personnel. In addi-tion, the explosive peroxide K202 forme when potassium oxidizes.- Oxygen present in the potassium during reduction transfers to the

titanium, to the sharp detriment of its quality. All of this
un makes the method rather unpromising for industrial application
tion at the present time.
tho- The reduction-process temperature can be lowered by using ahead mixture of sodium and magnesium as the reducing agent, bearingread- in mind that the eutectic mixture of their chlorides, which con-
s, tains 60% (molecular) of NaCl, melts at 450C [250J. However,

sodium has a much stronger affinity for chlorine than does mag-a-

in- nesium. Sodium reduces NgC12 completely at temperatures abovein- 8009C. Thus, if the TiCI is reduced with a hixture of sodium andlloy magnesium, the magnesium mar completely suppress the sodium as a
reducing agent, so that tha reduction produces WaCl practically
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exclusively instead of a chlo-.'ide mixture until all or the sodium

has been used up. Thus, the first stage of the process must be

run above 8000C, and only during the secord stage, when all of

the sodium has been used up and the magnesium has begun to react,

does the melting point of the salt mixture begin a gradual de-

cline. In addition to these difficulties, the presence of NgC12

in the reaction mass endows it with the shAortcomings of the mag-

nesiothermic reaction mass and greatly complicates its refinement. Manu-

All of the above tends to discourage the use of this method. scriptPage
Nevertheless, there have been a number of proposals for the use No.

of the method for the design of equipment for continuous reduction 333

(see Chapter 13).

338

340
Heavy patenting of various improvements to the sodlothermic

reduction of titanium has continued in recent years. Thus, in

the USA and Great Britain alone, about 250 pitonts on this sub- 3 1

Ject were awarded In 1964-1966. Most of these patents have been

concerned with the production of higher-grade, coarse-grained 354

metal by the two-stage process and the development of equipment

for continuous reduction. 359

361
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Chapter 16 fo

Ho
THE HYDROIETALLURGICAL PROCESS FOR REFINEMENT a)

OF THE REACTION MASS reactio

b)
Features of the Hydrometallurgical Process tion an

The titanium can be separated from the reaction mass produced agents
by reduction of TiC14 with magnesium or sodium by either of two the met

fundamentally different methods: driving the chloride and the tion ar
excess of the metallic reducing agent out of the titnalum at tem- c)
peratures above 8000C In a vacuum or leaching the soluble com- some of
ponents of the reaction mass out of it in dilute acid solutions. the hyd

The first of these methods was examined above. It has the the titt

following basic shortcomings: the reme
a) the process is intermittent, relatively unproductive, com- hydroger

plex, and expensive; d)

b) at a high temperature In a vacuum, titanium sinters into evaporat

a dense block and welds to the reactor walls; this makes extrac- or sodiu

tion and subsequent crushing difficult; evaporat
time-con

c) at high temperatures in a vacuum, it is difficult to pre-
vent induction of air into the reactor and contamination of the As

titanium by oxygen and nitrogen; the titanium is also contaminated hydromet

by iron, nickel, chromium, and other impurities when it interacts Later, b
with the reactor material at high temperature; supplant

quality

cal proc
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d) inclusion of the vacuum-separation process in the reac-

tion-mass-purification flowchart is an obstacle to higher TiCl 4

reduction rates, since fast delivery of TiC14 into the reactor

results in an extremely dense block of titanium sponge, and this

greatly complicates distiilation of the chlorides out of the deep

layers of the block in vacuum separation and produces what is

known as underseparated sponge,

The hydrometallurgical process does not have these drawbacks

and is highly productive and continuous; the equipment required

for it is much simpler.

However, this method also has major shortcomings:

a) metallic reducing agent is lost during leaching of the

reaction mass;

b) oxidation of the titanium in its reaction with the solu-

tion and its contamination by oxides of the metallic reducing

roduced agents and by absorption of hydrogen formed in the reactions of

twc the ,etallic reducers and lower titanium chlorides with the solu-

he tion are detrimental to the quality of the titanium;

t tem- c) if a magnesiothermic reaction mass is being processed,

om- some of the magnesium chloride is hydrolyzed during leaching and
ions. the hydrate residues, which cannot be completely eliminated from

the the titanium .sponge by leaching, interact with the titanium during

the remelting that follows, contaminating it with 6xygen and

e, com- hydrogen;

d) in the hydrometallurgical process, it is necessary to

into evaporate down large quantities of solutions containing magnesium

trac- or sodium chlorides and to dehydrate the salts obtained after

evaporation. Dehydration of magnesium chloride is a complex,

time-consuming, and expensive process.
o pre-

the As we know, the magnesiothermic reaction mass was processed

minated hydrometallurgically early in the history of titanium technology.

eracts Later, because of the above shortcomings, hydrometallurgy 
was

supplanted in a number of cases by vacuum separation, and the

quality of the metal improved. Nevertheless, the hydrometallurgi-

cal process was used until recently to refine magnesiothermic

FTD-HC-23-352-69
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1

reaction mass at one of the largest titanium plants in the USA, residu

the plant at Henderson [92J. solved
the fc

Under industrial conditions, sodiothermic reaction mass is istic

rlocessed exclusively by the hydrometallurgical methyl. In this usuall
Case, the quality of the metal has been higher than that of metal variou
refined by vacuum separation. black.

In selecting the process for reaction-mass treatment, there-

fire, it is necessary to devote careful and discriminating analy- solves

i is and evaluation to the advantages and disadvantages of the two

methods, which depend on a number of factors.
tions,

The material composition of the reaction mass is the prime Large

deiermining factor In the refining process. Table 34 gives guide- hydrog,

line compositiona for reaction masses produced by the magnesio- leased

thermic and sodiothermic methods [106, page 68; 2883. magnes

The chief difference between the magnesiothermic and sodio- volume

tlerd reaction masses is that the former has a high content of 
vigoro

mapesium that has not been utilized in the process and practic- 
reactoi

ally none of the lower titanium chlorides. In addition, the rati2

Meg0l 2 content of the reaction mass is much lower !ian the NaCS

content in the latter case. This is because the NadC is not This m

draired during reduction in the sodiothermic process, %thile the tic rei
M9% Is periodically tapped fr om the reactor in the riqgnesio- 57.6 ko

th4€iui method. l. 'eral

TABLE 34 only a

Reaction Mass Compositions, S (by mass) that d(
) sarY tc

Reducing Lower ti-

Netallic metal tanium chlo- MgCl 2
Reton titanium (Mg, a) rides, con- o NaCi presenitianu verted to orNl esn

titanium with a

Mae uiO- 50-70 30-35 None 15-20 rides,

th e c metal a

Scjiothermic 15-25 0.1-1.0 0.1-3.0 75-85

A distinctive feature of the sodiothermic reaction mass is aqueoug

n-elpractically total absence of unreacted sodium. The zodum acidifi

F": -N-7-2 3- 352-69 " -H
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e USA, residues, which amount to 0.1-1.0%, are for the most part dis-

solved in NaCI, although some sodium is occasionally present in

is the form of fine beads in the reaction zone. Another character-

In this istic is the presence of lower titanium chlorides, which are

of metal usually dissolved in the NaCI and endow the reaction mass with

various shades of color ranging from light green to violet and

black.
*, there-g analy- Nagnesium is practically insoluble in water, although it dis-
t twol- solves well in acidified water. The rate of solution depends onthe two

the surface area presented by the metal, the acidity of the solu-

tions, the salt content in the reactor, and solution temperature.
prime Large amounts of heat (110 kcal per gram-atom of magnesium) and

es guide- hydrogen (about 2.0 liters per gram-atom of magnesium) are re-

nesio- leased as magnesium dissolves in an acidified solution. If the

magnesium content in the reaction mass is high and the solution

sodlo- volume small, the solution is heated to boiling, which results in

tent of vigorous oxidation and hydrogenation of the titanium. To avoid

ractic- reactor overheating, it is necessary to increase the liquid:solid

the ratio and cool the solution.

NaC1 Sodium reacts violently with water and acidified solutions.

not Tth.s calls for precautionary measures in leaching out todiother-

le the mic reaction mass. The reaction of sodium with water releases

esi 57.6 kcal/g-atom of sodium, but only half the amount of hydrogen

literated on solution of magnesium. The solution is warmed by

only a few degrees during leaching of sodiothermic reaction mass

that does not contain free sodium, so that it is usually unneces-

sary to cool the solution.

gC1 2  During the leaching process, the lower titanium chlorides

r NaCl present in the reaction mass react with neutral and especially

with alkaline solutions to form insoluble hydroxides and oxychlo-

5-20 rides, which concentrate on the surface and in the pores of the

metal and contaminate it with oxygen on subsequent remelting.

5-85 The lower titanium chlorides become soluble in acidified

mass is aqueous solution. Precipitation of the hydroxide residues out of

sodium acidified solutions takes a very long time. The rate of

FTD-HC-23-352-69



precipitation increases rapidly with rising temperature [288].

To prevent hydrolysis of lower titanium chlorides and con-
tamination of the metal by hydrolysis prodcts during leaching
of the reaction mass, solution acidity and temperature must be
watched carefully during the process.

Lower titanium chlorides are often present in the reaction
mass in complex-salt form. These salts react with the solution
just like the individual lower chlorides, but the reaction is
somewhat slower.
Behavior of Titanium Powder and Sponge in the Hydrometallurgical

Refining Process

One of the most important factors determining the rate of
the process and the reaction of the titanium with the solution,
the oxides, and the gases during hydrometallurgical treatment of
the reaction mass is the specific surface area of the powder or
sponge. 

Sp4

Titanium powders and sponges are agglomerates of crystals
ranging in size from fractions of a millimeter to several milli-
meters. The structure of the basic mass of crystals is dendritic.
Crystal size depends on the nature of the reduction reactions,
the reaction rate, temperature and pressure in the reactor, the
distribution of the crystals in the reaction mass, and other
factors that are difficult to take into account.

Vacuum-separated magnesiothermic sponge that was originally
produced in a reactor from which the gCl 2 was tapped is much
coarser and denser than sodiothermic powder produced by single-
stage reduction and hydrometallurgical reaction-mass treatment.

Table 35 gives granulometric compositions and Table 36
specific surface areas for uagnesiothermic sponge and sodiother-
mic powder 106, page 68; 229).

Specific areas were determined by B.V. Deryagin's method [290) Asfor the fine fractions, and for the coarse fractions on the basis veloped
of measurements of the specific surfaces of fine fractions taken fractio
from the same consignment and comparison of the rates of solution only s!:
of the fine and coarse fractions. whole i:
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88]. TABLE 35

con- Granulometric Compositions of Sponge and Powder

ing puesiotheru I pus aXxe iotherfic por

be 2 1 . 2

-* +Is 73.0 +2,4 0.0It 0-.4 4. 7.4
ion I-- -.0.8,

tiont •4,.843 Xo~ n.

2I's

is 4a1:2 9--0.11 +0.I 8.2

-0.15 441.141 5,$
-4) 10 -IV. 3.1

gical <o,: 0 . 3

1-Fraction 2-yield of fraction, I

of of total saiple mass

ion,

t of

or TABLE 36

Specific Surface Areas of Titanium Sponge and Powder

Fraction, Specific surface, "2/3
ritic. I

, gesiothersic Sodiother.ic

t h e 
....

+3.50.38 0.57
--. +l.6 0,42 ,57-l.6 +I.0 0,5! O.0

-1.0 +0.,3 O0,p 0.74
-4,.1 +0,"9 ,0.1 74

ally -4, 44,U 0.0 o.17

h -O.le 0.30 0.1 .s
-0.10 -0.06S 0.97 0.8le- --0,O +0.0 -- l0

-0.06 1.13 1,3
nt. "'

her-

d [290) As we see from Table 36, titanium sponge and powder 
have do-

asis veloped surfaces. Although the specific surface areas of like

aken fractions of msanesiothermic sponge and 
sodiothermic powder differ

ution only slightly, the specific surface area 
of the material as a

whole is several times larger in the case of the 
sodiothermic
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I

powder because the yield of fine fractions from that powder 
is with

several -times the corresponding yield from magnesiothermic sponge.

This explains the higher activity of this powder in reactions and magn4

adsorption. 
maass

It has been established by V.A. Aleksander and L.M. 
Pidzhen tempt

[291] that titanium is oxidized by atmospheric oxygen 
even at to P1

temperatures above 25*C. It has been reported that titanium re- 
facti

acts with water only at temperatures above 100
0 C (291). L.V. and 1

Biryukova et al. L106, page 68] established that the orygen con- tion

tent of the titanium is about 0.025% when the 
reaction mass is In bi

leached out at 30-40°C, but Increases to 0.10% at 
1000 C, 0.15% at rel-es

1500C, and 0.20% at 200°C. Given the developed surface of the 
potas

titanium sponge or powder, this increase in oxygen 
content rcrong- this

ly influences metal quality. For this reason, hydrometallurgical 
quent

treatment of the reaction mass, and especially drying of the

sponge, must be carried out quickly and at the lowest possible witho

temperatures. It has also been found that the rate and degree of times

oxidation of titanium in air are practically the same as for oxi- conte

dation in water. Mass,

Hydrogen is liberated during hydrometallurgical refinement 
out.

of reaction massses containing magnesium, sodium, and lower ti- tors

tanium chlorides, and the titanium becomes saturated with it. oxyge

The hydrogen is no great obstacle to the acquisition 
of high- disso

grade titanium, since it is eliminated quite completely 
from an in]

the metal during subsequent high-temperature vacuum remelting. conta

However, hydrogen saturation of the titanium complicates melting

in vacuum arc furnaces by causing the metal to bump and spatter, compa

with the result that the melting regime is unstable and large certa

amounts of metal are lost. In some cases, it is necessary to re- tions

melt the titanium ingots a second time to eliminate all of the suit,

hydrogen from the titanium. hydroi

Hydrogen is released ror the most part as a result of solu- .

tion of metallic reducing agent that has not been utilized in zhe a fre

reduction process. As we noted above, there are particularly tion.

large amounts of unutilized reducer in magnesiothermic reaction for a

mass. A small amount of hydrogen is released when TiCl2 reacts since

FTD-HC-23- 352-69 
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is with the solution and metallic titanium with the acid.

sponge. The hydrogen content in the metal depends on the contents of

ns and magnesium, sodium, and lower titanium chlorides in the reaction

mass, the acid concentration in the solution, and the time and

dzhen temperature of leaching and drying. Various inhibitors are used

at to protect the metal from hydrogen contamination; these are sur-

m re- factants that coat the surface of the titanium with a thin film

V. and protect it not only from hydrogenation, but also from oxida-

con- tion and solution in the acid. Another protection method consists

is in binding the hydrogen into chemical compounds as soon as it is

15% at released. Use of FeCl3, Cu2Cl, KMnO4, KaCr 207 , NaNO 3, oxalates,

the potassium formate, chlorine, lnO2 , and CuSO4 is recommended for

strong- this purpose. PeCl3 and Cu2C1 are used as Inhibitors more fre-

.gical quently than the others [106, page 68; 2453.

e The hydrogen content in magnesiothermc sponge leached out

le without inhibitors runs to a few tenths of a percent, or several

ree of times as much as when inhibitors are used. The metal's hydrogen

r oxi- content is no more than 0.03-105% when sodiothermic reaction

mass, which contains practically no metallic sodium, is leached

ment out. Even in this case, however, it is advisable to use inhibi-

ti- tors if this makes it possible to produce titanium with lower

t. oxygen and hydrogen contents and reduce the losses of titanium

dissolved in the acid bath. On the other hand, in introducing

om an inhibitor, it is necessary to make certain that it does not

ng. contaminate the titanium sponge or powder.

lting It is known that, despite the high chemical stability of

tter, compact titanium, titanium sponge and powder are soluble to a

ge certain extent even in dilute (0.5-1.0S) hydrochloric acid solu-

to re- tions because of their large specific surface areas. As a re-

the sult, some loss of titanium with the solutions is inevitable in

hydrometallurgical treatment of the reaction mass.

301u- The highest rates of solution or the metal are observed when

in the a freshly cleaned titanium surface interacts with an acid solu-

ly tion. However, if the cleaned titanium surface is exposed to air

ti on for a certain time, its rate of solution in the acid drops sharply,

acts since an extremely thin film of acid-insoluble oxides forms on

FT-HC-23-352-69
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the surface of the metal. Thus, despite the large specific sur-

face areas of titanium sponge and powder, their room-temperature react

solubilities in 0.5-1.0% hydrochloric acid solutions are only troll

about 0.5%. the m
ticle

Titanium sponge and powder can adsorb salts and oxides. This the f

interferes with their complete elimination from the metal. As a of MaI

rule, most of the salt is removed during the first 10-15 minutes tions

of leaching, and then the rate of salt elimination from the metal are tc

declines. For example, the NaCl content in the powder may be duct t

down to 0.25-0.50% after leaching of a sodiothermic reaction mass format

in fresh solution, but removal of the salt then practically

ceases. I
leachl

The sizes of the' leached particles, porosity, the sizes of eachrbe mir
the pores, and their arrangement and structure are of great im- solutl

portance for complete removal of dissolved impurities from titan-

ium sponge and powder. Closed pores are formed during crystal-

lization of the titanium and especially during mechanical crushing 
hours

of the sponge. It is practically impossible to remove salts and I

metallic reducers in closed pores by leaching. specif
~ganize

The most serious shortcoming of the hydrometallurgical spone

method applied to reaction masses, especially those of sodiother-

mic origin, is oxygen contamination of the metal. Oxyi;en 'Pnters U

the titanium as a result of hydrolysis of lower titanium chlorides attrac

and as a result of the metal's reactions with water and a,:Il during has a

leaching and drying. As we noted above, leaching in 0.5-1.0% obstac

hydrochloric acid solution prevents the formation of hydroxides with 1
in the solution and contamination of the metal by these hydrox- 100 pa

ides. Here it must be remembered that the concentration of the compar

acid in the solution must be high enough to prevent hydrolysis and and se

precipitation of titanium hydroxide from the solution, but not so sodium

high as to dissolve the titanium rapidly. The solution must not tures,

be hot, since titanium hydroxide forms much more rapidly in hot main i

than in cold solutions. To pr7ent hydrolysis of the lower ti- gen wh

tanium chlorides, the reactio4 mass must not be exposed to the proper

open air, but should be treated with the acid solution as quickly

as possible. Footno
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C sur- The other source of oxygen contamination in titanium -- its
rature reaction with water and atmospheric oxygen -- can also be con-
nly trolled rather well. Here the basic problem is that of reducing

the metal's reaction surface area. As we know, the finest par-
s. This ticles present the largest surface areas. Taking advantage of

As a the fact that fine-grained titanium is easily ground, the quality
mnutes of most of the metal can be improved by screening the fine frac-
e metal tions out of it. This involves losses of the metal, but these
be are to a certain degree inevitable. Another approach is to con-

on mass duct the reduction process under conditions that favor
formation of coarse-grained titanium sponge and powder.

The effects of high temperature and process time during
as of leaching and drying on the content of oxygen in the titanium can
t im- be minimized. For this purpose, leaching should be done in cold
titan- solutions, and the material should be dried quickly and at the
tal- lowest possible temperatures. The current drying formula is 1-2

crushing hours at 100-1100 C.
s and It has been established that with an average titanium-sponge

specific surface area of 1000-2000 cm2 /g (328] and a properly or-
ganized hydrometallurgical process, oxygen contamination of the

other- sponge during leaching amounts to a few hundredths of a percent.
nters Use of nonaqueous solvents for leaching the reaction mass is
lorides attractive. One such solvent is methyl alcohol. However, NaC1
aduring has a very low solubility in this alcohol (0.15%),and this is an
0% obstacle to its practical use. Attempts have been made to leach
ides with liquid ammonia (1 ) At 30-C, 19.7% Na and 4% NaCl dissolve in
rox- 100 parts (by mass) of ammonia. Since the solubility of NaCl is
the comparatively low, leaching requires a large amount of ammonia

,sis and and several stages, which makes it uneconomical. In addition,
not so sodium and the lower chlorides react with NH3 at higher tempera-
t not tures, forming ammonia-insoluble compounds. These compeunds re-
hot main in the titanium powder and contaminate the metal with nitro-
ti- gen when it is melted, to the great detriment of its mechanical

the properties.

uickly

Footnote (1) is on page 392.
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Refinement of Magnesiothermic Reaction Mass
t am

As we noted earlier, two fundamental difficulties are en-

countered in this refining method: the high content of unutil- rang

ized magnesium in the reaction mass and the ability of the lower 
is 8

crystal hydrites of magnesium chloride to hydrolyze during de- 
the h

hydration to form MgO, which is insoluble in dilute hydrochloric 
mole

acid solution and other acids. 
magne
accel

The high magnesium content in the reaction mass results in to se

the evolution of large amounts of heat and hydrogen during leach- water

Ing. This results in losses and hydrogenation of titanium. In of th

addition, solution of the magnesium involves substantial losses heati

of metal and uses a large amount of acid. The high rate of acid Then,

consumption requires continuous replenishment of the leaching

solution, since reduced acidity results in the formation 
of ti- own w

own w
tanium hydroxide in the solution, and this, as we noted earlier, dehyd
causes contamination of the titanium with oxygen and sharply ar d

lowers the quality of the metal.

In leaching magnesiothermic reaction mass, it is first neces- only

sary to take all measures to prevent overheating of the solution. gins
It is not advisable to lower the temperature of the solution by ride.

increasing its volume, since this requires equipment with very

large capacity and a large amount of process solution. Moreover, w

it is impossible to avoid local overheating at the reaction-mass- with

solution interface during leaching. Warming of the solution and

local overheating can be prevented by lowering the leaching rate and a
sharply with simultaneous cooling and vigorous agitation of the

solution, but this entails a decrease in equipment productivity

and makes the equipment more expensive. It is not now possible to

prevent oxidation of the titaniu by introducing inhibitors into partia

the solution, simply because inhabitors of adequate effectiveness above

that do not contaminate the titanium are not available. equili

Leaching of magnesiothermic reaction mass involves the trans- ture.

fer of large amounts of magnesium chloride and magnesium into the thesi

solution. Subsequent evaporation of the brine and dehydration of of the

the magnesium chloride in particular are very difficult and ex- increa

pensive processes.
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As we know, the crystal hydrates of magnesium chloride con-

are en- tain from one to 12 water molecules in different temperature

unutil- ranges [292). Thus, the crystal hydrate with 8 water molecules

the lower is stable up to -3.4
0C, the hydrate with 6 molecules up to 117

0 C,

ing de- the hydrate with 4 molecules to 182
0 C, and the hydrate with 2

rochloric molecules of water up to 2400C. Thus, even at high temperatures

magnesium chloride contains substantial amounts of water. To

accelerate dehydration of these crystal hydrates, it is necessary

-suits in to secure the largest possible difference between the equilibrium

ng leach- water-vapor pressure above the hydrate and the partial pressure

ium. In of the vapor in the surrounding atmosphere. This can be done by

losses heating the hydrate to a temperature near the critical point.

of acid Then, however, it must be remembered that magnesium chloride

aching crystal hydrates are capable of melting incongruently in their

of ti- own water of crystallization, followed by thickening, which makes
earlier, dehydration extremely difficult. In practice, therefore, they

ply are dehydrated at temperatures below the critical points.

Hydrated MgCl2 dehydrates without appreciable decomposition

rsoltn.s only when it contains 2 water molecules. At 1820C, MgC1 2 2H2 0 be-
solution. gins to decompose hydrolytically, with evolution of hydrogen chlo-
ution byrie

ride.•
th very

Moreover, In the 304-554
0C range, the hydrate decomposes in accordance

tion-mass- with the reaction

ution and NuO, + HMO Ht + HO (16)
hing ratef rte and at temperatures above 554

0 C by the reaction
Sof the

ctivity toTo+KpHO±MgO+2HC. 
(17)

ossible to To prevent hydrolysis, it is necessary that the ratio of the

ors into partial pressure of HCl to that of the water in the gaseous phase

,ctiveness above the magnesium chloride crystal hydrate be larger than the

equilibrium constant of the reaction at the particular tempera-

the trans- ture. For this purpose, dry hydrogen chloride, which must be syn-

a into the thesized in a special reactor, is fed into the drying unit. All

dration of of these measures greatly complicate the dehydration process and

and ex- increase its cost.
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In spite of all this, however, the hydrometallurgical process this
for leaching magnesiothermic reaction mass is sometimes used under magne
industrial conditions owing to its high productivity, simplicity, 2-15%
reliability, and low equipment outlay [299, 301). For example, of hy
the American firm TMCA leaches magnesiothermic reaction mass with nesiu
a tubular leacher made of titanium; it is about 2.5 m in diameter down
and 20 m long (301). mass

TABLE 37 liqui
Quality of Magnesiothermic Sponge Obtained After Vacuum few d

Separation and Rydrometallurgical Processing of Reaction Mass

titan

C icl CODO t not bovemetal
NAgnesiothernic IDeail -mclc...sto. o v t ions

nation x p a a Ito
Leached I LMIo. io ,, 0,o. 0 0.0 l .,.
Separated IS ,0 o, .13.0.., *o.i o20 hydro

I tion
the cHB 120. 

l uI allur
Technologies for the hydrometallurgical processing of mag- have

nesothermic reaction mass are still being developed. As the conte
magnesiothermic reduction is improved, the degree of magnesium
utilization in the reactor will increase and, consequently, its Proce

content in the reaction mass will be lowered. This may substan-
tially simplify the hydrometallurgical process applied to the ess t

reaction mass and make it possible to produce high-grade titan- Cal c

ium. techn
Substantial interest attaches to industrial-scale experiments

with the so-called combined method of reaction-mass processing. treat

As we know, the greater part of the magnesium chloride and lowerinpractically all of the magnesium are distilled out of the reac- ing i
tion mass during the first few hours of the process in vacuum louve
separation. It takes about 70% of the separation time to reduce is us
the magnesium chloride content from 2-5 to 0.02-0.12%. Thus, on solut

completion of the first stage of vacuum separation, the reactor the s
can be cooled and the reaction mass extracted from it at a 2-5% the s

MgC12 content and subjected to hydrometallurgical treatment. At rati
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cal process this point, the reaction mass contains practically no metallic

used under magnesium, and its magnesium chloride content does not exceed

mplicity., 2-15%. Thus, the losses of metal can be cut sharply, evolution
example, of hydrogen in the leaching process can be reduced, and the mag-

mass with nesium chloride content in the solution, which must be evaporated

diameter down and dehydrated afterward, can be lowered. This reaction

mass can be leached in 1% hydrochloric acid solution at a solid:

liquid ratio of 1:10, a process that warms the solution by only a

cuum few degrees. Experiments in this direction are continuing.

n Mass As a basis for quality comparisons between magnesiothermic

titanium produced by vacuum separation and metal produced hydro-

metallurgically, Table 37 presents American technical specifica-

tions for these two types of titanium sponge [293).

Our attention is drawn to the higher contents of chlorine,

hydrogen, and magnesium in sponge produced by leaching the reac-
tion mass, and its lower iron content. This is consistent with
the causes and sources of titanium contamination in the hydromet-

allurgical process and the peculiarities of the process as we
of mag- have examined them. Unfortunately, comparable data on the oxygen

z the contents In types ML120 and MS120 titanium are not available.

nesium

ly, Its Processing of Sodlothermic Reaction Mass

ubstan- On the basis of the aspects of the hydrometallurgical proc-

o the ess that we discussed above, and with consideration of the chemi-

titan- cal composition of sodiothermic reaction mass, the following

technology may be used to process it.

xperiments On extraction from the retort, the reaction mass is quickly

essing. treated with dilute acid solution to prevent hydrolysis of the

ide and lower titanium chlorides. It is then crushed to 3-10 mm. Leach-

e reac- ing is carried out in an open-type apparatus with protective

acuum louvers and efficient exhausting of the gases released. Leaching

o reduce is usually a two-stage process. During the first stage, a 1%

Thus, on solution of hydrochloric acid is used at a solid:liquid ratio of

reactor 1:4 for quick and complete bineing of the metallic sodium, while

a 2-5% the second stage uses a 0.5% solution at the same solid:liquid

ent. At ratio. It is preferable to work with S:L - 1:10, but this

FTD-HC-23-352-69
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fI

,quires evaporating down a large amount of solution, and this separ

i.; uneconomical. The solution is agitated during leaching and the r,

tie temperature in the tank is held at the 20-300C level. The millI

f.rst leaching takes from 30 minutes to 1 hour, and the second

from 1 to 2 hours. After leaching, the powder Is thoroughly throuE

washed with distilled water to rinse out as much of the salts as the fx

possible. The powder can be dried in a vacuum or in a current of lag,

hot air at 100-110
0 C. mill,

Let us examine the technology used by the firm Electrometal-

1,'gical (Ashtabula plant, USA) for reaction-mass processing (245,

2:, 4.

The reactor is opened after cooling to the ambient tempera-

tu:-e. Precautionary measures must be observed here, stnce there

i. a poisibility of deflagration of sodium and finely dispersed

t'-anium that have settled on the walls, shield, and cover of the

rt .ctor.

Then the reactor, which Is 75-80% filled with reaction mass,

co.sisting of 17% Ti and 83% NaCl, is set up on a turntable for

e: raction of the reaction mass. The mass is removed from the

re -.tor by cutting it out on a machine fitted with a special

:.tii'ling cutter in an air atmosphere (see Fig. 45).

As we noted earlier, sodiothermic reduction produces t'tar.-

iuv in the form of fine particles distributed th:'ough a large

Sw:ime of sodium chloride. For this reason, the t!tanium powder

tha- forms is not as tough as magnesiothermic sponge, welds to

tr.. retort walls, and can therefore be removed from the reactor

co:q~aratively easily by machine cutting of th- reaction mass.

Si. e the titanium is dispersed through a large volume of sodium

ch rlde, 0he probability and degree of its oxidation in the cut- Th

tin. process do not present the same hazard as in the magnesio- th

ther'aic process, and no special measures are required to prevent

oxi atiorn of the titrinium powuer during this opvration. (Wig. 6
The mati

After cutting out, the reaction mass is loaded into special sodium-

twc- ton-capacity sealed bins, which are mounted on dollies. Be- are lowE

fc' leaching, the reaction mass is passed through a magnetic reacts
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nd this separator to remove metal chips that may have entered it while

ing and the reaction mass was being cut out, as a result of accidental

1. The milling of metal from the reactor walls.

second After magnetic separation, the reaction mass is passed

ughly through a sifter with holes 10 mm in diameter. After sifting,

salts as the fraction finer than 10 mm is loaded into a reactor for leach-

current of ing, and the fraction larger than 10 mm is crushed on a hammer

mill, separated magnetically, sifted, and then sent for leaching.

ctrometal- Graphic Not Re roducible

ssing [24"5,

tempera-

nce there

Ispersed

ver of the

ion mass,

ible for

• om the

cial

s titar-

large

,:. powder

.Ids to

reactor

mass.

)f sodium Figure 63. Reaction-mass leacher.

the cut-

gnesio- The reaction mass is leached in 6 reactors about 3 meters in

prevent diameter and 3.5 meters high, with rubberized walls and agitators

(rig. 63). A single reactor load of reaction mass weighs 2 tons.

The material is loaded with a certain amount of caution, since
espeial sodium-bead inclusions are encountered in the reaction mass, as

are lower titanium chlorides. The hydrogen evolved as the sodium
;netic reacts with the solution is suctioned continuously out of the

FTD-HC-23-352-69
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reactor. Leaching takes about 30 minutes in a 0.5-1% hydrochloric durin

acid solution. Then, to separate the solutlon, the pulp from the stirre

reactor is loaded into a centrifuge 1.5 meters in diameter, which signme

turns at 500 rev/min (Fig. 64). A synthetic fabric is used as the tions

filtering material in the centrifuge. Centrifuging takes about powder

20 minutes and is followed by thorough washing of the titanium dust t

powder with distilled or filtered water right in the centrifuge. T

Gra hic Not Re roducible nearby

sent f

Britisl

I

separa

vapor

high a
simele

sinter

ficult

Structu

Th
fers gr

produce

Figure 64. Centrifuge.

From the centrifuge, the washed titanium powder is sent for

drying in a horizontsl vaocuum-drying furnace 3 meters long and

1.5 meters in diameter. Drying is carried out at 80-100
0C and a

residual pressure of 50 mm Hg with agitation, which is effected

with a hollow spaft fitted with rakes. During drying of the

powder, which takes 2 hours, steam is fed into the agitator shaft Un

and the drier jacket; when drying is complete, water is sent

through to cool the titanium powder. Before unloading, the drier mass s

is filled with an inert gas to protect the powder from oxidation fm, and
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1% hydrochloric during the removal operation. The dried powder is thoroughly

pulp from the stirred to average its composition and then made up into con-

lameter, which signments weighing up to 6 tons. The section in which the opera-

is used as the tions of screening, stirring, and packaging of the titanium

takes about powder are carried out is provided with strong ventilation and

he titanijm dust traps.

e centrifuge. The centrifuged sodium chloride solution is returned to a

nearby sodium plant, where it is evaporated down, dried, and

sent for electrolysis. The same solution is discarded at the

British Wilton plant [296).

In principle, sodiothermic reaction mass can be vacuum-

separated in the same way as magnesiothermic material, since the

vapor pressures of sodium chloride and metallic sodium are quite

high at 950-I0000 C. However, the hydrometallurgical treatment is

simpler, more productive, and cheaper. Moreover, the titanium

sinters into a solid block during vacuum separation, and it is dif-

ficult to remove it from the reactor.

Structure a-d Quality of Sodiothermac Powder

The titanium powder produced by sodiothermic reduction dif-

fers greatly in structure and particle size from titanium sponge

produced by the magnesiothermic method.

TABlE 38
Mechanical Properties of Sodiothermic Titanium

Grade of Hairdness, Ultimate 2 Terminal elonga-
.titanium HI strongth,'kf/m tion, X. not below

is sent for lip too Not bove 42
long and IN In Aout 49 ISI. IS a U- I

-1000C and a .. ....i - .
.s effected

of the
itator shaftis sent Unlike magnesiothermic sponge, which comes in a large spongy
g, the drier mass, sodiothermic powder has grain sizes ranging from 1.6 to 0.12
m oxidation mm, and the particles of sodiothermic titanium are acicular.
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Table 35 gives the granulometric compositions of sodiother- vacuum

mic powders producted by Electrometallurgical at Ashtabula, USA. the hye
of sodl

Table 32 listed American technical specifications as to the sponge
mechanical properties and chemical composition of titanium pro-

duced by various methods. ( 2 ) As we see from this table, the per- complic

missible chlorine content in sodiothermic titanium of the highest

grade is 2.5 times that for the magnesiothermic product. As we

explained above, this is because the chlorine is for the most

part bound here into NaCl, which, unlike MgCl2 , does not hydro-
~lyze during dehydration. The higher chlorine content in sodio-

thermic titanium does not appear to complicate remelting in vacuum-

are furnaces to any appreciable degree. A rather high hydrogen

content, 0.0125%, is permitted in sodlothermic titanium, while

only 0.005% is accepted in separated magnesiothermic sponge. The

permissible iron content in sodiothermic titanium is 25% lower

than that In the magnesiothermic metal. When the litter is pro-

duced by leaching reaction mass, the peraissible-hyarogen content

is almost 2.5 times that for the sodiothermic metal. This is be-

cause of the intensive hydrogenation of the titanium during leach-
Ing of reaction mass that contains large quantities of magnesium
that has not reacted in the reduction process.

The sodiothermic titanium actually produced by the Electrome-

tallurgical firm contains 0.01-0.15% 025 0.01-0.7% C, 0.001-0.021 t2,

0.005-0.019% H21 and the better specimens have hardnesses from

110 to 130 HO [3001.

Table 38 gives the requirements of the British standard for

leached sodiothermiz titanium [2453.

The average hardness of British sodiothermic powder is 110

RB ( S ) It hts been reported that sodiothermic titanium with better

plasticity than the magneslothermic metal can be produced under

industrial conditions [2453.

It has been established that if sodiothermic powder Is

smelted in a hard vacuum (about 60 UR), the amount of oxygen in

the ingot does not change from its cor.tent in the powder, while

the amount of hydrogen is reduced to 0.003%; in a relatively soft

Footnotes (2) and (3) are on page 392.
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odiother- vacuum (300-400 um), ingot oxyger content rose to 0.15%, wt.-::
ula, USA. the hydrogen content remained practically unchanged. Smelting

as to the of sodiothermic powder differs from smelting of magnesiothermic

±um pro- sponge in that it evolves much larger amounts of gas, and this

the per- complicates the process, requiring provision of a more powerful

he highest vacuum system and additional precautionary measures.

SAs we

e most

t hydro-

n sodio-

g in vacuum-

hydrogen

, while

nge. The

% lower

r is pro-

en content

his is be-

ring leach-

magnesium

Electrome-

.001-0.02% 2*f,

es from

ndard for

is 110

Lth better

d under

In

tygen in
0, whil^

•vely soft
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381 1Patent (West German), No. 1,029,166, 1961 Gene

390 2Book ASTM Stand., 1958, Vol. 7, 741
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Chapter 17

CONTINUOUS TITANIUM PRODUCTION PROCESSES

General Information

The existing batchwise processes for the reduction of ti-
tanium and purification of the reaction mass cannot be regarded
as rational for large-scale titanium production, since these con-

ditions make it difficult to build large industrial plants equip-
ped with small numbers of highly productive units and capable of
producing the metal cheaply enough.

The basic source of the difficulties encountered in design-
ing a continuous titanium production process is the fact that the
reaction in which titanium tetrachloride is reduced by magnesium
or sodium produces titanium particles that sinter together at
elevated temperatures to form titanium sponge, which adheres
tightly to the walls of the reactor (or shell insert) a..d is
therefore impossible to remove from the apparatus without inter-

rupting the technological process.

To devise a continuous titanium production process, it will
be necessary to provide for charging the reactor with the start-
ing materials and removal of the reduction products from it with-
out stopping the process or at least without opening up the ap-

paratus.
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A continuous reduction process should give a substantial and a

equipment-productivity increase over the existing batchwise proc- neslu
esses. The reduction products should also be refined to titanium layer.

in continuous or highly productive intermittent equipment. relat

The titanium particles formed in the continuous process 
a zub

should be quite coarse to ensure high qualiy in the metal; it

will otherwise be necessary to devote one of the stages to en- for t

largement of the metal particles, that h

On the basis of technical-economy considerations, it will 
produc

probably be expedient to use one of two metallic reducing 
agents it is

in a continuous metallothernic process: so-lium or magnesium. taken

it wii

A comparative evaluation of the two reducers indicates that some

from the standpoint of use in the design of a continuous reduc-o

tion process, each of them has its advantages and disadvantages. withp

Thus, the advantages of sodium are its low melting point The ma

(980C), which makes it easier to pipe 
and deliver to the reactor 

li re

in liquid form; its inertia with respect to the structural mate- all of

rials with which it comes into contact, and plain and stainless

steels in particular; the rapidity of the reduction reaction; the arly

high (practically 100%) utilization of sodium in the process; in-

significant adhesion of the reaction mass to the reactor wall; Ing a

the possibility of extracting the titanium from the reduction have t'

products by leaching, i.e., by a comparatively simple, cheap, and awaren

highly productive operation. made t

A deficiency of sodium as a continuous-process reducing 
the pr

agent is that it has a high vapor pressure at the temperatures 
the ti

usad in the process, and this promotes the development of uncde- cess

sirable gaseous-phase reduction reactions. Moreover, the reaction ium in

in which titanium tetrachloride is reduced by sodium 
is accom- rance 0

panied by a large heat effect, which may make it difficult to 
tical w

withdraw the excess heat and, consequently, lower process 
produc- ium to

tivity [307). On

Magnesium has a number of disadvantages wh:n compared with titani

sodium from the standpoint of continuous reduction 
process design: above p

a higher melting point (6510C), reactions with stainless steel,
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.tantial and a density in the liquid state that approaches that :f rmg-
:hwise proc- neslum chloride, so that they are difficult to sep&rate intc
to titaniur. layers. However, magnesium also has attractive properties: c
!ent. relatively low vapor pressure at the reduction temperatures and

rocess a substantially smaller reaction heat effect.
etal; it Thus, both magnesium and sodium are of practical interest
s to en- for the elaboration of a continuous process. The many variants

that have been proposed for continuous metallothermic titanium

it will production indicate that it is being worked on in earnest. Since
ng agents it is not yet clear which of the many possible avenues will be
'sium. taken by the development of the continuous metallothermic process,

ates that it will be in order to discuss the proposed principals, including

s reduc- some that may not appear promising at the present time.

vantages. Much attention will be devoted to the patent literature along

point with published papers on the problem, which are few in number.

e reactor The material will be organized by processes instead of by metal-
ral mate- lic reducing agents, since the patents usually cite all or almosttalnless all of the alkali and alkaline-earth metals as reducing agents.

ction; the Early Work on Continuous-Process Development
ocess; in- The early - relatively speaking - papers devoted to find-
r wall; ing a continuous metallothermic method for titanium production
uction heve two distinctive features. Out of inexperience and lack of
cheap, and awareness of the difficulties that trould arise, attempts were

made to arrive at a continuous process by carrying out all of
ucing the productlon stages in a single complicated unit: reduction of
ratures the titanium from TiCI4, separation of the titanium from the ex-
Df unde.- cess reducing agent and chloride, and even smelting of the titan-
ae reaction lum ingots. A second feature of these proposals was their igno-
accom- rance of various aspects of the process that would preclude prac-
Alt to tical workability, primarily underrating of the ability of titan-
s produc- iu to weld to the inner surface of the apparatus.

One version of an installation for continuous preduction of

%d with titanium, which was proposed in 1950, and combines all of the
ss design: above processes (302), appears in Pig. 65.
steel,
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Figure 65. General form of experimental spon
apparatus for continuous production of
titanium ingots from titanium tetrachlo- other
ride and magnesium. 1) Furnace for melting a tem
magnesium; 2) pump compressed-air motor;
3) air; 4) centrifugal pump; 5) heated witho
pipeline; 6) valves for magnesium; 7) elec- spong
trical level regulator; 8) magnesium (7600C);
9) titanium ingot; 10) TiC 14 pressure

gauge; 11) to exhaust stack; 12) safety
valve for T!CI1 , operated off pressure

gauge; 13) needle valves; 14) pump for
TiC 14 ; 15) TiCl4 delivery controller, oper-
ated off pressure gauge; 16) salt bath; 17)
cock; 18) water-cooled tungsten electrode;
19) packing; 20) contact and extractor rolls.

The reduction unit consists of two basic parts: a device for

constant-rate (0.23-0.67 kg/min) delivery of molten magnesium and

a device for injection of liquid titanium tetrachlorie. The

TiCl4 flowrate is automatically controlled to keep its vapor pres-

sure in the 50-160-mm Hg range. Reduction is carried out in an

inert-gas (argon) atmosphere. To prevent the formation of lower

titanium chlorides, the temperature is held in the 730-8700C range

throughout the reaction chamber by a circulating salt bath that

simultaneously cools hot areas and warms cool ones.

Footnc
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In attempting to put the laboratory installation to work,

its authors came up against considerable experimental diffi-

culty, which made it impossible to keep the entire unit or even

its individual components working smoothly for any length of time.

The apparatus did not work long enough at a time to answer the

question as to whether obstruction of the holes for admission of

the reactants or welding of the titanium to the walls of the

reaction chamber could be eliminated during regu? . operation.

With the object of overcoming the difficulties associated

with transport of the reduction products from the reduction cham-

ber to the arc furnace another proposal for continuous titanium

production equipment calls for a different method of extracting

the reduction products Prom the reactor. In this method, the

sponge is extracted from the base of the reactor with one or an-

other type of mechanical appliance and transferred, still hot (at

a temperature above the melting point of magnesium chloride) and

without exposure to air to a bin from which the still uncooled

sponge is delivered into an arc furnace for melting.

evice for

esium and

The

apor pres-

t in an

of lower

700 C range

th that Figure 66. Diagram of apparatus for production

of titanium in a fused salt bath. 1) Bath; 2)

graphitf crucible; 3) metallic magnesium par-
ticles.

Footnote (1) is on page 445.
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Fiue67. Diagram of installation for ccn- aprt

tiuu titanium production. the re

According to a patent description,(2 titanium tetrachloride The Jiet-

*is reduced by magnesium in an inert-gato atmosphere in a graphite T

crucible under a bell the bottom of which is immersed into a wlso

fused salt bath (Fig: 66). When the crucible I±3 full of titanium to thest

sponge, it is dumped; the sponge is to drop to the bottom of the acimittec

bath, f. whch.il car be extreted without stopping the process. Je ta

According to another patent,(3 the process is to be carried ducer wc

out in an ordinary reactor, which is connected to two receivers prevent

to facilitate continuous operation (Fig. 67). It Is proposed vent we'.

that the titanium particles, which are heavier than magnesium also to

chloride, will drop to the floor of reactor 1. The reaction pro- coe
ducts are drained as necessary Into alternating receivers 2, which Pototi

Footnotes (21 ud (3) are on page 445.
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hold Pots 3 with perforated bottoms. The

titanium particles are caught here,*while

the macnesium chloride drainis to the cham- a == -.

ber floor. Magnesium is supplied to the J . '

reactor from smelter 4, and the titanium :

chloride from tank 5.

Although it could easily be estab-

lished, even at the time at which the

proposals were made, that such com-

bination units were unworkable, pat-

ants for similar machinery continued

to appear for some time. .

Subsequently, however, much more

attention was devoted to methods for

separate accomplishment of the reduc- '
tion and removal of the reaction mass. Figure 68. Diagram

of reduction ap-
Attempts .... were made to eliminate adhesion p-r.,atus designed to
of titanium particles to the walls of the ,,eliminate adhesion

, ho titanium to re

I"

appa-atus, in one proposal, for example, "  actor wall.

the reducing agent was to be melted in a

salt bath, and an impeller was used to set up circulation from the

periphery toward the center in order to prevent contact between

the reducing agent and the reactor walls (Fig. 6)

iloride The Jet-Droplet Process

ahite To prevent contact betwen the molten reducing agent nd the

; aimto these walls, it was proposed that liquid reducing metal be

)f the admitted to the reactor in the form of individual droplets or a

,rces.jer, rhat would break up jrto droplets during it:; flight. The re-

carried ducer was to be introduced along the central axis of the unit to

Ivers prevent Its coming into contact wit th reco wi . ...pre

sed vent welding of the reaction products to the equipment, they were

lum also to be, kept out of contact with the walls until they had been

on pro- nooled to temperatures at which this welding no longer occurs.

t, hch Footnote ( c) is on page h5.

-,I

FTD-HC-23- 352-69

398



I
One of the patents

( 5) proposes that molten reducing agent by liquid TIC]

pressed through a perforated plate into a reactor placed beneath duciniz met,

it and taking the form of a long vertical tube. The tube diam- generated I

eter was to be chosea to as to exclude contact between the reduc- of reducinj

tion products and if.s walls. The reaction tube was filled with reducer an(

titanium tetrachloride vapor, and its pressure was held in a range by tangentJ

that would ensure an exceas of the tetrachloride over the reducing a stirrer-

agent. by the rate

The reduction reaction takes place during the descena of the 
contact oel

metallic reducer droplets through the tube and the titanium 
tetra- face.

chloride vapor. Here, according to the authors of the patent, the The e:

reducing agent is completely consumed, and the reaction products the walls

have time to solidify and cool adequately by the time they reach the titani

the collector at the bottom of the reaction tube. This makes it from which

impossible for them to agglomerate and stick to the receiver reactor.

walls. Reduc

Since the descent of the droplets taxes very little time, no whi~h, on

more than 1-2 seconds, provision must be made for the highest pos- descend to

sible rate of the reduction reaction. For this reason, the further pr

authors rocomrnd a 1,anezium-calclum alloy rather than magnesium The a

as the reducing agent. It is reported that less than half the tanium chi

time is required for reduction of titanium tetrachloride when the check indl

magnesium contains 5% calclum than when it 15 the only reducing reduction

agent, It is more advantcgeom2q t , ,-, n 1i1oy cont, nIng 82% but also E

Mg and 18% Ca, which melt t56casog m.. ... ............ .. . .. sponge im:

The powdered produces - magnesium chloride, calcium chloride, face of tt

and titanium - that arc formed by the reduction reaction are to chloride I

be separated mechanically and then ieachcd out. granule.

Another patent'" ' takes account of the short fall time of the Sinc

reducing-agent droplets and proposes that it be made possible for 
reaction-

the reducing metal to react with liquid TiCl4 rather than with its tain lowe

vapor; i.e.; for a substantially longer span of time. include f

The principle of this method is as follows. The liquid metal- into the

1_! reducer is admitted in the form of individual droplets or a 
in

continuous stream at the top or a sealed steel unit containing the the magne

Footnotes (5 , a n - ' -a'' .t....
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lyliquid TiC14 After striking U)e T'iCi bath. the dr-opletB of re-

ducing metal float on its surface in an envelope or vigorously
generated TiCIh vapor. To prevent contact between the droplets

of reducing agent and the new reaction prodiucts, and between the

reducer and the reactor walls, the TiCl4 bath is set in rotation

by tangential delivery of the TiCl4 into the reactor or by use of

t.ng a stirrer. A concave meniscus whose configuration is determined

by the rate of agitation is formed as the bath turns. It prevents

e contact between the droplets of reducer and the reacbot inner sur-

face.

,he The exothermic heat of the reaction is dissipated by cooling

the walls of the equipment with water and evaporation of part of

the titanium tetrachloride. The vapor is diverted to a condenser

from which the liquid titanium tetrachloride is returned to the

reactor.

mddu. ..n results in formatIon oi reaction-masui granules,

which, on cooling in the bath of boiling titanium tetrachlorlde,

descend to the floor of the apparatus and are taken frug it 1or

further processing.
The authors of the patent make no mention of the lower ti-

tanium chlorides that are inevitably formed in this process. A

check indicated that ths is a very inportant point, since the

reduction proceeds not only in an excess of titanium tetrachloride,

but also at comparatively low temperature. The shell of titanium

sponge impregnated with magnesium chloride that forms on the sur-
de, face of the droplet makes it difficult for the titanium tetra-

chloride to react further with the magnesium enclosed within the

granule.

Since, in addition to the titanium and magnesium chloride, a

reaction-mass granule produced in a "droplet" unit must also con-

its ta. lower ttajam C!oride-. 't would be absolutely necessary to

include further reduction of these lower ciorides to the Metal

tal- into the process flowchart.
(7)

Tn a patent awarded 10 years later, it is proposed that

the the mawn-esf!im he introduced in the form of -0.06-mm powder into
Footnote (7) Is on page 445.
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a reactor filled with TiCl4 vapor in order to eliminate this preven

shortcoming. The top of the reactor is heated to 450-5500C, which liquid
is enough to initiate the reduction __ction. The reaotu i S

ccmplete, even with such fine magnesium particles, only at the, favors

bottom of the reactor, on the surface of the boiling titanium itani

tetrac-hloride. The envelope of titanium tetrachloride vapor thatf than I
forms around the reacting magnesium particle not only carries it

into the reaction zone, but also insulates it thermally, prevent-

ing it from cooling and thus sustaining the reduction process. reacti

The patent description says nothing to indicate whether these it is

innovations prevent the iormation cf lower titanium chlorides, and proces

doe rot indicate which methods the authors of the patent would 15U°C

propose for subsequent processing of the reaction mass. tion.
ture d

Mobile Bed Reduction
S;

Proposals for conduct of the reduction reaction in a mobile method

bed of solid reducing-metal chloride, e.g., in a "fluidized bed," been p

have the object of permitting reduction of TiC!;. at low tempera- point

ture, thereby excluding cohesion of the titanium particles into a also

single block, eliminating welding of the metal to the walls of a 700
the equipment, and simultaneously preventing the formation of a

crust of reducer chloride, which blocks access of one reactant to 
T

the other. Since magnesium is not active enough at comparatively refine

low temperatures and its use can result only in formation of lower chlori

titanium chlorides, sodium is recommended as the reducing agent reacto

when the mobile bed principle is used.(8 )  retort

is rai:
A fluidized bed of sodium chloride particles In forned In the

reactor by blowing a mixture of argon and TIC1 4 [5-10% (by volume)] 17 to

into it at the bottom. temper

The sodium. is introduced at the top of the reactor in a small tanium

excess over the stoichiometric amount in order to prevent forma- pefatu,

tion of the lower chlorides, blocks

The process temperature range is 1480-620 0 C. These tempera- rial bi

tures are high enough to obtain a fast reaction and prevent forma- It

tion of lower titanium, chlorides. At higher temperatures, the trat h

sodium chloride begins to lump and the process breaks down. To titani

Footnote (8) is on page 445. Z. "
Foonnol
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FOwhich liquid sodium or an Na-K alloy are placed inside the reactor.

Ion Is Since a substantial excess of sodium in the fluid-'zed te
t the favors coalescence of the NaCi particles with the newly formed

milumtitanium, the sodium content in this bed should represent no more
por that than 1% of its mass.
ries i~t

prevent- The titanium particles settle on the grains of salt. As the

cess. reaction advances, the fluidized bed becomes deeper, and part of

hese it is r~moved from the reactor at intervals dnd sent for further

!Aa -4 processing. The sodium is fed into the reactor after heating tc

would 150"C at a rate of 44 g/hour per cm
2 of fluidized-bed cross see-

tion. It is recozmended that the velocity of the vapor-gas mix-

ture delivered to the reactor be held at around 0.15 ni/s.

Since the titanium is produced in a highly dispersed form,

a moilemethods have been proposed for increasing particle size. It has

ed bed," een proposed that the reaction products be held above the melting
empera-(9)

empera-poirt of NaCl for several hours for this purpose;- provision is
finoaalso moade for agitat-inR the soli raction prodiucts for 5-.7 hours

lls Of

n of aat70 50C

,etant to To improve the process in which the reduction products are

ratively refined, it has been proposed that the mixture of solid sodium

of loer chlorsidoese and titanium particles be withdrawn at the top of the

agent reactor by a horizontal worm and transferred into a basket in a

retort at a temperature above 80ssC.." When filled, the basket

in theised to the topn of the retort- some of the sodium chloride Is
led I
pve - drained from it, and the titanium content in tne melt rises from

Svue) ecinavnetefudze e eoe epr n ato

17 to '5f%, thus accelerating aggregation during subsequent high-

tempeature holdin. This holding becomes unnecessary if the ti-

tanium remaining after drainage of the salt is pressed at a tem-

P r ncure h 800C e titani urod c in n ih e d redfo.- r,

blocks can be brought UP to 95%. It is proposed that this mate-

empera- rial be sent directly for reme2ti(g.

noin ms-aeI of the more recent 1t)i t is correctly observed

TV ~ that holding the reaction produats for many hours to aggregate the

i titanium particles cancels the advantages of continuou titanium

production.
foride (10),11 and (1tn l l wand(2) are on page 4 po45h
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To eliminate this deficiency, this patent proposes that the by sod

reaction nroduts be' fe d ' from the redueLlon apparatus into a with a

slightly inclined pipe and pressed down through it by a ptoi at Ti

850-9500C at a rate such that the titanium remains in the pipe quanti,

for about 1 hour. The excess of the metallic reducing agent and parat

its chloride are drained from the pipe through holes made in it materiL

nd at is lower end. If sodium is used as the reducer, much of

it will be evaporated from the pipe. Compacting results in a com-

pact block of reaction products containing 30-40% Ti. Before fur- soi

ther processing, this block can be cut up or crushed. amount:

Processes in which titanium chloride is reduced in a "fluid- per I I

ized bed" have other shortcomings in addition to the above: the first

need for precise observance of temperature cond; ..ions, since a temperi

temperature decrease slows the process and resultj in formation 850-95,

of lower titanium chlorides, while an increase in temperature 01

above the acceptable limit causes lumping of the salt and makes of

it necessary to stop the process to clean the reactor. The narrow s odiu

temperature range of the process may also limit reactor produc-

tivity by making it necessary to remove large amounts of heat from vice r,

It. Since the process may be run at comparatively 
low tempera-

tures - below the melting point of the reducing-metal chloride, 
tanium
actor

it appears that only sodium can be used 
as a reducer in this proc-I place

ess. 
p

Utdesirable links in tne technological process include the

operation of noldlng the reaction products for many 
hours at high trea

temperatures to enlarge the titanium 
grains (although there is, as

we noted above, a way to eliminate this operation) 
and the need to coarse

remove dusty and perhaps pyrophorlc reactin 
products from the while

aro~,n beor recylin it. 
size 0

the ot

Neverthelcss, the highly efficient application of the "fluid- ing th

ized bed" process elsewhere in the chemical industry indicates ,aterl

that it should not be r-jected without adequate e-ntal test- ca--. - ... .. . . .. . ... ...... ... ... can pr

ing.

Together with use of the "fluidized bed," ma ny of the pat- amined

ents describe mechanical agitation of the sodium and sodium chlo- ture r

rif. . .. e.... it hs .n .... roposed .tha 4 Footn(
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the by sod"m in the 150 .. (ange ...........................te

a wi a i1on19i1ddtal bladed La..E
(13 )

ton at To avoid coalescence of the reaction products, considerable

ipe quantities of recycled products are fed into the reduction ap-

t and paratus in order to hold the sodium content at or below 3% in the

n it material into which the titanium tetrachloride is fed.

c h o f ( 1 4 ) ( 1 5 ) .. ( 1 6 ) . .e a b e e n s u g s e

a com- MixeG 03 onS*vcyos D *A- . --_ -o

re fur- as agitaDing devices. The patents also note the need Lo have a

sodium chloride excess and therefore call for returning large
amounts of the products into the reactor [up to 20 parts (by mass)

fluid- per 1 part sent for further refining]. The titanium particles are

: the first aggregated by holding the material for several hours at a

e a temperature above the melting point of sodium chloride, i.e., at

tion 850-9500C.

e

akes One reduction process is designed to eliminate the operation

narrow of aggregating the titanium particles.(17) A mixture of solid

duc- sodium chloride and titanium powder with grain sizes no larger

at from than 1.25 mm is fed into a reactor fitted with an agitating de-

era- vice rotating at 50 rev/rrin. Then- a mixture of fused lower ti-

ride, tanium chlorides with NaCl and liquid sodium are fed into the re-

s proc- actor in the stoichiometric quantities. The reduction takes

place in an inert-gas atmosphere at 500-6000 C.

the The amount of reactants taken should represent about 25% of
it high th6 maza of te ri p re s.h= ,,ite reac., Some of theI t high th VICO .. ..... *SA ... a... .a

: is, as reaction products are removed from the reactor and screened. The

,need tc coarse fraction is leached in a solution of some mineral acid,

the while the fine fraction is returned to the reactor. The grain

size of the material sent for leaching is regulated by varying

flup d the stay time of the reactants in the reducing apparatus, screen-

tes ing through a coarser screen, and increasing the 
percentage of

Stest terial returned to the process. It is reported that this method

can produce titanlum powder in grain aizes of 0 .X3 . ..

(18)
Another patent describes an improvement of the process ex-

amined above. (19The dispersed product obta-ne in a low-te-era-
chio- ture reduction is loaded onto a platform conveyor that passes

Footnotes (13), (14), (15), , (18) and (19) are on age 445.
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through a furnace at 850-900
0 C. About 75% of the molten sodium titan.'

chloride included in the reactIon m-az drairi off the conveyor

into a collector. The conveyor carries the titanium granules to of a

a disintegrator for crushing. They are then leached out in 1% a unil

HCl solution. the rt

In a variation of this process, the dispersed reaction introc

products are pressed before loading into the conveyor furnace, vapor.

It is reported that briquettes 36 mm in diameter and 20-50 mm trappE

Vhigh can be produced under a specific molding pressure of 270- ing fr

300 kgf/cm2 . The conditions under which the briquettes are proc- 90g% of

essed in the conveyor furnace are the same as those for the loose ing, a

mass. cordin

Reduction in Injector-Nozzle Equipment 
lower

~proxim
In developmental work toward continuous metallothermic titan- respon

iu production, a certain amount of attention has been devoted to

the use of no- zl to vaporize the reactants. It was felt that

atomizing the reactants would make it possible to produce titan- powder
~rise t

ium in dispersed for el4minate welding of the titanium to the

reactor walls and formation of the reaction-product "bridge," 
and be obt

result in smaller excesses of reducing metal. One paten 21 ,ro- satisfvao e ie of pro

poses that the "Jets" of dispersed sodium and TClg 4 vapor be aimed

at angles such that they impinge on one another at the middle of the e

the reactor. It is assumed that the temperature in the reaction I

zone will exceed the boillog point of the sodium chloride, whose is fed

vapor will escape into a condenser, while the titanium powder reacto:

settle- to the floor of the reactor. tetracl

According to the patent claims, which are confirmed by 
reacti,

theoretical calculations and exprlments as they 
apply to the is raki

sodlothermic reduction [303], the vapor of the metallic 
reducing actor :

agent reawLs quitc vgorou6iy with the TIC14 vapor, 
forming a the rei

flame in which the temperature reachcz 20000C, i.e., exceeds the 
Lg

melting point of titanium. Pr this reason, several of the pro- exampl

posals for injector processes envtsage the use of reaction heat whose

not only to vaporize the reaetant5 and the chloride of the reduc- which I

ing meta! as it forms, but also simultaneously for melting the fed th]

Footnotea (20) and (21) are on page 445 and 46. 
with a

Footnol
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nsodium titanium.

tnveyor One of the early reports on the laboratory-scale development

nules to of a continuous titanium production process 1304, 153] describes

tin 1% a unit in which magnesium vapor formed by utilizing the heat of

the reduction reaction in entrained by a current of argon and

tiL.1 introduced into the reaction zone, where it reacts with the TiC14

,mace. vapor. The dispersed titanium particles that are formed are

?0-50 mm trapped in cyclones set up in series with the reactor. On emerg-

•f 270- ing from the reactor, the argon stream is divided into two parts:

are proc- 90% of the Ar is sent for mixing with magnesium vapor and recycl-

the looe , and 10%. to the cyclones to settic thG magnesium dust. Ac-

cording to one report (153), the reaction products contained no

lower chlorides or titanium tetrachloride at all and had the ap-

mic titan- proximate composition 19.5% Ti, 77.5% MgCi2, and 3% Mg, which cor-
responds to a 15% magresium excess.

evoted to

it that It has been established that the grain size of the titanium

e titan- powder depends on the rate of the reduction reaction. This gave

to the rise to the hope that a comparatively large-grained product could

dge," and be obtained. However, experiments failed to produce titanium of

t(21 r o _  satisfactory quality. The lack of a simple and inexpensive method

r be aimed or processing dispersed titanium into compact metal was apparently

±d Ue of the reason for suspending developmental work on this process.
reaction In one patented c2 ) an arc into which a magnesium wire

e, whose is fed burns between two electrodes in an injector leading to the

" ~ Thewire " ' - ' t a n .,d i. atomized by blowing tLtafi m

tetrachloride through the injector. The powder produced by the

by reaction settles to the conical floor of the reactor, from which

;the is raked into a vertical worm installed in the center of the re-

reducing actor floor for extraction from the reactor. The temperature in

Ing a the reactor is held in the 760-8700C range.

Later proposals call for certain equipment refinements. For
e pro- paten23)describes a cylindricul reactor 1 (Fig. 69)

)n heat whose reaction space 2 is surrounded by an annula' chamber 3,

te reduc- which is packed with ,,itanium fragments (4). The TiCi 4 vapor is

it the fed through pipe 5 into an ejector device 6 of the Venturi type

with a flared stack. The molten magnesium moves through pipe 7

Footnotes (22) and (23N are on page 446.
FTD-HC-23-352-69
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Figure 69. Diagram of Figure 70. Diagram of vapor. Th
arparatus for produc- obstructionp-roof in- denum and
tLon of titanium by Jector nozzle. denses on
continuous injector-
nozzle Prces t i t ani um. d

reaction ct

into an annular distribution trough 8, from which it spills into vapor goinj

the titan!,um packing and is vaporized from it by the reaction to 10000C,

heat. The resulting magnesium vapor is drawn into ejector 6. ing of the

Argon is fed Into ejector 6 through pipe 9. To permit use of A uni

sodium in addition to magnesium as the reducing agent, the design which prov

includes a pipe through which sodium vapor passes into the annular

gap around the TiCIM delivery pipe 5. The incandescent torch 11

of reaction products is ai-ed at th surface of the li.qui Some

ium 10 in crystalliver 12, which is situated at the bottom of the buildup of

re-actor and ha- cooled walls. A5 the titani.m accumulates in the even parti

crystallizer, the ingot 13 that is formed is extracted from it at products ma
I ..- _ .... .of the init!

the bottom. The magneulum uhloride vapor corideises outside the

toc, on the UL*e surc of caha"='r 3, and -;hc liui alt Injector mu~One paten
drains to the reactor floor and is removed from it through pipe

14, SOm of the titanium mixes with the chloride and is withdrawn through th

from the retor with it. The titanium is separated from this into the r

salt by filtvation or some other method. Coil 15 is filled with the centre"

the liquid metallic reducing agent and serves to cool the reactor around the

reservation
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during operation and warm it up before starting the process. In
another patent(24)which provides for the use of sodium as the
redulcing agent, the reactor is to be placed in a liquid-sodium
bath tow,,h'-l the exoetB heat, and tfte toD of the reactor isto be cooled by circulating fused sodium chloride. To prevent
the reaction products from building t) on the injector, there are

two co~euut,.ic annular gaps in the nozzle around the central TiCl 4  jdelivery orifice; sodium vapor is fed into the outer gap and argon
.... t inne- one Lo present the sodium vapor and TiCl 4 from
interacting in the immediate vicinity of the injector.(25)

The proposals in another patent - represent a further de-velonment of the ptnseained abov I ream.ea. wad
cooling system is provided to condense most of the sodium chloride
vapor. The walls of the reaction chamber are made from molyb-
denum and heated to about 14000 C, Some of the NaCl vapor con-
denses on the walls of the reaction chamber, washing away the
titanium deposits on these walls. The liquid sodium around the
reaction chamber is heated to the boiling point, with some of the

ls into vapor going to a reflux condenser and some of it,, after heating
tion to 10100 C, to the injector. The crystallizer for continuous cast-
r 6. Ing of the titanium ingot is also sodium-cooled.
e of A unit of this type is also proposed in another patent!27)e design which provides for introduction of a consumable titanium elec-e annular"

trode containing alloying additives into the reactor.
orch 11
d t Some patents describe other features designed to eliminate
m of the buildup of reaction products on the injector. They note that
s in the even partial obstruction of the injector passages by reaction
Yn it at products may change the direction of the torch or the proportions

de the of the initial reactants in it, thus disturbing the process, Thealt injector must therefore remain perfectly clean during operation.
alten( 

28 )pooe
pipe One patent proposes that the metallic reducer be introduced

withdrawn through the central injector orifice and the TiCl4 vapor directly
this into the reactor. Fused salt is fed intn an annular gap around
d with the central injector tube, forming a protective liquid curtain
reactor around the jet of metal. The patent description states a typical

Footnotes (24), (25), (26), (27) and (28) are on page 446.
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jet of metal must not, under any circumstances, be interrupted into r,

or allowed to shrink in diem.etc- .
One paten29t roposes that sodium vapor be introduced into lner

the injector external annular gap 4 (Fig. 70). A mixture of TIC14  as a ro

vapor and droplets is introduced through the central pipe 1, which

has spiral ribs 2. Centrifugal force presses the TIC,, droolets

againat the inner surface of tube 1, forming a film of liquid

TiCi 4 on It. The ribs 3 slow the rotation of this film and force

it to flow from the injector, forming a cylindrical liquid cur-

taln that prevents reactions between the TiC14 and Na vapors

directly at the Injector surface. Thus, the reaction zone is

moved away from the injector. To prevent vaporization of the

TiCI film from the inner surface of pipe 1 ty the heat of the

metallic-reducer vapor moving through annular space 11, a spacer

5 made from a heat-insulating refractory material Is placed be-

tween the TiC14 and sodium delivery pipes.
(30)

Another patent devotes most of its attention to the reac- P1
tor rather than the principle of the injector: the middle of the

reactor is expanded considerably and vibrators are secured to the 
tI

conical bottom of the reactor to prevent the reaction products pr

from settling on the walls of the reduction apparatus.; - (31), .. Pat

a....an, Uecribes an injector assembly (Fig. 71) 
consisting

of a vertical tube 1 fitted with cooling jacket 2. Nozzle 3 with 
somewhat

bore 4 for delivery of liquid or gaseous titanium tetrachloride 
72). A

~the reac

and bore 5 for introduction of the liquid or gaseour reducing theaneac
metal -sodium is recommended - is placed in the top of tube 1. ium and

The lower end of the injector is fitted with diffuser 6 and de- are crai

flector 7, which direct the stream of tetrachloride against the reaction

walls of the reactor. Chamber 8 with water jacket 9 communicates considers

with the reactor at its base. An inert gas is fed into chamber 8 titaniU

through pipe 10. The reduction reaction takes place in the injec- extractec

tor 1lame. Sponge titanium forms a liner 11, whose thickness in- aCYSoSS t

Screases downward as far as level 12, on the walls of the reactor. outer anr

Below level 13, where reduction proceeds more rapidly, the sponge 
a titaniu

!mtal begns to melt and drain downward forming a compact pipe tltnIu

i4, over whose inner surface liquid magnesium chloride dvains 
,o.o

Footnote: (29), (30) ard (31) are on page 446.
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IV

terrupted into receiver 8.

AT,, pruposal assumes that the titanium pipe 14 formed on the

duced into liner layer can be extracted continuously from the reaction zone
ture of TiClh as a result of cooling tne walls of reactor 1.
pipe 1, which

1I droplets ";.A

,quid cur- *Ij

vapors 7 -a

zone is

of the

t of the
a spacer ,I I"
laced be-

the reac- Figure 72. Diagram of
Figure 71. Diagram of apparatus for produc-

dle of the apparatus for produc- tion of titanium by

ured to the tion of titanium by continuos injector
continuous injector process. 1) Reaction

roducts process. chamber; 2) reaction

product collector; 3)
cooling jacket; 4) in-

consisting Patents(32' 33 )ca!! for a jector nozle; 5) spray
hsowhat different apparatus (Fig. nozzle; 6) crystallizer

zle 3 with sfor titanium; 7) bottom-
chloride 72). A crystallizer Into which plate rod; 8) pipe con-

.ducrng the reaction products - titan- nection for inert gas
delivery' 9) reaction

of tube 1. ium and magnesium chloride - zone; 105 titanium

and de- are drained is mounted below the liner.

inst the reaction zone. Because of their

mmunicates considerable density diffirence, they separate into layers, the

chamber 8 titanium freezes and is transformed into an ingot that can be

the injec- extracted at the bottom, and the magnesium chloride overflows

ckness in- across the upper lip of the crystallizer, collecting in the

e reactor, outer annular space. Provision is made for extracting not only

the sponge a titanium ingot, but also a titanium-and-salt block with a

act pipe titanium core surrounded by frozen magvnesium chloride.

drains ieootnotes (32) and (33) are un page 446.
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The authors of proposals calling for the extraction of liquid 
Non

titanium as the direct product of the reduction reaction fail to in react

take two fundamental points into account. Firstly, heat calcula- titaniun

tions Indicate that to obtain the titanium In Liquid form, it is of a Jap

necessary to introduce the reducing metal a3 - superheated vapor ar Injec

rathcr th a liqiqd, or, as some of the patents recognize, to was supp

provide supplementary beating of the reaction bpace. ride vap,
Te auth

It was unfirmed experimentally in [3241 that formation of Th elih(

solid lower titanium chlorides ceases at 850-9000C. 
However, the to elirir

hours. I
sec ;.ndary rea t on of 10 3 _3

of 10 3 -

T4., + iCig ffr*u (n, W.A. W

starts to advance rapidly at temperatures In excess of 000C. walls.

Therm-.ynar-J a calculations for the reactions in which Ti T and uous pro

have confirmed that the re n whih rea c tion is pr^oc
forming TCl 2 , ase decreases with rising temperature and equals against t

zero at 14670C (17400K) under standard conditions (p,. a p....A

if the -_-- a-iipr=esure 1~C ~c 0-4 atm, then 6Z - base. Wh

= 0 at 1237 0C (15100 K), and when = PTiCl - 10 atm, AZ a the pot,

-0 even at 1087C (13600 K). h... casts doubt on the possibility he chas

of obtaining liquid titanium directly in the reduction appa'ratus, When the

i.e., in an en:ir-onmnt of gaseous titanium tetrachloride, unless ued the

measures are taken to suppress the above reaction leading to forma- used one

tion of gaseous titanium dichloride. 
Reduction

Other difficulties must also be overcome before the injector- 
As w,

nozzle version of the continuous process become workable. Since In two sti

the solid titanium is produced in a finely dispersed form in an 
tochnologi

1njector-type reactor, some of it will obviously be carrled away 
esses. TI

with the reducing-metal salt. Separation of titanium from this ride by 3(

salt is a complex and expensive operation involving substantial ium chlor:

losses of the metal. It is also necessary to ensure trouble-free dissele

performance of the injector by making it impossible for titanium 
the sc .n

t cttle on the surfaces of its parts. It has not yet been pos- solved in

sible to keep the injectors working for any appreciable length 
of under con(

time in tests of injector processes (in spite of the large numbers 
lated fror

of experiments that have been conducted). Footnote

FTD-HC-23-352-69 PTD-IC-23-
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quid Nonetheless, the possibility of sustained injector operation

to in reactors for reduction of titanium tetrachloride with a solid

L. titanium product in apparently not to be ruled out, The results

ofaJapanese'study of the production of high-purity titan-uM"4 by

r an injector process were published in 1961 (320]. The reactor

was supplied through concentric injectors with titanium tetrachlo-
ride ... va o (outer irjec o ) .. .......... .... o , rne ......... . .,

The authors made no mention of injector buildups or measures taken

the to el.nat th ,pheno' r .on, althouh the tests ran for several

hours. The process was conducted at a residual reactor pressure

of 10-310 " mm Hg. The titanium settled on titanium shavings

with w;hich the reactor was packed and did not weld to the reactor

walls. This formed a basis for the development of a semicontin-

d uous process, for which a patent has been issued.
3 ") The reactor

is enclosed in a chamber whose elevator bottom can be pressed

a ,4,4z t-he eco to frm at tiaht ffeal

... ...... A pot tiiied with titanium chips is placed on this elevat

Z x base. When the titanium that has settled on the chips has filled

Z u the pot, it is lowered by elevator to a table at the bottom of

ity the chamber and turned through 1800. Another pot of titanium

chips has- previo,!s!y been. .et un on the other side of the table. I

ess When the table turns, the new pot moves into the reactor 
and the

orma- used one is withdrawn through an unloading hatch.

Reduction by Sodium In Two Stages

tor- As we noted in Chapter 11, reducing titanium tetrachloride

ce in two stages sets up conditions favorable for development of

technology and equipment for semicontinuous and continuous proc-

e ses. The conditions for reduction of the t.tani .!_ tetrachlo-

ride by sodium are particularly favorable, since the lower titan-

1 ium chlorides that form during the first stage of the process

ree dissolve readily in thd sodium chloride that also form. During

um the second stage, the lower titaniu." chlorides, which have dis-'6

03- solved in the salt, can be completely and rather quickly reduced

of under conditions such that the titanium that is formed is iso-

bers lated from the reactor walls and therefore will not weld to them.

Footnote (34) is on page 44.6.
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~There have been a number of proposals for the use of h!ydro-
Z en ez- rn aF~a;, that reduces titanium tetrachloride to the lower lowe

~chlorides. The thermodynamic characteristics of the reacti on

and the disproporttonation reactions that accompany it are given 
ae

4-1 Pig. 7. . 5) Since the solubility of lower titanium chlorides i

% ~In the NaCl melt favors the reduction of TiC14 by hydrogen ndsae
increases the yield of lower chlorides, it Is recommended that a

mixture of TiC114 and H2 be bubbled through an NaCl melt at a ten-
perature around 9000C for the reduction reaction. \ 36 ) rd

The following facts be- 
rm

.,.-- cam clear as a result of sub-byr

sequent studay .... f the redction nt
" I .' ,,.D' ' f Ther

ZZ-; .. . of TiC14 by hydrogen.- '(3 the ~n

. -- co- ,citln of the lower chlo- pri

' - rides that are formed corre- ot
: " " - sponds approximately to the yield:

II

W AV A AV 1 W /A A Wformula TiC12.8; the hydrogen a

l' at~~e,*Kmust be supplied in quantities tiona

Figure 73. Thermodynamic char- exceeding the stoichlomtric and h
aot ertie ..of aeductbon of r proportions by uaceor of 2-.; tinuo

TiCn 1 a by hydrogen and tes at
corides. Tn etero dtnamic the yield of lower chlorider tion

can the disproportionation atosta copn taegvn ~ ~

reactions, kcal; depends athe r strongly on the chng

-he mev o r e co osition of the nsa d batha

increase he yieor, in other words on the m

solubility of the 1 eer eiten- ho aN ml t

ium chlorides in it. For example, good results were ob.tained Enoug

when a bath of fused NsCI or .,CI was used. It ha.- been reported, TiC1 2.

for example, that when a mixture of TiC1, and H. was fed backwards is coc

into a column through which fused NaCl Was passed in the mass result

ra i ......." ' - 3;i, and a TIC14 delivery rate of 60 g/hour per
cm3 of column cross section, about 97 of the TiC -z ut..Ied. reduct

The proceas temperature was 8500-C. The melo leaving the column granul

contained about 26b TiCy be re.

Footnotes (35). (36) and (37) are on page 446, ?Zotorc
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rlower lower chlorides have been proposed.

Sonc ofteptnstkeavnaeo h property ur iower

titaiumchlorides to disproportionate inlto chlorides of higner

valency and titanium. This excplains the interest shown In this

given

I *i

Ii e . ...i=--cucc method in .&~ i t opened the possi-

rides

ado biliy of eliminating use of the reducing metal in the second

hat astage of the process.

a ter- er example, one continuous method proposed for titanium

production [3101 is based on the fact that lower chlorides or

be-anium or titanium, especially the dinalides, can be produced

f sub- by reacting the corresponding tetrahalide in vapor form with an

uction initial material containing titanium dioxide mixed with carbon.

the The result of the reaction is a gas mixture containing the lower
titanium halides and cafton mo...x.d..

rre- portionate on heating in the gas stream under reduced pressures

the yielding pure titanium and its higher halides.

rogen S.1. Sllyarenko and S.F. Belay [311) showed that dispropDor-

tites tionation of the lower chlorides is an extremely slow process,

tric and hence hardly of practical interest as a variant of the con-

,p tinuous meo i - w to accelerate the diapropor-

pIoeF tion reactions significantly, the situation might be drastically

- n th e crhanged.

6ath (8
PatentO 'describes one highly productive two-stage sodiother-

mic process. It is proposed that lower titanium chlorides be pro-

titan-
Sduceac y reducing TIC with sodium at 790C with agitation.

Lued Enough sodium is introduced to support formation of the compound
,kwa Tre re i TiCl 3NaCl (26.5% TMl .5% Til , 39% NaCl). The melt

is cooledand tatlets weighing about 200 g are pressed from the
rpe rer t snalt at 100010n Thes tbtrets ndeIntroduced into a
ih er second-stage reactor filled with sodium at 825C to complete the

reduction. Reduction is complete withIn 3 minutes. The titanium
!rmn granules that are formed retain the form of the tablets and can

be removed from the reactor in this stare f ubequent refining,

Footnote (38) is o- page 4ii6.
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Patent(39)describes the second stage of a continuous process Tef

f'or production of coarse-g-rained titanium. Fused lower titanium equations

chlorides are poured into crucibles and small amounts of sodium

rr.e Placed on theirs surf-ace. A :ridge" of titanium sponge Is

formed andi. en,,,e- slaw.,. cc. ^ ô  f subsequenlt portions of tne so-

dium to the fused lower chlorides. Toward the end of the crystal-

growing process, the "bridge" Is punctured at several points with T-

a special rake. The crucibles wlth the melt are conveyed into a with aluini
tunnel furnace heated to about 9000C and equipped with airlocks aune ..

at its entrance and exit. e rut

Processes for, the production of titanium in combined apparat- Flushl

us have been patented for application to two-stage reduction. One It is
such unit combines the f,-nctions of reducing the lower titanium

ium alloys
chlorides to the metal, separating the metal from the chloride,

melting the metal, and putting it out In the form of granules. 
( 4 0 )  On e p,

solid charge consisting of lower titanium chlorides and dis- tin proce.

pese .. anesium is fed into the reactor by a worm in it. ied out i!

floor. The reduction-reaction zone is provided with a jacket the air tul

filled with fused salt. Circulation of the salt keeps the re- titanium cl

action-zone temperature- - abo- t 5-00 ... above the melting poin~t or the the two st'

magneium chloride, the excess of which leaves through holes in chlorides

the sides of the reactor. As it forms, the titanium sponge is melting pc,

pushed up by the worm feeding the charge up into the burning zone Among

of an are In which the residual magnesium chloride is vaporized tinuous tw,
along with the excess reducer. The vaeors of these substances of the red

ar. picked up by a current of argon forced into the reactor at
the top, and carried by it into the reaction zone. Te olten ti- he r-

.i.m oterfslow r theri of the melting bath, and the balls the odiotl

formed as it freezes roll into a receiver set up beside the reac-ie
oro e fpasses nr

uor hasurface of

Aluminum has also been proposed as a reducing metal for the TiCc r exce

two-stage process, a4d fpg usinut do w

The TiCI is reduced to the lower chlorides by aluminum pow- through thi

der with grainse s maller than 0.06 mm at k00-6000C. A mix- Two m

ture of TiCl 2 and TiC 3 remains in the reactor, and the alumi- from the r

num chloride is volatilizeda Pe Ti t
ootnoen (3), (0I) and ( ) ar o gereactgo 4n. Footnoter

rTD-HC-23-352-69 FTD-HC-23-
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process The first stage of the process can be represented by the

titanium equations

f zod um 3TIC. + 2AI -. 3Tia. + 2Ail, (19)

the so- and

he crystal- 3TIC, + AI -* 3TICI, + AlCI3 . ()

oints with The lower chlorides obtained in this way are crushed, mixed

e Into a with aluminum powder, briquette d , and he-ated slowy to 110Cn
airlocksI

an inert atmosphere. The resulting titanium retains the shape of

the briquettes.

ad apparat- Flushing with inert gas helps remove the AlCl vapor.
tion: One

titanium It is noted in the patent that formation of aluminum-titan-

ioride, lum alloys is excluded in the two-stage reduction.

:nules.(4o)  One proposal calls for combining the "fluidized bed" reduc-

n - tion process with the two-5tae lrcess. The r..... is -

in its tied out In air tubes using argon as the pusher gas. In one of

acket the air tubes, sodium is atomized on particles of NaCl and lower

h: re- t-tanium chlorides produced by reduction of TiC 14 with sodium;

it of the the two streams converge in a third air tube, where the lower

,oleo in chlorides are reduced to the metal at a temperature below the

nge Is melting point of NaCl.

flidng zoneus S.... zone A roposals coneerLnlg equipment for use in the con-
porizedA..og'Sep 

-I
tinuous two-stage process, reactor designs in which both stages

tances
of the reduction are accomodated deserve special attention.

tor at ( 4

molten ti- The reactor (Fig. 74) described in patent )is designed for

the balls the sodiothermic process and filled with sodium chloride; sodium

the reac- is fed inlto the bottom of the reactor through pipe 1. TICI 4 vapor

passes ..... gh pipe C and fills the gas space 3. Floating to the

for the surface of the fused sodium chloride, the sodium 
reacts with the

TIC ,. excess. forming TiC 3 which dI...ve _ in the m lt. Di f

fusing downward, the TiC3 reacts with the sodium droplets rising
inu pow- through the melt to form the titanium particles 8.

A mix-

alumi- Two methods are provided for withdrawal of 
the excess heat

from the reactor. The reactor cover 14 functiong as a condenser

for TiCl4, droplets of which drain onto the 
surface of the NaCl

Footnotes (42) and (43) are on page 446.
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melt and reevaDoratp. t-k-n a cartals An(

amount of heat out of the melt. Heat appears
-L is also taken off the reactor walls by section,

, -- fused sodium circulatin-w in the cooling rgth

. , jacket 5. Agitator 10 in the reactor counter(
",4 circulates- the nnelt vig-orusly, thus in the n

} . preventing titanium particles smaller rides.
'" " than 0.3 mm, from settling to the floor. MaS

, This requires circulation at a rate cfA. pipe31' . L around 10 cm/s. With time. the fine the !owe
s' " ," titanium particles aggreizate and ac-

--'- . . into poc
! . /cumulate in the bottom of the roactor., melt int

i " # Circulating the melt also improves dis-

• . t--tribution of *he sodium in it and pre-
# .,. .the func

. vents the formation of a sodium chloride iX, ~ cusut on the melt surface In spite of I
i l ' . the rapid offtake of heat by the vapor-fomf

L L j_ izing TiCl 6mm.
4 4 13 assure

salt To step up the formation of lower aon
Figure 74. Diagram of titanium chlorides In the top of the
apparatus for contin- Reductlo
uous sodiothermic ti- reaction, it is recommended that part
tanium production. of the TIM14 be introduced through a Resi

Sbubbler placed just below the surface tanium p;
: #. .. . of the melt. It Is assumed that the tion thal
1 _ Ti Cl4 will rcact with titanium patti- bath COVi

' -|.C.- _ cles suspended in the melt, forming its Posals 9"s
. ..I...... I lower chlorides. under whJ

-- . : -- . . .The reactor has a conical bottom salts anc

III

'/':":- . | .:;. with a solid-salt plug 6. This plug is sequentl3
defrosted by shutting off the supply of of the al

water to coil 7 at periodic intervals in thisa

Figure 75. Diagram of for drainage of the titanitum t.ht hast.IexI M
apparatus for contin- settled to the reactor floor together ratua, bL

f uous titanium produc-
'ition by the magnesio- with the salt, from which it Is sepa- rcef

thermic process. rated. for example, on filter 9. Accc

~be carrie

~Footnote=
T ~FTD-FC-23 3_ 5 2-6 !_414C 2
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Anotner reactor design that provides for the use of magnesium "i
eat appears in Fig. 75.(4 ) Partition I separates the reactor into two
'-by sections. Titanium tetrachloride enters at the bottorm of the
cling right-hand section through pipe 2, which circulates the melt
[tor counterclockwise. Entraining fine titanium particle.- suspended

in the melt, the TiC1b reacts with them, forming the lower chlo-
ler rides.
loor. Magnesium enters at the top of the left-hand division through
-e of +"pipe 3 in the form of droplets or chips. The magnesium reduces

ne the lower chlorides to the metal. Large titanium particles settle
tor. into pocket 4, while the fine ones are carried by the stream of
tor. melt into zhe right-hand division, where they react with the Til .

dis- twA mechanical mixer 5 in the left-hand division of the reactor haspre- the function of stepping up circulation of the melt.
loride

of It is recommended that the magnesium be introduced in the I
apor- form of solid particles or droplets ranging in size from 0.15 to I

6 mm. The titanium particles have sizes from 0.15 to 10 mm. It
is assumed that the process can be run with the stoichiometric

ower
her amount of magnesium..he

.art Reduction by Bubbling Reactants Through the Melt

a Researchers working on the development of a continuous ti-
sace tanium production process have returned repeatedly to the sugges-
he tion that the starting reactants be delivered into a fused salt
!ti- bath covered by a layer of the molten reducing metal. These pro-

gits nosals havo been based on the followin Prms: conditions

unde whih the reduction will be complete within the melt of'
tom salts and reducing metal can be created inside the reactor; con-

ug is sequently, the initial reactants will be absent from the gas space
-ly of of the apparatus, thus excluding formation of reduction products a
als in this space. The reaction in the melt will produce dispersed

has titanium that will not- ttc to the =11: of "c rad.ction appa-
her ratus, but settle to the reactor floor, from which it can be ex-

pa- tracted for subsequent refining.

According to one of the early patentsg)this process would
be carried out in a column filled with magnesium chloride, iito -

Footnotes (44) and (45) are on page 447.
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Swhich magnesium and TiC14 Would be delivered in vapor form.T Ti
copolete the reduction of the lower titanium chlorides that are ments,

formed, it is proposed that the magnei1-i be introduced at a lower I
level than the TiCl 4 . The reactants could also be delivered inT1014-The TiC
liquid form. in this cae, the rapid vaporization of the TiC14 what ab
would help disperse the titanium product. The layer of melt in proveme
the colu m would have to be deep enough to give the reduction re-

action tie to go to completion. 7h
inl a nu

The results of a study of conditions for continuous sodio- o diss

thermic titanium production by the butbling method have been pub- Spacial
lished [252).~ated by

The experiments were carriee out in a reactor 75 mm in diam- this pu
eter and 400 high. To lower t1e process temperature, a eutec- duced i
tie mixture - 5% LiCi and 55% KCI, which melts at 3600C - was reactor

used as the salt bth. A bed of sod'um 50-75 mm thico oovered Under t
the melt. The TiCI vapor was introduced Into the salt bed at a hy the

depth of 100-125 mm. The TiC14 delivery rate was about 5 S/h per a I~ut I

-uae- tii=emeter or reactor cross section. The temperature range in theOf the exeriments was 400-800°IC. titaniu

It was established that, regardless of the temperature and settled

TiCI 4 delivery rate, the reaction mAss, which consisted of titan- TiC14 s

lum, sodium chlorides and sodium, tended to collect at the top of
the reactor in the form of an annular layer that clung to the reac- was agit

I tor wall and the TIC delivery pipe. A 3=al part or the titan- reaction
ium formed lumps in the salt bed. In all experiments, only a

small amount of titanium settled to the floor in the form of a

fine black powder. This powder contained a substantial amount of

oxygen and was apparently formed in the Initial stage of the ex-

periment by reaction of the first portions of reduced titanium

w- ih oxygen that was present, for example, in the sodium and the

chloride.

In.ezperiments run at temperatures below 430 0 C, some of the
TiCI4 passed through the layer of melt into the reactor's gas

space, and at higher temperatures all of the TIC14 was reduced.

FTD-HC-23-352-69 FTD-HC-2
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m. To Titanium bailt up on the TiCl 4 delivery pipe in all experi-

t are ments, especially when agitation of the melt was stepped up.

t a lower
l In some experiments, only sodium was delivered into the melt.re nThe TiCl,. was ted into the reactor gas space at a pressure some-

TIC14 what above 1 atm. This technique did not give any appreciable im-

tin provement.
tion re-

The titanium dendrites that were found on the reactor floor
in a number of experiments were apparently f. ... d o ine...ato
of dissolved reagents or reagents dispersed through the melt.

een p - Special experiments in which the starting materials were separ-

ated by fused salt were conducted to clarify this question. For

in diam- this purpose, a pipe opening 100 mm below melt level was intro-

eutec- duced into the reactor and the sodium was fed through it. The
- was reactor's gas space outside the pipe was filled with TiC14 vapor.Fered Under these conditions, the reduction rate, which w&5 dete,-rgined

d at a by the rate of diffusion of sodium in the melt, was very low -

g/h per about 1 g/h per square centimetcr (counting the melt surface area
lure range in the TIC14-filled space). At the same time, only paa t of the

titanium settled to the reactor floor. The rest of the metal

e and settled on the reactor walls at the surface of the melt in the

r titan- TiCl4 space.

e top of In attempts to increase the rate of the reaction, the melt

the reac- was agitated vigorously, and its level was lowered. However, the

ttrlt- reaction rate could not be inoreaad.

lya

of a
ount of

the ex-
anium
and the

of the

gas
uced. i

Figure 76. Diagram of apparatus for continuous
titanium production by bubbling method.
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Even though the experiments described above did not give the Cl

desired results, the data obtained give an idea of the difficul- ef

ties that will have to be overcome for further development of the M1
E bubbling method: it will be necessary to keep the metallic re- In

R5 ducing agent from entering the TiCl1 delivery feeder and to find ts

ways to remove the reaction products from the inner surface of

the reactor walls. It is claimed that the reduction reactions
above the surface of the melt can be eliminated by introducing mc

* one of the reactants into the melt. t©

IV &ppear that additional difficulties will arise when -ag-

I nosium is used as a reducing agent because of the small differ-
Sonce between the densities of molten marn. 3-_ and =:-naaA ta

ohloride (313, which rmount to about 0AI g m t 8000C. When du
sodium is used as the reducing agent, the difference is about ge
1 g/CM3 , which favors accomplishment of the process by the bubbl- in

ing method. pe

tar (Fig. 76) placed at an angle of lv30 to the horizontal. Par- Pa

tition- ' is plaoe parallel to the longitudinal axis of the reac-
tar to cause circulation of melt. TiC vapor mixed with argon all

It fed through old# chamber 2, in which the pressure is slightly pr:
higher than in the reactor. The molten magnesium enters through of

chamber 3. As they rise, the magnesium and TiC 14 react under the geA

root of space 4. There is always a laver of moten mgealum 5 Val
on the melt surface in the reactor to prevent the TiCl from tr
bursting out into the reactor's gas space. The titanium that is to

formed Is carried away by the melt current into settling reser- lic
voir 7, from which pump 6 removes it from the reactor to settling las

tank 8. The excess magnesium chloride is released from the set-- li
tling tank through spout 9. act

The features of this unit include directional circulation of thi

the melt, concentration of the magnesium and TiC1 4 vapor under tux

the roof of zone i, and their slow ascent to the surface of the cez

melt, which should help complete the reduction reaction. To pro-

vent the new titanium from reacting with the surface of the roof to

f A' In zone 4, it is recommended that this surface be faced with the

Footnote (46) is on page 4i7. O
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not give the carbon plates, which could not but contaminate the titanium with

he diffioul-, carbon. Later, a patent )was awarded for a reactor filled with

'op.mcnt of the magnesium chloride under a layer of magnesium. A ring vault was

tallic re- immersed in the magnesium. An annular bubbling manifold for the

and to find titanium tetrachloride was placed on the floor of the reactor,

surface of and the tetrachloride reacted with the magnesium on the inner
reactions surface of the ring vault. The titanium deposited here was re-

introducing moved by a disk scraper. It dropped to the bottom of the reac-

tor, from which it was extrActed through the magnesium layer for

ise when mag- subsequent refining.

jall differ- Since introduction of the reac-

anesim tants into the reactor-by bubbling pro-Ut800eC-.eho uuv 4,impzede vitnium, it was sug- ,

I. s about gested that they be comipacted by press-
by the bubbl- ing, which would, at the same time,

... permit continuous removal of the reac-

ined reac- tion products from the reduatlop ap- I I
zofntahe ?a!- paratus. 541

of the reac- Accordinx to one of the nronos-

with argon als,1 8)the reactor working on this

is slihtly principle (Fig. 77) takes the form

:ers through of a pipe 1 provided with an external

.ct undar the gas heater 2. Titanium tetrachloi ide

agnesiu- 5 vapor from vaporizer enters the re-

1 .. from tractable bubbler 4, which extends in-
i that is to chloride mit 5. A layer 6 of Fig 77. Diagram ofapparatus for oontln-

Ling reser- liquid magnesium covers this salt uous titanium produc-
to settling layer. Fresh magnesium - solid or tIon with reaction

lom the set- - liquid - is introduced into th2 re-

actor through pipe 7, and the excess magnesium c'loride ic removed

rculation of through drainage unit 8. Reduction Is carried out at a tempera-

por under ture of about 8500C in the reaction sone. On accumulation of a

ace of the certain amount of dispersed titanium in the reactor, bubbler 4 is

on. To pre- withdrawn from the reactor and hydraulic cylinder 9 is actuated

of the roof to lower piston 10, which compacts the titanium in the bottom of

#d with the rea or, transforming it to a block 11 that contains about 90%

Footnote$ (47) and (48) are on pag 447.
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Ti (the remainder is magnesium and magnesium chloride), titanium pr
one another

During the initial phase of work with the reactor, formation The worm a

of block 11 is assis',eu by back pressure created by the lower pis- t te

ton 12. As the height of block 11 increases, piston 12 moves down

together with block 11; then they both leave the reactor through This r

cooled crystallizer 13. Subsequent pressing of block 11 proceeds the versionrAwithout piston 12, by friction of the block against the wall of Patent

reactor 1 and possibly of crystallizer 13. products an

The pressure appllrd to the block of titanium must be suf- tetrachlori

ficient to compact it and squeeze the molten magnesium and mag- internally

nesium chloride out of the block. It is reported that the piston tion. The

must develop a pressure of 2 to 12.5 kgf/cm
2 in order to produce products th

a relatively densa titanium block containing 10-15% uanesium and piston on 0

magnesium chloride. It appears that this figure must be substan- with the ge

tially inqre;"14 in !Actuslty- TP Preven~t 99s'YttOflg strips the
cohesion with the titanium block, crystallizer 13 is slightly tom-openin!

expanded downward (1:100). and expelle

During shaping of the titanium block, the bottom of the block To im

is in olose contact with solidifying layers of the fused salt mass, it h

bath, since the appropriate temperature is maintained here by with proje

cooiLng the bottom of the reactor. A thin crust of hardened salt pacted. ( 5 2 )

forms between the bottom of the block and the inner surface of Reduction t

the crystallizer as a result of chiling by their surfaces.

To regulate temperature 1fi M6 iufa !is Which th Press process in

block is ejected from the reactor, one of the more recent pat- of the rea.
(349)ents proposes that the crystalliser, which is attached at the builds up

bottom of the reactor, be provided with induction heating. Since to the wal

the inductor takes the form of a coil through which cooling water the inner

can be passed, it serves as a cooler when switched off. Either

the crystallizer wall or the comeoted block of reaction mass is to mesh wi

heated by high-frequency current, thus forming an interlayer of

fused salt, which makes it easier to extract the block. Paten

Patent(5 0 describes a combination of bubbling and pressing. The

The reactor is oval in shape, does not have the upper piston, 
and liquid bet

uses two vertical worms, which are so arranged as to clean the reactor's

Footnote (49) and (50) are on page 447. Footnotes
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titanium product not only from the reactor walls, but also from

rmation one another, to transport the sponge downward and compact it.

wer pis- The worms are hollow and can be cooled with a liquid, such as

res down titanium tetrachloride.

hrough This reactor design would appear to bi less successful than

roceeds the version in which a piston is used for expression.

11 of Patent 51 alo describes a press for co.-.actng the reaction

products and their removal from thq reduction apparatus. Tita n'Lum

suf- tetrachloride and molter magnesium are fed onto the surface of an

mag- internally cooled cone placed in the reactor in an inclined posi-

piston tion. The cone is rotated slowly, with the result that reaction

Iroduce products that have stuck to its surface are passed under a press

lum and stoonen n n .of th ;one, which moves vertically in contact

ubstan- with the generatrix of the cone. As it comes down, the piston

Ong strips the rma-ticn mass from the irarce oi the cone into a bot-

tly tom-opening drawing plate. The mass is compacted in this plate

and expelled in the form of an extruded block.

e block To improve the cohesion of the extruded blocks of reaction

alt mass, it has been proposed that the ram of the press be fitted

by with projections half as high as the layer of mass to be com-

ed salt pacted.(52)

E oReduction with Process Localized at the Center of the Reactor

SadA number of patents have proposed versions of the continuous

at- process in which a block of reaction mass is grown 
in the center

the of the reactor. The reactor wall is vigorously cooled, and a liner

Since builds up on it and prevents adhesion of the reaction-mass 
block

to the wall. If the reduction reaction manages to take place at
ther the inner surface of the liner in spite of its low temperature,

SIs I.- would appear thal the r-sulting r6aotion *mae would be unable

of to mesh tith the liner surface.

tr (53)
Patent proposes the apparatus shown in Fig. 78.

ing. The reactor 1 is a double-walled cylinder with a cooling

,n, and liquid between its walls. To prevent condensation of TiCl4, the

the reactor's internal surface must be at a temperature no lower than

Footnotes (51), (52) and (53) are on page 447.
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150*C. Mie tetrachloride is delivered through pipe 2 into reac- productJ
tion zone 3; magnesium is fed into the reaction zone through gland sectionE

Sin the form of rod S .5. hp reaction_. products ^ form a block 6, the intermit
top of which is in the liquid bath 7, which consists of tagnesium it
chloride and agnesiu. pateneAa

circleu

F- the diam
rod, sir

entirel)
reason,
times ttII
fed tntc

I Fos

~mum rpee
m st rem

Figure 78. Dia4ram of apparatus for contin- 3elt W_on, tlt!i."- ;r -UCtlar- ph e*s local- distanct
ied at center of reactor.

I range ur
To obtain a more compact reaction mass, the TIC1M pressure

in the apparatus is held in the 3-5-atm range. It is proposed kum teti
that the shrinkage of the reaction-miass block as it chills will per aqua

we-.1t:% it: I1;p or th; wactor inaer surface and that it will Pat
sink under Its own weight. Nevertheless, rolls 8 are provided a device
for extraction of the block. The block is then heated to a tea- (Fig. 7S
perature above the melting point of HgCl 2 . Mere, about 2/3 of The tita
the MgC12 drains out and 1/3 is trapped by the titanium sponge. nesium I
The mewines1um chloride left In the block is removed by the con- the moli
ventional methods, e.g., vacuum distillation. chlord

Note is taken of the advantages of inclining such apparatus: which Di

without changing the reactor diameter (which is essential for that up

strong cooling of the reactor), the magnesium can be introduced from th

at several. point:, since the surface of the mely in an inclined mass is

reacor is an ellipse. It is cimed that the specificFt ;

FTD-HC-23-352-69 T-C.
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reac- productivity of the proposed reactor (per unit of reactor crossFgh gland sectional area) could be 5-10 times higher than those of ordinary
ck 6, thi nrmit-nt r.. .reato.o.

It is reported in another similir

patent(54)that the sponge forms in a $ 4

circle whose diameter is several times

the diameter of the original magnesium -

rod, since some of the mftlting magnesium

manages to spread out over the surface of

the manesium chloride melt before it is iI---

entirely consumed by reduction. For this

reason, the reactor diameter must be 5-6
times the diameter of the magnesium rod
fed into it.

For the reaction to proceed at maxi- fgu 79. Diagram

mum speed, the end of the magnesium rod of apparatus forContinuous titanl-

must remain at about 125-250 m from the cu production

melt surface. Reducing or increasing this with process local-
ied at center of

distance slows down the eaction, reactor and mag-
neslum chloride

The utilization of magnesium may drainage.

sure range up to 97%, and the rate of titan-

osed ium tetrachloride delivery up to 150 g/h

will per square centimeter of reactor cross section.

U Patent esoribes an apparatus of similar dsign but with

ided a device for drainage of the magnesium chloride. The reactir

a tes- (Fig. 79) has a cooled wall 1, on which a liner 2 Is built up.

e3 of The titanium tetrachloride enters through pipe 3, and the mag-

)onge. nesium rod 4 is introduced through gland 5. To hold the 1vel of

con- the molten magnesium chloride constant in the reactor, the excess

chloride is removed through externally bhated drainage device 6,

aratus: which is mounted just below the reduction zone. It is claimed

for that up to 90% of the magnesium chloride product can be removed

duced from the reactor through this system. The block 7 of reaction
lined mass is extracted from the reactor by rolls 8.

Footnotes (54) and (55) are on page 447.
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The same patent proposes a Wit ,
4 variant of the reactor design, tively Ic

•which is to be fed with a !iquid ride lini

, i f Figure 80 presents a dia-
I-gram of the bell-type reduction paton of

dtion-zone
-- J = apparatus, whose design is based

.. .,.., - -" .according
' -- ' HI--on the same principle of utiliz-

OT I ng a liner layer to eliminatein tei

i -cohesion of the sponge with therecow
", (56) zone temp,

----__ . " . inner surface of the reactor."emeau
! - "The reduction reaction pro-

• J" - "_/--' Iceeds under bell 1, into which Te:

i Fgue 0. ~ara ofapa- titarium chloride is feCd throughaV
Figue 8. Dagrm o apa- ioof E

i ~ratus for semicontinuous pro- pipe 2 and the magnesium rod 4 in fm
duction of titanium. ohlorid-,"~throuxh aland 3. The bottom of

, bell 1 is cooled tc form liner Accor

ii5 on its surface. The reaction-mass block 6 is grown on canti- magnesium

lever support 7, which Is lowered as the block grows. When the that is pr

block has reached a certain height, support 7 is rotated to bring the magnes

block 6 Into cooling chamber 8. The bottom of the reactor is but onto t

filled with, Liquid Magnesium chloride 9. takes note

A block of sponge 200-300 mm in diameter is obtained from a teacl

magnesium rod 30 mm in diameter. The level of the sponge above taking pla,

the melt is held constant by means of a radioisotope level gauge. imbok
such a way

The patent claims that this reactor can be operated contin- tefsd.
uously if r~eaction-mass block 6 is extracted through the floor of
the reactor. It wai

V.A. Shubi*
The four patents discussed above provide for high rates of ato o

titanium tetrachloride reduction in the center of the reactor in

the presence of a magnesium chloride liner on its inner surface. One p

Hough calculations made by I.M. Rafalovich indicate that the liner a bell-type

on the reactor wall presents no significant obstacle to dissipa- magnesium

tion of the excess reduction-reaction heat from the reactor [3093. impurities

Footnote (56) is on page 447. onte
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oses a With forced cooling of the reactor outer surface to compara-
sign, tively low temperatures, e.g., 500 0C and lower, a magnesium chlo-
liquid ride lining forms on its inner surface. Its thickness will be

dium. determined by the temperature in the reaction zone and on the

dia- outer reactor surface, or, in other words, on the rate of dissi-
uction pation of heat from the reactor. If for some reason, the reac-

ts based tion-zone temperature rises, the liner thickness will incease

utiliz- accordingly if the rate of reactor cooling is unchanged. Reduc-
nate Ing the liner thickness accelerates transfer of heat through the

th the reactor wall, i.e., it creates the requisites for lower reaction-
tor.(56) zone temperature. Thus, the liner will to some degree stabilize

temperature conditions in the reactor.
LOn p .g*-

which The liner will also form spontaneously even above the level
through of the magnesium chloride melt in the reactor, owing to condensa-

rod tion of magnesium chloride vapor and deposition of lower titanium
tom of chlorides along with the magnesium chloride.

liner According to a patent cited earlier the purpose of draining
ti- magnesium chloride is to remove it more thoroughly from the block

ithe that is produced. Because of the presence of the drainage unit,
bring the magnesium is delivered not onto the surface of the MgCl 2 melt,

is but onto the titanium block projecting from it. Another patent( 5 6)
takes note of yet another advantage of this reduction method -

..... athe acceleration of the reduction process tha reualts f,-m It-
above taking place on a vertical surface presented by the growing titan-
gauge. lum block. Here the block is grown on the moveable support in

such a way that the top of the block will at all times be above5ntin- the fused-salt level.

Loor of
It was shown experimentally in a study by V.P. Pazukhin and

V.A. Shubin that removal of the chloride from the reduction-re-
Sofaction zone increases the rate of this reaction [317)...Or in
-face. One patent ( 59 ) also proposes that the reduction be carried out inie liner a bell-type unit, but at a temperature above the boiling point ofsipa- magnesium chloride, so that the magnesium and magnesium chloride[309). impurities present in the "stalagmite" can be removed from it at

once.

Footnotes (57), (58) and (59) are on page 447.
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The abo've designs of liner-type reduction reactors proposed holding
as their basic variant delivery of the magnesium into the reac- that th
tor in the form of grafted rods. It is assumed that the magnesium ducting
will melt in the reactor and react with the titanium tetrachloride as a va.
as it spreads out over the surface of the magnesium chloride melt mercury

or the block of reaction mass. A patent mentioned earlier(5 7otes t.nium
that the magnesium can also be fed Into the reactor in liquid form. ized me
The patent claims that the lower chlorides of titanium do not form are intj

in the reactor. us for

Another patent 0mentions the need for periodic cleaning of phases

the top of the reactor (above the melt) to remove the lower Wlo- eP°arat
rides. atunes

Reduction by Amalgams Cc
, reduced

Among the continuous methods that have been proposed for ti- it subs
tanium production, those in which the titanium tetrachloride is industr

reduced by an amalgam of the reducing metal form a class of their is extr-

own. Patents have been issued in various countries for variations mittent
11 (61, 62)

of this method, for example, to Xennecott Copper and Imper- reotly

ial Chemical Industries.63, 64) This method has also been under
development at a pilot plant in Austria [318, 319). Other (C

The patent proposals6 commend the reduction of TiC fr In

at temperatures of 45-105 0C with vigorous mixing of the reactants. from ho

To prevent formation of lower titanium chlorides, it is necessary cooled

that at least a twofold excese of sodium over stoichiometric be 3 m/min

present in the reactor. needed t
850 0C),

It should be noted that the possibility of single,-stage re- ium Is h
duction directly to the metal at temperatures around 1000C appears nesium "
highly doubtful, since the formation of solid sodium chloride and nesiwm c
lower titanium chlorides, as well as the dispersed form of the fro the
titanium produced, would have to interfere with reduction. This
is confirmed by published results obtained in developmental work An

on the amalgam method [318, 319]. the spon
(65) nesium.

A number of improvements have been proposed *"for the amal-gam process: increasing the sodium content in the amalgam to 3- The

4.5%, introducing the amalgam into the reactor in vapor form, to under

Footnotes (57), (60), (61), (62), (63), (64) and (65) are on page 47. Footnote
PTn-H-23-352-69 (60),PFTD-HC-2
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posed holding the reactor temperature somewhat higher than 800
0C so

eac- that the sodium chloride will be separated as a liquid, or con-

gnesium ducting the process at about 15000 C to produce the sodium chloride

hloride as a vapor. The reaction products, which represent a mixture of

e melt mercury and sodium vapors, droplets of sodium chloride, and ti-

57 ,otes tanium particles in the former case or, in the latter case, vapor-

id form. ized mercury, sodium, and sodium chloride and titanium particles,

ot form are introduced into a cyclone housed Inside the reduction apparat-

us for separation of the solid phase or the mixed solid and Iiquid

ng of phases from the gaseous phase. Then the titanium particles are

chlo- separated from the sodium oUlopide elthei
; by filtieation at temuper-

atures above 8000 C or by vacuum separation.

Configurating the process in which titanium tetrachloride is

reduced by sodium amalgam as a continuous process does not improve
or ti- it substantially, so that it would appear to have little chance of

de is industrial appilcpion. Since the stage in which the titanium

their is extracted from thu reduction-reaction products remains inter-

latons mittent, the amalgam processes examined here would be more cor-
Imper-

npr- rectly termed semicontinuous.

Other Continuous Reduction Processes

In one proposal,66)the reducing agent is granular magnesium

ctants. from hnpper 1 (Wig, 81.). which batcher 2 sprinkles on Internally

"ssary cooled disk 3. The disk rotates at a linear velocity of about

c be 3 m/min. The reactor is filled with TiC 14 vapor. After the time

needed to heat the magnesium to the reaction temperature (710-

850 0C), it begins to interact with the TiCk4 . Since the magnes-
e re- C4
aer- ium is heated gradually, the reaction proceeds smoothly, the mag-

appears nesium "glows," titanium sponge 4 forms on the disk, and the mag-

nesium chloride drains to the bottom of the reactor for removal
the

from the reaction zone.This

work An ejector placed in operation at periodic intervals removes

the sponge from the disk, making room for a new portion of mag-

nesium.areal-

to 3- The authors of this patent underestimate the ability of TiCl14

m, to undergo reduction to the lower chlorides instead of the metal

n Daze 47. Footnote (66) is on Page 447.
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at comparatively low temperatures. Although it is claimed in the honz
patent that thts method of titanium production satisfies all re-

quirements made of a continuous method, it is more probable that 
drum

lower titanium chlorides will form preferentially under the con- 
tiye]

ditions proposed. 
- ab

react

ride

fed i

hollo

cent

cer.tr-

di um.

the 3t

produc

the ev

pipe 3

to for

oottom

S

20-mm

drum a

throug.

it

Figure 81. Diagram of equipment for contin- compara
Lsous titanium production using granular ima- per hou
nezium.

Note must be taken of the inexpediency of one of the elements on duri

of the reactor shown in Fig. 81. The fragments of titanium sponge. To

from which a large part of the magnesium chloride has been re- is divi

moved, are dropped back into the magnesium chloride melt for sub- tion, r,

sequent extraction by worm 5. drum in

The drum-reactor design(67)for which the British firm Imperial the llql
Thedrm-racordesign thoriq

Chemical Industries has been awarded a patent Is much better mixed aj

thought-out. directl

Footnote (67) is on page 447.
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re- horizontal or slightly inclined I .P
that drum 1 in rotation at a compara-

tively low circumferential speed
-about 20 m/rain. The starting

reactants - titanium tetrachlo-

ride and liquid sodium - are

fed into the reactor through

hollow shaft 2 through two con- Figure 82. Diagram of drum-
centric pipes 3 and 4, with the type apparatus for contin-

central pipe 4 used for the so- uous titanium production.

dium. It is noted in the patent that this method of delivering

the starting reagents eliminates the possibility of reduction

products building up on the ends of the feeder pipes, since, in

the event that titanium sponge is deposited on the end of either

pipe 3 or 4, this eponge reacts imediately with the excess TiCl L

to form lower titanium chlorides, which can be washed into the

bottom of the drum fc. further reduction to the metal.

Since the drum is rotated, the titanium sponge forms as 15-

20-mm granules, which do not adhere to the inner surface of the

drum and are removed from it together with the sodium chloride

through "scroll" 5, which is fitted to the second hollow shaft 6.

It is stated that -ince the reaction zone in this unit is

comparatively large, it is highly productive: 60 kg of titanium

per hour at a diameter of 1200 mm and a length of 600 mm.

The external gas heating system of the reactor is switched
ements on during the initial phase of its operation.
sponge, To improve the interaction between the reactants, the drum
sub- is divided by partitions 7 into several compartments. In addi-

tion, rectangular bars 8 are secured to the inner surface of the

drum in each of these compartments. Thus, as the drum rotates,
pernal the liquid phases overflow from ledge to ledge and are thoroughly

mixed and transported from one compartment to the next in the

direction of the exit shaft.

FTD-HC-23-352-69
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The patent claims that not only sodium, but also magnesium, below 20

which can be delivered in liquid form or in small fragments produce

through the same hollow shaft 2, can be used as the reducing The

agent. will be

This drum reactor has a number of interesting features: con- the temp

tinuous renewal of the reducing-metal surface, which may give a a value

rather high reduction rate owing to the large area of the reaction the prod,

zone; production of the metal in the form of granules makes it tIemely I

easier to process them later, as by mixing with alloying additives consideri

and pressing into consumable electrodes. complisnt
(681 sub limatJ

However, it is reported in a later patent(8waded to the subly I
same firm that difficulties had arisen in operation of this unit: tremely I
pertodic formation of very large titanium aggregates that would it would

not fit into the exit pipe. The suggestion offered to correct Patt

this effect was to reduce the rate of reducing-agent delivery into atomic N

the reactor at periodic Intervals, thereby promoting the reaction fed a mi3

between titanium tetrachloi.ide and titanium, which results In titanium

smaller sies of the aggregates. This procedure could hardly be fined in
regirdad .n ratioll since the titanium tetrachloride would re- this reat
act not only wit the large aggregates of the metal, but also - or for M

and apparently with even greater rapidity - with the smaller ones. be used I

The widespread use of the plasma Jet gives rise to the ques- Thmu

tton as to whether It might be used to produce titanium. It is be overec
theoretically possible to heat the starting material, e.g., titan- produciln

ium tetrachloride, to its dissociation temperature in a plasma Jet. Extractt(
However, as is correctly observed in a study devoted to applica-
tion of plasma heating in metallurgy (325), the basic difficulty A n
will be prevention of the reverse reaction in which titanium chlo- from 0on

rides are formed as the dissociation products are subsequently ventional
cooled. si

process.
The reaction in which magesium oxide is reduced by carbon tinuous

at 20000C with formation of gaseous products - magnesium vapor ir'ation
and carbon monoxide - was accomplished on an iadustrial scale as duces dii

long as about 30 years ago. When these products were cooled leaching

slowly, the reverse reaction went to 100% completion. However, ium from
"quenching" of the same mixture with cooling to a temperature
Footnote (68) is on page 447.
ID-HC-23-352-69 PWD-HC-2'
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esium, below 200 0C within thousandths of a second made it possible to

8 produce extremely fine magnesium powder in a yield of about 90%.

9g The higher the temperature of a plasma process, the larger

will be the amount of coolant required for instant lowering of

con- the temperature of the titanium-chloride dissociation products to

ve a a value at which the reverse reaction no longer occurs. As in

reaction the production of magnesium by this method, processing the ex-

it tremely fine titanium powder intc compact metal will give rise to

ditives considerable difficulty. In the case of magnesium, this was ac-

complished by the use of a complicated and expensive periodic

the sublimation method, since it was impossible to romelt the ex-

unit: tremely fine dust; this process is not suitable for titanium, and

ould it would be necessary to seek other ways.

ect Patent(6 9 proposes reduction of titanium tetrachloride by

2r into atomic hydrogen at a temperature above 35000C. The burner is

action fed a mixture of hydrogen with titanium tetrachloride. The liquid

In titanium that is formed is absorbed in a liquid-titanium bath con-

ly be fined in a titanium liner. The hydrogen chloride produced in

d re- this reaction is delivered to a heat exchanger and thence to users

50 - or for neutralization. It is doubtful whether this process could

er ones, be used in practice.

ques- Thus, substantial technological and design difficulties must

t is be overcome before the presently known high-temperature titanium-

, titan- producing processes become a practical reality.

asma Jet. Extraction of Titanium from Reaction Mass

lica-

culty A number of patents have proposed that the products extracted

im ohlo- from continuous-duty reactors be processed into the metal by 
con-

tly ventional methods. However, vacuum separat 4 of the reaction

mass Is an extremely expensive, intermittent, and unproductive

process. Its use brings to naught the advantages gained by con-
rbon tinuous reduction. Ordinary leaching of the reaction mass is also

apor irrational, since acceleration of the reduction process often pro-

ale as duces dispersed titanium, which undergoes rapid oxidation during

L leaching. Thus, new or improved methods for extracting the titan-
ver, ium from the reduction products must be sought along with

.re Footnote (69) is on page 448.
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continuous-reduction technologies. to 1600-16
ductivty

To accelerate vacuum separation, titanium p
it is recommended that the process be 

dn p

run at temperature above the bo-ling

points of magnesium chloride (14180C) 
scribed.

and sodium chloride (1465 0 C). It is The u

proposed that either graphite drip pans ciple. It

placed in a tunnel furnace )or a vi- the salt,

bration conveyor in the furnace7 b ferentiall

used for this purpose. In view of the titanium p

need for holding the material being point, wit

processed at 1500-17000C, the practical rounding t

value of these proposals is highly Ing this t

doubtful. tanium can

Proposals calling for refining f2/9"

of the reaction mass by leaching with Accor

preliminary hi..h.-temperature holding to the operat

aggregate and passivate the titanium Obvic

particles are more rational. ium partic

To aggregate the titanium sponge, cular diff

it is recommended that the reaction mass Inter

be heated briefly In a graphite retort(7 2 )  industrial
Figure 83. Diagram of to 1400 0C with subsequent leaching. ( 7 3 )

unit for increasing thermco
uize of titanium par- High-frequency heating( 7 4 ,' 75s eter and
titles in reaction
mass by heating them more rational for this purpose. The [327J. It
With h )-frequency dispersed reaction mass is loaded into process we
current. 1) supply of

initial material and a vertical high-frequency furnace (Mig. Before thf

argon; 2) sintering 83) fitted with two inductors: an upper on glass 0
zone; 3) inductors;
41 heat-treatment inductor for low-temperature heating, 1.2 m in
zone; 5) heat and and a lower one for heating to 1500- A pal
electrical insula-Apa
tion; 6) cooling zone; 1700oC. The diameter of the upper zone be extraci
7) water jacket; 8) is 100 m. and that of the lower zone
sintered block of re-
action mass. 150 ma to eliminate the Porsibility Of the use o:

the titanium block coming into contact

with the furnace wall. In the upper zone of the furnace, the ti- Howe'

tanium particles are sintered at 900*C into a block that is 
heated to produc,

Footnotes (70), (71), (72), (73), (74) and (75) are on page 448. Footnotes
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to 1600-16500C in about three minutes in the lower zone. The Pro-

ation, ductivity of a furnace with these dimensions is about 20 kg of

s be titanium per hour. The spevific surface area of the titanium is

ing reduced from 0.22 to 0.04 me/g as a result of the treatment de-

Sc) scribed.

is The unit described in patent(7 6 )operates on a similar prin-
p pans ciple. It is reported that the titalum particles, rather than

vi- the salt, which is not electrically conduct- e, art, heated pre-

4~e ferentially in a high-frequency field. The temperature of the

f the tttanium particles may reach 1600-1700oC, i.e., their melting

ng point, within a few seconds, The temperature of the salt sur-
ctical rounding the titanium particles rises only from 750 to 9100 C dur-

Y Ing this time. As a result, the specific surface area of the ti-

tanium can be reduced by a factor of about 20 - from 0.4 to 0.02
2ng m /s-

with According to these patents, the electric power consumed for

ing to the operation is about 1.5 kW.h/kg.
iwu Obviously, the surface-melted or thoroughly sintered titan-

ium particles can be separated from the solid salt with no parti-
onge, cular difficulty.

on ma3s

etort( 72
)  Interest attaches to the report discussed in Chapter 12 on

g.(73 ) industrial-scale application of continuous leaching to magnesio-

the*ric reaction mass in an inclined rotating drum 2.44 m in diam-
eter and 20.2 m high at the TMCA titanium plant at Henderson

e [3273. It is reported that the operating cost of the leaching
into process was reduced 30% on transition to the continuous process.

(Fig. Before the Industrial apparatus was built, experiments were run
upper on glass models, and a semiindustrial Installation 12 a long and

ng, 1.2 a in diameter was tested.
,0- r

zone A patent discussed oarler jroposed that the reaction mass
be extracted from the reduction apparatus as a consumable elec-

y of trode for are-furnace melting. go data have been published on
tact the use of this proposal in titanium production.

e ti- However, it has been reported that this technology 13 used

heated to produce zirconium [3143. The zirconium is obtained as a fine

48. Footnotes (76) and (77) are on page 448.
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9%

powder with particle sizes no greater than 30 um in a reactor reaction

150 m in diameter. Nevertheless, pressing is successful and content f

produces a block containing 91% zirconium, 3% reducing metal, and ble to de

6% salts. The density of the block is about 85% of the density ess; the

of zirconium. The Impurities present in the block (reducing a number

metal and salts) are for the mosf part in its outer layers and The

are removed by skinning it on u :£chine. Nipple joints are cut duction w

into the block simultaneously, and it goes directly for remelting ditions u

in a vacuum arc furnace, where it Is used as a consumable olec- and 10% o
trode. Because of the volatile Inclusions present in the block, tempts to

the arc furnace is fitted with a heavier-duty vacuum system and ing of th

traps for the vapors of the reducing-agent and salt impurities. A

second remelting of the Ingot is carried out under ordinary condi- It isuable e
tions. substance

It is noted In [3143 that the continuous process makes It droplets

possible to obtain zirconium (titanium) of high purity with con- large amo

stant impurity content and composition. Alloying components for one of th

production of alloys are loaded into the reactor, which also takes 81). it I

scrap. For example, the alloy "Zircalloy 2," which contains electrode
several alloying additives, has been produced in this way. which is

A larger, industrial reactor 200 = in diameter was built formed on

later, also for zirconium production. This reactor was found to by centri.

be four times more productive than the conventional intermittent- casing 1,

type industrial reactor E3153. the furna

The claim that an arc furnace had been used successfully to The volat:

melt consumable electrodes containing only 91% of the metal was are doeos'

received with certain.yeservations, since it is known that even a This eond

relatively small increase In chloride content in titanium sponge next 5lt.

complicates the titanum-remelting process when ordinary vacuum Patel

arc furnaces are used. (Fig. 85)

Indeed, it became known two years later that persistent at- 2 from thi

tempts to adapt arc melting for consumable electrodes containing, made of t:

in addition to zirconium, 10-15% of volatile impurities - the through t)

reducing metal and its chloride - had met with failure. Before flight in

melting, consumable electrodes produced by direct pressforming of remelting

with elece

Footnotes
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reactor rea.ition mass had to be vacuum-separated t ,-.uce their volatile

u! and content from 15-20% to 0.6% [3211. Thus, it had not been possi-

metal, and ble to design a.continuous industrial zirconium production proc-

density ess; the process was in fact semicontinuous, although it still had

4cing a number of advantages over the intermittent process,

Lra and The technology described above for continuous zirconium pro-

are cut duction was thoroughly tested on the laboratory scale [3261. Con-

remelting ditions under which presaformed blocks containing 90% of the metl

Le e1- and 10% of the salt were established. As would be expected, at-

o block, tempts to melt such blocks in an arc furnace resulted in spatter-

~ten and ing of the metal and extinction of the arc.
rities. A

ry condi- It is obvious that arc-furnace designs for remelting of con-

sumable electrodes containing substantial quantities of volatile

substances must make provision for the inevitable spattering of
e5 it droplets of the melting metal that results from the formation of

ith con- large amounts of reducing-metal and chloride vapor during melting.

ents for One of the patents(8describes such an arc-furnace design (Fig.

also takes 8). It has a water-cooled casing 1 into which the consumable

ains electrode 2 is introduced. The other pole is the cooled table 3,

Y" which is turned by electric motor 4. The drops of titanium 5

built formed on melting drop onto table 3, from which they are slung

round to by centrifugal force. On striking the cold walt of the furnace

rmittent- casing 1, the drops freeze into 'oead that drop to the bottom of

the furnace, from which they are extracted through unloader 6.

fully to The volatile impurities - magnesium and magnesium chloride -

tal was are deposited as a solid condensate 7 at the top of the furnace.

at even a This condensate is removed when the furnace is opened before the

a sponge next melting operation.

vacuum Patent(7 9 proposes a furnace of somewhat different design

(Fig. 85). The consumable electrode 1 is Introduced into furnace

tent at- 2 from the side. The second pole is rotating drum 3, which is

itaining, made of titanium; the liquid used to cool it enters and leaves

-the through the hollow shafts 4. The titanium droplets freeze in

Before flight into spherical granules 5. Consumable electrodes for the

rming of remelting that follows are made from these beads by sintering

with electric current. It is reported that the volatile content

Footnotes (78) and (79) are on page 448.
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w
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Water 3 ubstantia

mace ~~~ma be5twth~ b fur

which the

t r y ef5rnace v

-. ui apwith the n

J consumable

the the consu

co•sabl e d mFigure 85. Diagram of are fur- hgh-frequ".'. " naoe with rotating drum for of metal a

msmeltin consumable electrodes
s , r e acontaining volatile components into irre

pressed in

Ti. coin the consumale electrode for neutral ga

b e b this furnace may range up to 50. redueing-

Figure 84. Diagram of e in ta e eletialyable electarc furnace with turn- Mligtkspaei niet

table for melting con- gas atmosphere. The titanium It ha
sumable electrodes con- go ndt e cory mar velopmntaining volatile corn- gaue n h odne a-tnef
ponents. tieles of the volatile impuri- grapite he

ties are unloaded from the fur- ter 20).
nace through lock 6. The a

Patent 80reports that the sodium chloride content of the stopping ,,

consumable electrode may not exceed 15%, since otherwise it loses uous reduc

mechanical strength. To produce the consumable electrodes, the of the rea
reaction mass I s rolled at 9000C in steel containers with perfo- titanium p

rated partitions to separate the salt from the metal. The patent sumable el

does not Indicate methods for melting those electrodes. specially
Titanium consumable electrodes containing volatile impuri- ium to prC

ties may also be malted by induction In a water-cooled copper ehd

crucible consisting of four segments that are electrically In- Propoects

sulated from one another. Thev

A coating of electrically nonconductive refractory material, velepment

such as aluminum oxides is applied to the inner surface of this the great
Footnote (80) Is on page 44'8. F ootnotes
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crucible with a plasma arc. This reduces the danger of shorting

between crucible segments through the metal in the crucible and

substantially reduces losses of heat from the crucible, but it

may result in oxygen contamination of the titanium. The crucible

may be bottomless, in which case it becomes a crystallizer from

which the ingot is drawn [322). Since there is no arc in this

furnace, vaporization of volatile impurities cannot interfere

with the melting process.

Patent describes a high-frequency furnace for melting of

consumable electrodes made from reaction mass. The bottom end of

the consumable electrode is introduced into the inductor of a

high-frequency (10 kHz) installation and melts in it. The drops

of metal strike a turntable, impingement on which converts them

into irregularly shaped granules, which are subsequently easily

pressed into a consumable electrode for conventional melting. A

neutral gas is passed through the melting space to carry away the

reducing-metal and chloride impurities released from the consum-

able electrode and carry them to a condenser.

(82)
It has been proposed that titanium be melted in a resis-

tance furnace with an ordinary copper crystallizer and a conical

grapite heater that develops teperatures up to 26000C (see Chap-

ter 20).

The above exposition indicates that two possibilities for

stepping up the refinement of reaction mass obtained by contin-

uous reduction are presently of greatest interest: heat treatment

of the reaction products for aggregation and passivation of the

titanium particles with subsequent leaching, or pressing of con-

sumable electrodes from the reaction mass and melting them in

specially designed furnaces. Methods for alloying of the titan-

ium to produce final alloys must be developed for the latter

method.

Prospects for the Development of Continuous Methods

The wide variety of these directions being taken by the de-

velopment of continuous titanium production processes indicates

the great amount of attention being devoted to this problem.

Footnotes (81) and (82) are on page 448.

FTD-HC-23-352-69
1140

. :, _tll , .



Despite the present slowdown in the titanium industry of to sodit

capitalist countries, reports on the development of continuous the most

titanium production processes and corresponding patents continue sodium:

to appear just as frequently as during the headlong development of vacut

of this industry. Until very recently, however, no reports were has a hJ

published on the development of an industrial continuous metal- a contir

lothermic process for titanium production. sists it

As we noted in Chapte'- 1, the firms Kennecott Copper and tent maj

Allied Chemical and Dye combined forces in 1956 to build a 7500- continu

tons-per-year sodiothermic plant at Wilmington, North Carolina; difficu

they proposed to use a continuous sodiothermic process at this it

plant. Construction work at this plant was suspended when the point,

American titanium industry began to stagnate. process

At about the same time, Reactive Metals began to build a existinm

sodiothermic plant at Ashtabula, Ohio, which was also supposed and at

to be based on a semicontinuous sodiothermic process. This plant it

was placed in operation et the end of 1959, and it was reported nologic

that it performed successfully and began to produce commercial pressur

metal. eous-ph

A two-stage continuous sodiothermic process was developed in pheres,
1956 at the US Bureau of Mines experimential station at Boulder of reac

City (323). trodes

Finally, a report published in 1966 stated that developmental In

work on a contit:.ous sodiothermic titanium production process had metallc

been completed at the Ashtabula plint. gested
no subs

The above reports were not accompanied 
by any details on the

the oas
flowcharts and equipment designs that had been adopted. Char-

acteristically, all of them refer to the development 
of a contin- the tit

- the ne
uous sodiothermic titanium production process.

the im,

It appears that the design of a continuous magnesiothermic should

process is a more difficult problem. Early in this chapter, we stantli

enumerated the advantages of sodium over magnesium as a contin- will r

uous-process reducer. However, the renorted industrial-scale lar, ro

realization of a continuous process for leaching magnesiothermic ciatiol

titanium sponge will make magnesium more competitive with respect neceas&

FTD-HC-2 3- 352-69 PTD-HC
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y of to sodium, since it will to a substantial degree offset one of

fnuous the most important and, as we have noted, peculiar advantages of

ontinue sodium: the possibility of leaching out the reaction mass instead

opment of vacuum-separating it. It should be noted that magnesium also

ts were has a highly important economic advantage as a reducing agent for

metal- a continuous titanium tetrachloride reduction process. It con-

sists in the fact that most titanium is now produced by intermit-

and tent magnesiothermic processes and conversion of these plants for

a 7500- continuous magnesiothermic production would present no particular

olina; difficulty.

this It is hardly necessary to point out that from this stand-

n the point, prospects for the introduction of a continuous sodiothermic

process are less favorable, since it could be used only at a few

Lld a existing sodiothermic plants whose flowcharts are intermittent

posed and at newly built plants.

is plant It is also necessary to note that magnesium also has tech-

ported nological advantages over sodium - a substantially lower vapor
rcialpressure, which makes it easier to eliminate the undesirable gas-

eous-phase reduction reactions, and stability in ordinary atmos-

loped in pheres, which is important for direct acquisition, in the reactor,

ulder of reaction-mass blocks that canlater be used as consumable elec-

trodes in smelting out titanium ingots.

lopmental In conclusion, a few words on the economics of continuous

ocess had metallothermic titanium production are in order. It has been sug-

6ested that introduction of a continuous process would introduce

is on the no substantial changes in the net cost of the titanium, since (in

Char- the case of the intermittent process), half the cost is that of
contin- the titanium tetrachloride, which will not change as a result of

the new technology [306). This conclusion is unjustified, since

the improvement of titanium tetrachloride production 
technology

thermic should reduce its representation in the cost of the titanium sub-

ter, we stantially; introduction of the continuous metallotheric process

contin- will result in substantially lower direct costs, and, in particu-

Eale lar, reduced specific capital investment and, consequently, depre-

othermic ciation writeoffs; labor costs will also be reduced. It is also

h respect necessary to remember that introduction of the continuous process
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should improve the yield of the higher, i.e., more expensive
grades of titanium.

We should stress once again that even substitution of con-
tinuous for intermittent leaching of the reaction mass would re-
sult in substantial savings.
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Chapter 18

GENERAL INFORMATION ON THERMAL DISSOCIATION OF HALIDES

We have noted that despite the substantial quality improve-

ment achieved in recent years, technical titanium produced by

metallothermic reduction of titanium tetrachloride contains a

number of impurities that have a strong influence on its proper-

ties. At the same time, it is known that highly pure metals often

exh~Itt new and highly valuable properties. Thus, inzerct at-

taches to improving the purity cf titanium in every possible way.

The purer metal required for vacuum engineering and special

applications, as well as for scientific research, is obtained by

refining technical titanium. The method that has been best de-

veloped for this purpose is thermal dissociation of titanium

halides, which yields titanium of increased purity in compact

tar form.

The essentials of the method are as follows: the crude metal

to be purified (technical titanium sponge or shavings) is treated

with a halogen to form a volatile halide, which then dissocia es

on an electric-current-heated surface, usually a wire ov ribbon of

titanium or a refractory metal 'tungsten, molybdenum). In this

process, the titanium present in the halide is deposited on the

incandescent wire, and the halogen that has been released is re-

cycled to form a new batch of halide, which is again decomposed on

the wire, on which the titanium bar is gradually grown.
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The following requirements must be taken into consideration the
in selecting the halogen most suitable for purification of titan- quir

iurm by this method [1, 2]: be h

a) the halogen must form a sufficiently volatile halide with The
the metal to be efined; rate

lower
b) this compound (the halide) must be formed at comparatively

low temperatures;
of el

c) the decomposition temperature of the halide must be below
the melting point of the metal being refined;

N d) the me~al being refined may not have a high vapor prez:u:,e

at the temperature at which it is deposited on the wire; these

e) the rate of decomposition of halide and deposition of the [5-91
metal on the glowing wire must be substantially higher than the

s ur' arate of its evaporation. so
Although all halogens form volatile compounds with titanium, ar and

its iodides are usually used in refining this metal by thermal
dissociation; as a result, the method has come to be known as the

iodide process. Iodine is preferred over the other halo.-.ens be-

cause, as we shall show below. it reacts most readily- with titan- netha

ium and at lower temperatures, and the iodides that are formed the t

dissociate praeticali eompletely un the incandescent sur ace t ie
(wire, ribbon, etc.) into titanium and iodine, even at :znpar3- Cle:.e
tively low temperatures (of the order of lloo-14OOoC), at wh!:. it po

the metal's vapor pressure is still moderate. in the o-ner nan:, purit

the decomposition tempeatur-e of titanium chloie and4 I rcmd therm
are substantially higher than those of the iodides, so that 1t be-
comes difficult to use these two halogens in this process r3, cent

pages 46-58]. The same applies to the fluorides, which are highl" purnt

toxic and, like the chlorides and bromides, less thermally stable
than the iodides of titanium. puri,

Reduction of titanium bromide by hydrogen on a glowing fila- tht g

ment was proposed by the firm Osram in 1915. Although bromine is the mf

substantially cheaper than iodine and no difficulty I5 z.ouWUFseszt d'u r-I t

in forming titanium tetrabromide from titanium carbide and bromine, of th4

tempe:

Footn
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tion the bromide method was not put to p:actical use. The method re-
titan- quires an extremely large hydrogen excess, and the hydrogen must

be highly purified to avoid contamination of the metal product. --

e with The bromide process is further complicated by the need to regene-
rate the bromine from hydrogen bromide and by the formation of
lower titanium bromides, with which bromine is los*.

atively The iodide method is applicable for purifica, n of a number

of elements - titanium, zirconium, hafnium, thor.' .i, vanadium,

belo:w niobium, tantalum, chromium, boron, silicon, and certain others -

[2]. The method was first proposed by Van Arkel and de Boer in
' ... " and was subieqtwi ly developed furrher in tne work of
these authors, as well as by Past and many other investigators

of the [5-9].(I ) The early papers recommended that the refractory metals,

the including titanium, be deposited onto an electric-current-heated
surface from their volatile halides in the presence of hydrogen
or some other gaseous reducing agent.(2 ) Reducing gases were later
abandoned, thus making it possible to eliminate the impurities

that tney introducec.
as the
be- Purifi~cation crude (te^h.. al,' titanium by the iodid

titan- nethod !. baoed :, the difference between the vapor pressures of
ned the titanium iodide that is formed and the iodides of the impuri-
ce ties present n the metal. Moreover, not A'I of the impurity

al'a- ele.ents pre.,ent in technical titanium form iodides. This makes

' hCh it possible to purify the titanium quite effectively of the im-
hand, purities that are nct bound into iodides or form nonvolatile or

cm eE thermaly unstable iodides (for example, owing to its low thermal
_ be- s'at'!'lty, titanium oxyiodide does not transfer to the incandes-

cent filament, and this makes it easier to remove the oxygen im-

h 1hly pu-ity from the titanium).

stable lodlnation is the decisive stage from the standpoint of
purifying titanium, since the volatile iodices are decomposed on

fila- the glowing wire in the second stage with formation of the bar of

ne is the metal, whose impurity content usually corresponds to the

untered purity of the titanium iodide vapor. This is because the iodides

bromine, of the prIncipal impurities present in the titanium decomposed at

temperatures below the optimum dissociation temperature of

Footnotes (1) and (2) are on page 484.

FTD-HC-23-352-69

468 ii
II

I ______________________________



5

titanium tetrdjodide (about 14000C) [10]. Below we present the
decomposition temperatures of the iodides of certain elements in

*c:

Chromium ....... 1100 Silicon.. . 1000

Copper ......... 900 Vanadium . . . . 1200

-Iron . . . . . . . 1100 Titanium . . . . 1400Nickel 1030
A deficiency of the iodide method is its low productivity.

This is basically why iodide titanium is several times more expen-

sive than the technical grade.

Reaction of Titanium with Iodine and Iodides

Iodine is a crystalline substance of orthorhombic structure

with lattice constants a0  .795 A, b = 7.255 A, and ao

9.780 1; it has a density of 4.94 g/cm3 (at 180 C). Its melting
and boiling points are 113.6 and 184.4 0C, respectively [2]. The
temperature curve of the pressure of iodine vapor abc-ve scl~d io-
dine can be represented by the equation (11)

line
3gp !~,~ .-.. 2,013gT+13.374." ,- diner

t -ir,

Gaseous iodine dissociates more soli

readily than do the -tner hlo- a vac

I V gens, and the heat effect of pe

'Vthe dissociation 1- 21 is examp
Qe

A cal/mole. Marked aisso- the p

clarion of iodine begins at metal

AN 0 41 & 4 1 # 6000 C under atnospheric pres- cooi
Pressure, mm H sure; It is 5.2% at 8001C, tures

Figure 86. Degree of dissocia- 1400 0 C. As the isotherms shown is co

tion of iodine as functions of in Fig. 86 [2) indicate, iodine
temperature and pressure.

E dissoci.tes substantially more the t
rapidly with decreasing pres- iodin

r sure. 0.4 m

400 0 C

~Footr
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expen- Time, min

Figure 87. Rate of trans- Figure 88. Influence of
port of titanium in the iodine vapor pressure pI
form of its tetraiodide mm Hg, on the transport 2

ture at 175 and 400°C. 1) 1750 C; rate of titanium in the
2) 10. iodizne vapor form of its tetraiodide. j
pressure 25 n., Hg; 1) 1) 4; 2) 2, 3) 5 (t-
rate of . ti-  -. t 2000 ; X - PK: A -in

The 2000 C.

Titani i: tetral.dlde, a hygroscopic reddish-brown crystal-

line substance - can be prepared by direct reaction between io-

dine and titinlum at 170-2000C or by disproportionation of lower I

titanlum iodides (121. Thus, TII2 and Til are formed by heating_

es more solid TiI to 3500C in a vacuum, while heating TII, to 1480
0C in

r halc- a vacuum produces Ti and TiI14 . The authors of other papers also

of prepatred titanium tetraiodide by disproportionation of TiI.V For

is example, Carpbell and Kessler patented an improved process for i

isso ... the production. of titanlum tetraiodide by the reaction between

at metallic titanium and iodine; according to the patent, continuous I
pres- cooling Is used to remove reaction heat and stabilize tempera-

tures in the reaction zone, and the condensing TiI 4 flows as a
liquid r-.... 1hou.,,wh the metal to be iodinated, ,,,,r.& it , and

shown is collected in a receiver, in which it freezes
(3 )

iodine R,_nals and Pidgeon [13J studied the rates of formation of
y more the tetraiodide and its transfer to the wire in the reaction of

pres- iodine with metallic titanium (powder with grain size around

0.4 mm). The transport rates of titanium tetraiodide at 175 and j
400 0 C and an iodine vapor pressure of 25 mm Hg are presented

Footnote (3) is on page 484.I

I
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graphIlcally 1n ig. -7, The dashed line indicates the rate of
Tii4 distillation at 2oocc. Figure 88 shows the influence of
Iodine Vapor pressure (in th* ran e fog, 1 to 100 mm Hg) on the
transport rate of titanium tetrajodide at 2000C.

We see from Figs. 87 and 88 that the rate of titanium tetra-
iodide formation is quite high and increases with increasing io-
dine pressure and temperature.

Titanium trilodide is a dark violet solid and can be pre-
pared by reacting *i, ''4+ rn , r .... ti00.. . .. " " I o r- ' -J ' 1 Ow i t h T ! a t 3 0 0 -340 0C, as well as under other conditions, which are described in
the literature [2].

Titanium dilodide is a dark brown solid, and was prepared by
Past (12) by the reaction of Ti with TI1. At 5500C, the TI1 2!2
was obtained in a mixture with TI. Heating this mixture to 7500 C
fozn-od a mixture of three compounds: the di-, tri-. and tetralo-
dides. Heating this mixture to 4400C caused disproportionation
of the Til 3 into Til and TI. and separati- o of the Tii4 from
the dliodide, which has a low vapor pressure at this temperaturer

TII 2 has also been prepared by reacting T1 with titanwu

under other temDerature, conditions 153.
Comparatively recently, Japanese Irvestigators [162 made

another detailed study of the conditions under which metallic
titanium reacts with iodine and the resulting titanium tetralo-

* dide reacts with the metal.

Contrary to earlier literature references to reactions be-
tween metallic titanium and iodine even at room temperature (171,
the authorz of this work established in a study of the iodine
vapur pressure variations over t1tan!,,m sponge at vaious tem-
peratures that the reaction begins to proceed vigorously with fcr-
mation of TI4 only at temperatures above 130"C. or

As indicated by the data in Table 39, T 1% has a redatively
low melting ppint (as low a: 1500 c). At these temperatures, the whichvapor pressure above solid TiI4 is negligible. The vapor pres- and C

aure above ,,4., according to th? Japanese authors, can be deter-
mined from the empirical formula
Footnote (4) is on page R478.
r'CV-HC-23-352-69
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te of TABLE 39
e of Certain Physicochemical Properties of Titanium Iodides

on the

m tetra- I'Iodide physicall -Alegg I WS I atiSt al/o e l/mole I intCing io- Tu stt "~

1302.": 1413] 4"j3 "S(0 i
pre- by e" 64S . 46.0 121 6

, 0 I--- to- - - IM 7 .J --

ibed in

pared by Heat of Beat of Reat of D iy

13A 1.1 1g

TiI fusion, Boling evaporation, a ublivation, Den3ity
2 kcal/ole point, Oc keal/mole keel/mole Sc 3

to 750o0Cac

-4.4 aO o 1.4121I 4.71 !.q
nation 8.412330 142 a -U. j.

leure .]

tanu:% h113 accordinV t. (20) and 92.2 a(cording to (23).
*262.2 according to [20) and 61.8 according to [2).
#3At 0.01 mm HS.

made *4~61 accirding to [2) and 47 according to [23).

urer

flP..--l i+c,

#537 therift []

.7e

nsern- 135 (2)digto[3

with for-
or

es, the which agrees well with the empirical formula proposed by Blocher
p and Campbell [18):

e deter-
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T1 1 2. is-- fome at anacp~- 
an 
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im

T112 is f~orm ed at an acepet*h}, ,., in .... 
aecino'.nd tria

wth tiecta11± bitanium at temperatures above U0OOC [15G. In thepresence of an excess of the tetralodide, tanuz thjdi e y
react with it (at temperatures of 3000C or lower) with formation The equ
of Tit 3 .  dsprop

It was established in [16] that in the presence of an excess 'Ire asof metallic titanium, the diiodide reacts with it to form the fcmonoicdide Ti1. Thus, there are four iodides in the tltanium-iodine system: Til4, Tiff, Til2, and Til, whose Interaction andmechanism of formation can be represented by the following equa-
tions:

6 +* 
for

~It is reported in (17] that TII 3 and TiI 2 begin to dLpro-
i portionate at temperatures above 350 nd 480oC, respectively, in
i accordance with the equations

T'j.+h + ',,a

There are ndiatons in the literature [15] that the later spacn ofreaction is the determining one f'r the titan um-iod .ne s s o tti apressures of 3-15 sun Hg and a filament temperature of' 150000, and the iso1vp... ... -, CothLarnt under s..e~,e 'ond~ions equaabS10 -  atm and hZ0  8.6 kca]/mole. However, In an experimental ium aod]=' test of the first of' these equations.. Japanese investigators u oi= showed that the dispr'oportionation reaction mechanism of' the di-
=_iodide should be repreented by the equation
Z ootnote (5) is on page le84e
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TJ2 (, 2TIJ, ) + TIJ4  , (12)

and that tie titan!um monoiodide that forms disproportionates, in

O" rI'i turn, according to the reaction

In the 4TlJ(,- 3TI, + T1P4 n,. (13)
Je may 'u1bin N .r.atio The equilbru TI as) pressures that correspond to the above

disproportionation reactions, and the theoretical AZ
°, AH, and AS

are as f'olo-ws 1[6:
n excess

the fcr Reaction (10):

i um-,._ --' log + 6,16, (4

n mad- (15)
equa- A' - 12,7. i-- o. r cal/2 soles .I3(

M,12,7. 10 c/2 moles I

AS-- I5,0 :l/(deg. 2 moles) TtU

for Reaction (12):

(6) Imsp. - -- -13+ ~(6r(17)
(7) AZ - 14.. 10- 1,4" call3mo le,

AM," 14,110101 cal!3 -les ,

(8 As - 15,4 cal/(deg. 3 moles)

0 for Reaction (13):

oot+ 1.0%(18)
,13pro- Ip~~(8A.r-48.9. 10-37. . ca/4 soles 1r3,.

AS.-37A call(deg. 4 molcs) TI.I

The above empirioal foiniulas permit approximati6n detei'mina- I

L (I) tion of the titanium tetralodlde vapor pressure in the reaction

latter .pace for va-jous emperature CowA4*4o--
, as will dt nhon below.

ystem at this vapor pressure has a decisive influence on productivity In

O°C, and the Iodide refinement of titanium.

1z 8.2 x Table 39 lists certain physicochemical parameters of titan-
imental ium iodides according to (2, 20-22).

the i
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Modifications of the Iodide Process range
was d

t As we indicated above, various reactions may take place, de-

-' pending on the conditions under which the technical titanium Is.. the 1

iodinated. Thus, when titanium reacts with iodine at 175-2000C, on th

the product is titanium tetralodide, which dissociates on the

hot wire by the reaction

tTIJ--T1+ 23. sQ) vesse

If the' titanium is iodinated at temperatures above 200
0 C, a 5500 C

secondary reaction begins to develop: that of titanium tetra

iodide with titanium, which forms the diiodide:

1UV +TI -- rlm . (21) cesa£f
crude

At temperatures between 200 and 450
0C, TiI 2 has low vapor respec

pressures, so that the rate of deposition of the metal on the ture
wire slows down considerably [17]. In the case of work at low

temperatures,- therefore, it iz necessary to watch temperature tions

conditions carefully in order to prevent formation of lower ti- Its hl

tanium iodides. At higher temperatures (around 5500C), on the diues

other hand, titanium diiodide is, as noted by Fast and other re-

searchers (17, 24], volatile enough to replace titanium tetra-

iodide as the bearer of the metal and deliver' a satisfactory r'ae whICr
iuI 1c

of deposition of the metal on the hot wire. ex.:-. -A

This relationship ,Kas uonflrred was ca

cov.ncngly by ?asrt [17], who studied ment 2

the influence of reaction-vessel ten- 1470 0C

perature on the rate of deposition o"r

0 " titanium on the wire. The rezultz of respec

*0 experiments conducted in a small Pyrex

flask (charge- 80 g of crude titanium T
&A 7 . -dide p

J. sponge, 25 g of iodinR; heating fila-( -- nerat ,J
ftxf- A -'- A. ment: tunisten. 40 em !on, and 40 ,um

-tptraur.,C in diLneaer; temperature 1300 0 C and greate

ti~iiiui_# *Cin i,-nter tefor exir8 toti- holding time 148 h) are represented) Figure 89. Rate of tt- l1.i
tanium deposition On graphically in Fig. 89. As we see from
wire as a finction of Fig. 89, titanium was not deposited on unstab
temperatur e in reac- the st
tion-vessel. the wire at 09C or in the temperature:._ the ho

FTD-HC-23-352-69 FTD-HC
475

Z1 ,



7: 77! -M

"no

range of rourjhlY 32O-4"7OC. In the former case 'at rVOC),, this

de-uet ti extremely low vapor pressure of T41~i and, conse-
on- th4~ewsdet h omto f iwihi o oa

is ~juer.tly, Its negligible concentration In the gaseous phase. In
QO ~ the latter casp C320-i47O0C), the failure of titanium to deposit

e25
tile enue-h In th!. temperature range. On the other hand, the
i-aximuh rete or Lieposition of the metal were noted at raction-
vessel temperatures of 150-2000C or in excess of 5000C (525-
5500 C) .

Thus, the thermal-dissociation process can be advanced sue-

(21)cessfully by lcw-ttrnperature or high-temperature lodination of
crude titanium, working at temperatures around 200 or above 5000C,

or respectively. Althouf-h either of these processes - low-tdmpera-
e ture r n!!:h-t'-irera'Vure - can be effected in apparatus of the
owedein thej differ in the mechanIam of' ;fe chemical rea-

- tions that take place, since the refined metal is trani0orte-dby
its higher iodide in the low-temperature process and by lower ic-

the dides in the high-temperature process.
r re-

Rolqten [21 performed extremely interesting experiments in

whicn. *ne compared the rates or deposition of titanium from titan-

ium lodides-of various valences under conditions that-pimaeticail_
excluded dt> p!oportionation of the lower iodidei. The. reactiLon -
waZ carried cut in -a quartz flsk with a tungst.n hqi*' iiaI tudied *ment 20.3 cm long and 0.178 im in diameter, which was heated.,-to.

te.. 1L6700C; the rates of metal deposition-on the wire-.from titanium -

~Jf O ~tetra-, tri-, and diiodide were 0'.012, 0-.0316, and .0.028 9/(cmti)

respectively.
Pyrey

anium Te high-temperature and low-temperature variants of the io-.

V ila- dide process yield somewhat different results. in the high-ten-

adgreater degree than in the low-temperature pr'ocess. This applies,
for example, to such an impurity as Iron, whioh is formed whenUte

F vol~tUC odide-Fe1 -reacs wIiodine. Ibis- iodidac-Ia-quitc- I
ee from 3 uswt
ted on unstable at temperature around 5000 C and, undergoing reduoticn .by 5
mature the starting titanium to the nonvolatile Piis tasoti~i

the hot wire to a much lesser degree. Transport and dpsto

FTD-HC-23-352-69
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Of Silicon, whose iodides are unstable at high temperatures: and element

_= also of certain other impurities. such as chromium, manganese, not vol

nickel, and phosphorus are also reduced in the high-temperature tilled
process £17, 25). This gives the high-temperature process a sub- Depende

.- ,l .nlng temperatures for iodide .method production of titanium, how- Ing met
ever, it is necess 1r to take account of the nature of the struc-= tion of
turla materials from which the apparatus is built (glass, quartz,
metal).

it
Titanium tetraiodide can be used instead of elementary 10- the ra

dine as the lodinating reagent in refining titanium by the iodide pecall

-method --26, 39-).
on whic

When iodine Is used, the operations of iodinating the titan-
W and he 1 A4 o n of the of

combined in the samt apparatus. This so-called "combined process" takes p

Is °the one used in most practical cases. However, when titanium Th

tetralodide is the iodinating agent, it is prepared in a special its iso
apparatus or in a separate part of the installation and only then [373.

introduced, without coming into contact with air, into the reac- ciation

tion vessel, in which the titanium is deposited on the glowing moiecu.

wire. Although its-equipment is more complex, this so-called wire to

" "separate" process using titanium tetraiodide has an important partiel
advantage over the "combined" process. In virtue of the lower strongi

actIvit 7 of this iodinating agent a6 compared with iodine, it per-P the hot

mits more thorough purification of the titanium-of impurities pre-

sent in .,e startinj metal, and also permits intermediate purifi-~adequat
cation of vhe titanium tetraiaide.

deposit
-As is noted in the literature [10,_391, many different the "ca

methods can, in principle, be used to purify the iodides of metals process
_... to-be refined when-the iodides arte-Prepaiedin &atparte- opeea- R

ition: filtration, crystallization from solutions, distillation, of Rupr- of depo
| sublimation, rectification,, fractional condensation, zone purifl-

i odine

cation, and certain other methods based on utilization of specific

properties of the impurity elements. Thus, titanium tetraiodide refined

Because
can be purified of aluminum, whose iodide All 3 has a boiling point Bese

I\ close to thet of TIljty taking advanvage of- the ability of this dides,

!-TD.Hc
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,res1 and ..eent to ro,.'n, on addition of KI, the compound KA11, which is

not volatile at dark red incandescence, while TiI4 is easily dis-Lerature tilled off at these temperatures [27).

ss P sub- Dependeiice of Iodide Refining on Process Conditions

specify- The conditions i'n(?-r which the iodine reacts with the start-

m, how- In- 7etal must, firs. of all, deliver an acceptable rate of forma-he struc- tion of the iodide, e.g., titanium tetraiodide, and the required

• quartz, concentration of Its vapor in the reaction vessel.

It is extremely important to create conditions suitable for
ary io- the transport of the new titanium tetraiodide molecules and es-

he iodide pecially for their diffusion near the glowing surface of the wire,

on which the reaction

he titan- T,-,, A" .

Pd process" takes place.

titanium The over-all heat effect of this reaction is 149 kcal, and

i special its isobaric-isothermal potential AZ29 8 - -148.8 kcal/(mole'deg)

only then [37). Since, as we see from the above equation, thermal disso-
ihe reac- ciatlon results in .formation of four iodine atoms from one TiI I

lowing molecule, an iodine partial pressure gradient develops from the

;alled wire toward the charge, making it difficult for the tetralodide

ortant particles to diffuse. Thus the progress of the iodide process is

lower strongly influenced by distance from the charge to be refined to

e, it per- the hot wire, in addition to the vapor pressure of the tetraiodide. I
ities pre- The temperature to which the wire is heated must provide an

-e purifi- adequate rate of thermal dissociation of the tetralodide with

deposition of titanium on the wlre and return of the Iodine

ent the "carrier" of new portions of the refined metal - back to the
of metals pn. .

e opera- Hunnals and Pidgeon E13) wade a detailed study of the rate

ilation, of deposition of metal in the iodide process as it depends on the

fe purifi- iodine vapor pressure, the relative positions 
ot' the metal to be

specific refined and the filament. and the temperature of the filament.
Because of the high chemical activity of iodine and titanium ie-

ling point
1y o this dides, they studied the reaction of titanium with iodine and the

-- TD-HC-23-352-69
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rate of metal transfer to the wire in glass apparatus, collecting

the iodide product in a condenser. The

The authors established that the rate of metal deposition In 5000 C), w
the iodide procesm depends strongly on the iodine vapor pressure titanium
in the reactior ,pace, which is determined at constant wire tern- As w
perature by the '.-moerature to which the reactor walls ai e hted.0 As we noted earlier, the vapor pressure of TI14 can be com- tion of tI L puted as a function of temperature by the empirical eouation (4). dide, it
which was submitted in [18). According to this equation, a titan- Various r,

lum tetraiodide vapor pressure of 0.5 mm Hg corresponds to 1000C titanium
and 5.75 mm Hg to 1750C. Justed (2

The influence of titanium At t
tetraiodide vapor pressure on the with tita

S-- rate of metal deposition is repre- reacts wil
sented graphically in Fig. 90, contains

the di- aafter the authors of [13).
ture of tio As the diagram shows, the

-LI Z rate of titanium deposition on the mediate c,
* $ * U' N N V £wire increases with increasingTc 4 Pressur, - TiI4 vapor pressure in the vessel The

Figure 90. Influence of from 2 to 15 mm Hg, to which re- sented by
titanium tetralodide pres- action.vessel temoeraturen of 146
sure on rate of metal dep-
osition (wire temperature and ?04 0 C, respectively, corre-
15000 C). spond. On a further rise in the

titanium tetraiodide capo' pressure,
the rate of its thermal dissociation on the surface of the incan- At ti
descent wire decreases (owing to the lower degree of dissociation below 110C
of TiI1 w en its vapor pressure rises), with the resulting daclnF shifted cc
in process productivity. Thus, even though the TiI4 vapor pres- peratures

sure rises when vessel temperature is increased above 2000 C (25 libria shl
mm Hg at 2210C and 35 mm Hg at 2330 C), the rate of deposition of accompania

imetal on the wirv declines and the process comes to a virtual tanium and
halt. This resulto from the higher rate of formation of titanium dine.
dilodide, which may react with the tetraiodide to form the invola-
tile titanium triiodide [3): Wire

study its
FT D-HC-2 3- 352-69 F'rD-HC- 23-
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ilecting TIJ.+TUs Ma. (23)

The iodide process resumes only at higher temperatures (above

Ltion 5000C), when the dilodide has become volatile enough to replace

titanium tetralodide as the bearer of the metal.
essure

e ten- As we have noted, wire temperature strongly Influences the

heated. course taken by Iodide refining. In order to control contamina-

e co-tion of the rod obtained by thermal dissociation of titanium io-

!on (4). dide, it is desirable tu ,_e a -irc=adz frori i same metal.

titan- Various reactions with titanium iodides may take place on the

S1000 C  titanium wire, depending on the temperature to which it is ad-

Justed (29).

ium At temperatures below 11000C, a titanium wire reacts rapidly

on the with titanium tetralodide to form the dilodide, which, in turn,

repre- ?reacts with TiI 4 and is converted to TiI 3 . The reaction vessel

90 contains a mixture of Til2 and TiI 3 in which the proportions of

the di- and trilodides depend on temperature. When the tempera-

ture of the titanium wire exceeds 1100
0 C, the titanium tetralodide

the decompase2 into titanium and iodine without formation of inter-

on the mediate compounds.

£ng
essel These reactions can be repre-

e- sented by the equations "

f 146 TU. T1 +Z 24t-

re-~ (24)li
the it
ressure, oI+rJ !..

incan- At titanium-wire temperatures -'

iation below 1100*C, the equilibria are u 0 m y - W -MW

declinc shifted counterclockwise; at tem- w e C

pres- peratures above 1100C, the equi- Figure 91. Influence of

(25 libria shift clockwise, a process wire temperature on rate

on of accompanied by deposition of ti- of titanium deposition

al tanium and evolution of free io- (TiI4 pressure 6 mm HS).

tanium dine.

invola- wire temperature was varied from 1100 to 1550°C in (13) to

study its influence on metal deposition rate. The tetralodido

T 3-HC-23-152.-69
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E

T pressure was neld constant in all experiments at 6 mm Hz (for iodine yap

which purpose the vessel was heated to 175 0 C) As ing. - vessel, si

dicates, the titanium deposition rate increases as wire tempera- metal over

ture is raised from 1100 to 15O00C. On n r,,rthor 1n"'ane 4n titanium P

wire temperature (from 1500 to 15500 C), there was no increase in because of

metal deposition rate. This is explained by the fact that the -o p*
&0 influence of the metal's volatility is perceptible at 15000 C and monitor wi

higher temperatures [in a vacuum at 15000C, titanium evaporate- glass appa
2.at a rate or 12.6 mg/(cm h)] (30). pyrcrc,tur

In view of the danger of melting of a nonuniformly heated the rays b

wire and the results of Runnals and Pidgeon, which indicate that a a

the rate of deposition of the metal on the wire from the tetra- set forth

iodide is independent of temperature when the wire is heated above excezsiv..

B I 1 0 -1 00 " .. - . , e ule of the tet alod de di sou iates .. .... a

completely on contact with the wire), an effort is made to pre- tanium may

vent wire temperature from exceeding 1000C. Since the stability se is bei

of titanium diiodide does not differ appreciably 'trom that of the wire t

titanium tetralodide at high temperatures, it may be assumed that

the wire temperature needed to ensure full dissociation of the

diiodide will be close to that required to dissociate the tetra-

iodide.

The form in which titanium is deposited on the wire also de-

pends on its temperature [17). Metal produced at low temperaturec

has a coarse, rough surface consiLting of dendritic crystalline

Iformations. Rods produced at high temperatures have smooth sur-

faces and consist of large crystals with sharply bounded crystal-

line planes.

It was confirmed experimentally in (13) that the rate of

metal deposition in the iodide process is highly sensitive to the

geometrical parameters of the system and primarily to the relative

positions of the metal to be refined and the filament. Process

rate depends on the speeds with which the titanium iodide is moved

to the filament and the elementary iodine is removed from it.

BHence the distance between the hot wire and the original titanium

Fmust be as short as is permitted by design cunzider&atonr. At

the same time, the design of the apparatus must create uniform

FTD-HC-23-352-69 FTD-HC-2 3-
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(^oriodine vapor cnncer:trAtr hrhou the volume of ,he e.

i in- vessel, since this is necessary for uniform deposition of the

empera- metal over the length of the wire. Nonuniform deposition cf theI .titanium prodtca local hot spots, wid Lhe bar melts througn

ease in because of electrical-resistance variations over its length.

t the To prevent the bar from burning through, i' is necessary to |

OOC and monitor wire (,ear) temperature closely. When the work is done in

oratez- ;iass apparatus. temperatures can be measured wih a p ^tical

pyrome~ter (introducing appropriate corrections for absorption of

eated the rays by the gaseous atmosphere and the reaction-vessel glass);

te that me:tili.c apparatus requires special techniques, which will be

tetra- set forth below. Neither excessively high (over 1300-1500
0 C) nor

ted above exc'sively low wire temperatures may be permitted in the iodide
Krefining of titanium, since in "the latter case the deposited ti-

o pre- tanium may interact with the tetralodide (when the reaction ves-

tability sel is being operated at low temperature), and this also causes

t of the wire to burn through.

med that

f the
tetra-

also de-
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alline
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crystal-[ ofI
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Footnotes

Manu-
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No.

469 See also patent (USA), No. 1,671,213, 1928.

469 2Patents (USA), No. 553,296, 1896; No. 1,019,394, 1912. Mariu-

471 3Patent (USA), No. 3,062,615, 1962. Page

472 4See also patent (USA), No. 2,670,270, 195.4.

474 5For the titanium diiodide disproportionation equation 470

(11). .. hc was proposed by Past and oth.er Investiga-
+-rp, L5, 17', the free energy of the reaction Is de- 173
termined, according to Herczog and Pidgeon [19], by the 4711
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Ivane^
TECHNOLOGY OF THE PROCESS the w1

level

Iodide Refining in Glass or Quartz Apparatus flask

As we noted above, crude titanium can be refined by the io- of the

dide method in either a "combined" or a "separate" process. Both nace h

are discussed ir. the literature as conducted in glass or quartz diamet

apparatus and both will be examined below to illustrate the prc- the la

duction-equipment side of the iodide titanium production procps.. 41th n

Graphic Not Reproducible The apparatus used in (25) to ore- is pro
ap ~regula

pare the metal by the "combined" meth,.d

- is illustrated in Fig. 92 and repre-

; sented schematically in Fig. 93. lowing

Vacuum flask 11, which is 190 mm
in diameter and about 890 mm high, is wall o

fitted at the top with a neck 4 mm in screen

diameter, terminating in a .!used-on ii

electrode head 7 with four sealed-in head w

tungsten electrodes and lead-ins 6, 8, into t

and 9, which do not react with iodine, the bo

Tungsten filament 10, which is 0.07 mm quartz
Figure 92. Reaction
apparatus for produe- in diameter, is attached to the elec- ::,,,.to
tion of iodide titan- trodes; the author6 used two filament- a vacu
ium. a) Electrode
head and flask; b) ar-y "pins," each 610 mm long. Perfo- tightr
perforated molybdenum rated molybdenum shield 12 (the vacuuM
shield.

P'TD-HC-23-352-69 FTD-HC
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rrdle") waF placed inside the flask to

the crude titanium charge.

The reaction flask was heated by a

furnace with a nichrome winding. The

furnace heats and outgases the metal to kcro de ed

bo refined and maintains suitable tem-

perature conditions in the flask during

the initial stage of the process, when

the power-supplied to the heater fila-

ment is low. However, as the process ad-

vances and the electric power supplied to F
Figure 93. Schematic

the wire rises, it may come to exceed the drawing of reaction

level necessary to maintain reaction- flask used to produce

flask temperature. This requires cooling iodide titanium.

10- of the flask, for which purpose the fur-

Both nace has a copper coil 6 mm in diameter with a row of 0.8-mm-

tz diameter holes that provide for air cooling of the flask during

r-- the last stages of the process. A vacuum is set up in the system
-.iti mechanical fcrevacuum and oil diffusion pumps. The apparatus

is provided with electrical equipment and instruments that permit

-eultlto n of the current supply from 0.5 to 300 A.

The authors of [25] produced the purified metal by the fol-

lowing procedure.

Tne crude metal is placed in the annular space between the

Is wall of the glass vessel (flask) and the perforated molybdenum

In screen; a full load of titanium ('- the form of fragnents ranging

in size from 6 to 13 mm) weighs about 5 kg. Then the electrode

n head with the tungsten filament suspended from it is inserted

., into the flask and sealed in position; to position it properly at

in,. the bottom of the flask (Fig. 93), the filament is connected via

mm quartz insulators 14 to special tungsten weight 15. The suspended
I

c- ~system is secured to molybdenumn platform 13. To teasL the joints,

- a vacuum is set up in the flask and it is checked for vacuum-

ro- tightness. Then, as is shown in Fig. 93, the flask is sealed to

vacuum system 3 and the production process is carried out in the

FTD-HC-? 3- 352-69 I



assembled unit.

Graph.. Not .Rerod c bl The entire system is evacuated

and the flask is heated to 5250C, at
which temperature it is held for 4
hours. After heating and outgint ng
of the metal, the flask is cooled

{to room temperature and hellium 1-sadmitted to it through the liquid- F'

air trap 5. Then 100-300 g of iodine ti
*i is introduced through neck I of re-

celver A into flask 4, with simul- dlaman

taneous back-flushing with helium. These

The end open for the Iodine is sealed result

off at point 2, the iodine is cooled, decrea

flg e 9 . Titaium and a vacuum of the order of 10 -

tpi produced on ther- mm Hg is set up in the system, at the oh
mol dissoiation of the which point the receiver with the effect
i ,iodine is disconnected from the certai

vacuum system by sealing the tube at point B. The iodine is then which

distilled over into the reaction flask with gentle warminC., and F
the tube is resealed at point 0. During iodide refining of the

titanium, the reaction flask is heated in an electric furnace thtane~titnni
throughout the remainder of the process to 175-200 or 500-5501C,~flasic
depending sn whether the process is to be run at low or high tem- I.= optimu

perature. Filament temperature, which can be regulated by vary-

ing the amperage of the current passed through it, is held in the~system
1300-14000 C range. At a final filament current of 250 A, the~pumps
rods obtained are about 8.5 mn in diameter. Figure 94 shows a
typical titanium "pin." vmpor

E Hg.
The process carried out in this unit yields two "pins" of simult1 the metal with a total weight of 600 9; the cycle takes about 30 authori

hours at a reaction-flask temperature of 175°C. This study re- actly

ports that iodide refining of 98.6% titanium increases the content

of the principal element to 99.8-99.9%. Titanium prepared by the~in a qi
;5 iodide method is highly plastic. For example, it is reported [40w2 jwire h i

that the ultimate strength of this metal is about 21 kgf/mm2 at a

FTD-HC-23-352-69 FTD-HC-
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Figure 95 vdagramn of I
apparatus for iodina- L
tion of titanium. "-

Figure 96. Diagram of
diamond-pyramid hardness of 60. installation for thermal

These high plastic properties dissociation of titanium
tetraiodide.

result chiefly from the sharp

decrease in the metal's content of hardening impurities, and gases

in particular - oxygen and nitrogen. However, as is evident from

the chemical analyses to be given below, the method is rather in-

effective in the removal of iron, alualnum, silicon, carbon, and

certain other Impurities that form volatile iodides, some of

which are transferred into the final metal.

Figure 95 shows a diagram of the apparatus used in (39) for

the separate version of the process. For iodination, the starting

titanium was placed in quartz reaction flask 1, and the iodine in I
flask 2 and heated hy furnaces 4 and 5, respectively. In the

optimum process that was established, the iodine was heated to 80-

110 0 C and the titanium to 230?C; .the residual pressure in the

system, which was evacuated with mechanical vacuum and diffusion

pumps 6 and 10 (which were protected from iodine and tetralodide
vapor by liquid-nitrogen traps 7 and 8), was around 3-4,10-

3

mm Hg. The titanium tetraiodide formed in reaction flask 1 was

simultaneously distilled and collected in receivers 3 and 9. The

authors of (.39 report that their product corresponded almost ex-
actly to the theoretical comosition of titanium tetralodide.

The titanium tetraiodide was thermally dissociated (Fig. 96)

in a quartz reactor 1 on molybdenum or titanium wire 2 after the
wire had been heated by electric current to 1400-1500*C; the wire

FTD-HC-2 3-352-69
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,olybdenum-glass head 5. The current In the wire was measured of glass
with ammeter 13, and beating of the wire was monitored with an can be b

optical pyrometer. The system was evacuated by mechanical and packin -s

diffusion-type vacuum pumps 8 and 9, which were protected from materia"s!

vaporized dissociation products by condenser 7 and lquid-nitro- Hw
gn traps 0 and 1. of titan '

Before the process was started, the system was thoroughly was rend(

outgassed, after which flask 3 with the TiI4 was sealed to the materiaL
apparatus; on heating of this flas; by furnace 12 to temperatures Vapors a!

i near the melting point of T1I4, the latter evaporated and entered ri°ah • art

reactor 1. The prmocess was Initiated and .ionducted at a residual thp proem.
~~~pressure <1 • 10"- mat Hg, which was mesured by vacuum gauge . .... V
SThe authors of the study report that the final metal has antoheu

impurity content on the level of ordinary iodide titanium and, in as offer

some cases, considerably below that lvvel. of appara

formati on
Acordng to the technical specifiecations of the American suitable

Society for Testing of Materials- 121], tb~e Impurity contents Inasetf
Siodide titanium may not exceed MS: 0.02 Fe, 0.02 31, 0.03 A!,abetf

inin atr
0.04 l, 0.03 C, 0.01 N21 0.01 02, and 0.01 other impuritles, teperiatu

According to [2j, the Impurity contents in iodide titanium oll tests

Swore actually (%): 0.01 Re; 0,00! Si, 0.0c5 Al, <0.01 Mrn, <001;, these tv,
<0.0.1 Sn, 0.005 Cu, 0.01 Zr, <0.002 Cr, <0.005 Mo, <0.01 Mi, cm/day::

<O.O0J5 b, 0.005 Y~g, 0.006 N21 0.005 H2, '0.01 02.

Iodide Refining in Netalli€ Apparatus Plat

~~Use of glass apparatus similar to that described above is not Tn

isuitable for large-scale production (as a convention, we shall re- 3cld

~~~for to *industrial" production) of the metal by the iodide proc-Mlv
ess. Such equip*ent is Incapable of producing substantial amounts Tant
of refined metal in each production cycle, since the heavy cur- at

rents required to produce large-i ameter bare cannot be passed Hat,

through the bars in glass reactors owing to the strong thermal Incor

radiation. Glass equipment is further unsuited for use under in- Ni ckt

dustrial conditions because of its brittleness, sensitivity to Stair

thermal shock, and unfitness for service at high temperatures. Footnote

ITD-HC-23- 352-69 FTD-HC-23-
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d These aefleiencies can be eliminated by using metal instead

of glass equipmerst. Unlike glass apparatus, these installations

can be built on a larger scale without permanent Joints, since

packings made from appropriate metallic or thermostable polymer

materials or vacuum rubber can be used.

However, the use of metallic apparatus for the preparation

of titanium and other high-melting metals by the iodide process

was rendered extremely difficult by the restricted choice of

materials resistant to the aggressive action of iodine and iodide

vapors at elevated temperatures. All ordinary structural mate-

ril.- are unsuitable for this purpose, since they corrode under

al the process conditions and contaminate the metal product. Al-

though Van Arkel and de Boer made reference in their 1928 patent(l)

to the utility of chrome steel for this purpose, the literature

of apparatus made from this material in the iodide process. in-

formation on materials whose anticorrosion properties render them

suitable for the fabrication of iodide-process equipment was long

absent from the literature. Various metals and alloys were tested

in an atmosphere of' iodine vapor at a pressure of 400 mm Hg and

temperutures of 300 and 4500 C E31. Below we present the results

of tests to determine the corrosion rates of various materials at

thene temeratures In an iodine-vapor atmosphere, in units of .0- 6

cm/d ay:

3000C 450 0 C

Platinum 0 1.5

not
Oold 0 6.5

re - Mclybdenum 0.9 9.0

Tantalum 1.2 241
Hastelloy B *0 12.1 127

Hastelloy C** 15.5 -

Inconel 29.2 1i8

n- Nickel 75.2 332

Stainl'ss steel 310 - 487

Stainless steel 316 - 563

Footnote (1) is on pase 507.

FTD-HC-23-352-69
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300 0 C 450 0 C
Stainless steel 347 - 569

Monel metal 154.0 713
Silver Reacts completely
5Nickel-molybdenum-based alloys (32]. Composition of

Hastelloy B, in %: 60-65 Ni, 25-35 Mo, 5 Fe, 0-0.5 Mn.

Composition of Hastelloy C. in %: 50-58 Na, 16-8 Mo,
4-5.7 Fe, 15.5-17.5 Cr, 1 Mn, 1 Si, 3.75-4.75 W.

On the basis of the completed corrosion tests, Hastelloy B and
Inconel were recommended In (31] as structural materials for the

fabrication of iodide-process reaction equipment. Molytdenun 's
recommended for various internal components of the apparatus that

are subject to unusually severe corrosion conditions.

Other investigators (33] tested the corrosion stability of

nickel and nickel-based alloys under the conditions of the real
iodide process (at a temperature of the order of 350 0C). These

st ,ies indicated chat among the materials tested, alloy Kh2NOW,
which contains 20% Cr and 80% Ni, wav found to be comparatively

more stable. The authors report that when iodide titani ,m war

prepared in a laboratory reactor made from this alloy, corrosicn
resistance was quite satisfactory, and this enabled them to

specify nichrome as a structural material for a seniindustrial

unit. It was established as a result of laboratory tests on a

number of packing materials - vacuum rubber, pure aluminum, Tef-

lon (Ftoroplast), annealed copper, and then nickel-plated wire-

that the first two materials are t and vacuum ubber,
cooled by water supplied through grooves in the reactor flange,

was selected for the afmiindustrial apparatus.

Until quite recently, the literature offered practically no F

data on the preparation of iodide titanium in metallic apparatus ductio

[33. However, some data were published on the use of such appa- 
ts.4

ratus for the prepasation of iodide zirconium (31), and they were cover,

received with Just as much interest for their bearing on iodide stabil

titanium and put to use by researchers engaged in work on the B and

production of the latter metal. screen

positi

PTD-HC-23- 352-69 F9D-HC
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Figure j7. Metallic apparatus for the iodide
process. 1) Hard-vacuum pump; 2) freeze-out
unit; 3) valve; 4) copper electrode; 5) thermo-
couple; 6) tank with temperature-stabilized
liquid; 7) cooling coil; 8) molybdenum shield;

Te!- 9) zirconium tetraiodide bottle; 10) molybdenum
re -electrode pole piece; 11) ribbon-type heaters;

12) circulation tube; 13) unit made from

I. ~~~ceramic liner a; s tir wtcase 7packing ring; 18) zirconium wire for attach-

ment of bottle; 19) liquid level.

y no Figure 97 shows an experimental unit by Westinghouse for pro-

atus duction of iodide zirconium. A distinctive design feature of
ppa- this apparatus is that the entire reaction flask, including the
were cover, is immersed in a liquid constant-temperature bath to
ide stabilize its temperature. The apparatus is made from Hastelloy

B and is 305 mm in diameter and 1220 mm high. The molybdenum
screen that separates the sponge space is 267 mm in diameter and

positioned concentrically in the reactor.

FTD-HC-23-352-69
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The 25.4-mm-diameter electrodes consist of two sections. The suspende

lower section, which is subject to exposure to iodine and iodide The

vapor, is made of molybdenum, while the upper section, ,ahich is process

attached to it and extends through the cover of the unit, is made In

from copper. Water-cooling passages are drilled axially through it advan

the copper parts of the electrodes. The cloctrodes are inulated a factor

from the cover of the apparatus by nonporous ceramic bushingFs tion of

(made from aluminum oxide or zirconium dioxide). The cover pack- drawing

Ing is of gold (wire 0.89 mm in diameter). The authors of the bath to
design justify the use of this packing material by the high corro- ternal h
*Ion stabilitY of gold, which iS fully retained even after remelt- shell su

ing and drawing of wire suitable for reuse. Thus, they find the and 1.7
use Of vold = a pack-ing material economically expedient in spite 152 m I
aO It' high Vost. and susp

It is especially difficult to dealen vaitte for icdidc cquip- unit-s c

r ment. Conventional packed valves are unsuitable under the condi- gold pac

tions of the iodide process. The same applies to unpacked bel- to that

lows-type vacuum valves, which are unsuitable because of the cor- about 0.4
rosion and cracking caubwd by condensation of the solid on the In a cycl

turns of the bellows. Diaphragm-type valves 2re of litt:3 help, 75 kW).

since the clearance between the seat and plunger Is too small in cycle out

the open position In valves of suitable size, and this provents per unit

quick pumping of the apparatus [31). of cooled

As we see from Fig. 97, the valve used in this unit is of modifying

special design and incorporates a stationary water-cooled rod The

with a packing ring. The plunger is carefully polished and bears larger ba

against an acute-anxle taier machined out of the valve casing. pation sw

As we noted above, corrosion tests run on various metallic Unti:

materials established that, in addition to Hastelloy B, the alloy on the pm

Inconel is also suitable for building such equipment. The firm Gone

Foote Mineral manufactures apparatus made from this material for titanium

industrial production of iodide zirconium. The firm has installed for this

a large number of Inconel units 229 mm in diameter and 610 mm high produce t

in one of its shops; they produce 2.7 kg of metal per cycle (32 610 mm 1on
hours) [34]. Two series-connected heaters in the form of pins 750 g. Th
2.5 mm in diameter with a single-arm length of 483 mm are

PTD-HC-23-352-69 FTD-HC-2 3
h'n

I



. . . . - . .

iri

Thme suspended in the head of each unit.
ide The units are held at temperature (about 3401C) during the
I process by means of small salt baths with automatic air cooling.

made In contrast to Foote Mineral, the firm Westinghouse considers

ugh it aivantageous to u:C Cquipinrent with subuantiaily nigher (by
ated a factor of 10 to 20) per-cycle productivity in industrial produc-

tion of iodide zirconium. Figure 98 shows a schematic sectional
ack- drawing of this unit. It is also thermostated by means of a salt

ie bath to maintain process temperature. The bath is hated by in-

ro- ternal heater*, and heat is withdrawn by water inJe,.ted into a

melt- shell surrounding the bath. The apparatus is 61 cm in diameter

the and 1.7 m high and uses an initial heater 2,4 mt In diameter and
Lnite 15.2 m long. This heater is bent to form a series of six "pins"

and suspended vertically between two round plates secured to the

Equip- unit's cover. The cover and case of the unit are sealed with a

Dndi- gold packing 0.9 mm in diameter. The electrode design is similar

1- to that described earlier. At an average metal deposition rate of

co-_ about 0.4 kg/hour, the unit delivers 53 kg of refined zirconium

e in a cycle (in which the power dissipated by the bar rangt

lp, 75 kW). Modernization of the Westinghouse unit raised Its per-

Jn cycle output and more than doubled the rate of --tal doposition
per unit hoater length [31). It was improved by placing a layer

of cooled sponge inside the cylinder formed by the heaters and

modifying the salt baths to provide appropriate cooling (Fig. 99).

The modernized unit was capable of growing substantially

ear larger bars of the metal as a result of the increased heat-dissi-

pation surface obtained by introduction of a central cooling pipe.

1c Until very recently, very little information was published
lloy on the production of Iodide titanium In metallic 3quipment.

rm Oonser published a report [35J on the preparation of iodide
fr titanium in laboratory-scale metallic apparatus. The unit used
alled for this purpose was 114 min in diameter and 762 -n long and could
high produce titanium bars of satisfactory quality in the form of rods

(32 610 mm long, up to 16 mm in diameter, and weighing from 700 to

750 g. The cycle time in his experiments ranged from 30 to 18

PTD-HC-23-352-69
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Figure 99. Modernized a CYL Westinghouse metal ap-
.- .aratus (schematic etional drawing). 1) Cir-Fgr98Wetn-culation tube; 2) elec- cahouse metal equipment. trcmtrfrcirnula- h1) iodine; 2) iodine tion Pump, 3) inlternal is P!tank valve; 3) el~ec- cooling tube; 4) central

• oof

trodes; 4e) main vacuum layer of sponge; 5) multi.valve; 5) safety valve; lp heate 6 ) vapri% •- , -- h.ter ;.
6) 1&auteiloY Support 1) main circulation pu-r,; a no

spoge 8)emlybenugh)val e 0 metl a- e.

shield; 9) water noz-ht

zles; 10)ig) iniia zir- wound

conou e wi e 11b 
oooleIe jcintei; 1 ) e- hours. Electric Poer con-1 tank 13)v ceramic aubpo n u d 9) e aout

insulators; 14) vapor l a s o u g o ) mu t ,nexit; 15) condensate per kilogram of metal...h-.u

support plate; 17) In submitting the resultsmolybdent heat shield; of his roduction)engnetrod Iton
18) fused-salt drain; ic19) weight; 20) guides; experiments, the author unfor-down; 22) draft circula- 

ution pipe; 23) flexible on the material of which theAoint 12) Has Salt. reaction apparatus was built.
2 t e r m c o u l e l e e .;L a t e r r e p o r t s 3 6 ) m a d e I n g I s

reference to the routine indus- discotrial-scale production of iodide titanium in Metallic equipment in It

insulat rs; I vapit~o 
u

the USA. The units were said to have a per-cycle output of 15 kg,in the form of titanium bars about 30 mm in diameter. However,
FTD-HC-23-352)6
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no information is given on the structural materials used to build

the equipment.

Later publications gave rather

detallecd .nformatior on the design and

p'roce3s conditions of all-metal indus- P

trial-type apparatus for the produc-

t'czn of iodide titanium with a design

d:eo output of 24 kg, or 10 kg of

ntt1t per day [33. 371. ~~-

The reactor, a schematic drawing

:10 a.hc.'ppears In Fig. 100 (37), is
a cylindrical vessel made from Kh20N80

a!1:, haos a flush cover, and in de-

Sfz r woY'K in a vacuum. The

.'c- charge to L-e refined (crude titanium)
La-

is placed in the space trmed between

ral te reactcr 'nner alls and a cylinder Figure 100. Industrial-lult i- i0 nutil
li- of~ ir. lybdenunr screening stretched on type matxlli' unit4 for

unrp; a molybdenum-rod framework. The - production of iodide ti-

e-nI . filament 3-4 mm thick) Is 
I

wound on a special fixture with tungsten-wire tensioners secured

In :;teatlte insulators. The totan design length of filament is
on- about 11 ,eters. A vacuum-rubber gasket cooled by water flowing
kW'h through a e;roove is used to seal the cover to the unit.

Tne :anount of iodine required for the process is introduced

!Sults into the unit in a sealed glass ampule, which is placed in a de-

erinp vice inndde its cover (the ampule holder). After assembly, the

unfor- gasses are pumped out of the unit and the charge of crude titan-

ation ium by series-connected rorevacuum (VN-l) and oil-diffusion (N-5)
the pumps and the retort is heated. When a residual prnmaare of the

uilt. order of 10"-4_10 "5 mm HS has been reached in the apparatus, pump-

made ing is stopped, the vacuum slidegate is closed, the reactor is

indus- disconnected from the vacuum system, and the iodine is released

ment in into the reactor, which is now at 200C. This is done by invest-

15 kg, ing the ampule-holder cylnder in a heating coil and simultaneous-

ver, ly removing the sealoff from the ampule (by overheating it with

PTD-HC-23-352-69
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electric current or breaking it off with a special prod). After titani

admission of iodine into the reactor, a certain amount of time is system

allowed for formation of the necessary amount of titanium tetra- die

iodide, current is awitched into the wire, and the process cf de-

positing the iodide titanium is started. An air-washed constant- power

temperature bath was tested for removal of heat from the reactor

walls. However, it was found impossible to establish uniform tem-

perature on the surface of the reactor and vary it in accordance

with the intended schedule by regulating the stream of air fed of the

into the thermostat tubing. The unit was sucbsequently thermo- tar, a

stated with boiling dater, since the same authors had estab 1.s.ed

in laboratory experiments that iodide titanium is deposited at an bar's
acceptable rate even when the reactor walls are at 1000C. This bar'sbar's
thermost.atn. Principle ensuie uniform temperature over the en-

tire surface of the reactur, is easily capable of removing the

heat liberated in the process, and stabilizes the process by mini-

mizing the rate of diiodide formation. The steam formed ae a re-

suit of heat offtake was diverted to a boiler condenser, from amount

which the condensate was returned to the thermostat tank. amounezittan

The electrical equipment of the insta1laItin . " : "iale of the tit

delivering currents up to 2000 A into the wire with smooth regula- are 19.
tion of the voltage from 220 to 20 V.

As we noted above, when the iodide process i carried out in tion, w

metallic apparatus and (in contrast to glass apparatus) it is im- current

possible to monitor heating of the wire visually, holding the wire mension

at constant temperature becomes a rather complex task, since its we t

diameter increases progressively and its resistance drops as ti- which i

tanium builds up. held co

To ensure constancy of wire temperature, it is necessary to

regulate the voltage and current as functions of its diameter. where i

Since the T 1 1 vapor pressure in the reactor remains constant
during the process, and the heat losses from the wire through the ae ay
electrodes are insignificant, it can be assumed that practically ages and

all of the electric power supplied is used to compensate 
for the grown-ba

loss of the heat radiated from the wire (bar) surface. 
As the the I =

ampere c

ITD-HC-23-352- 6 9 FTD-HC-2
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After titanium &rov:s, the power supplied to the bar must be increased

ime is systematically to cover the heat losses, which increase as bar

etra- dia:meter increases. Thus, the electric power being supplied toI.f de- u*.e bar at any given part in the process must be equal to the

stant- power W radiated by its incandescent surface:

acto- W - WS .- 'R - Es (25)

rm ten-

dance uh-re w is the emittance of the titanium, S is the surface area

fed of the bar, I and E are the current and voltage applied to the

so- tar, and R is the resistance of the bar.
ii shedat an uSutstltuting values of S and R, expressed in terms of the
This bar's diameter and length, into this equation together with the
e en- bar's resistivity p, we obtaine en-

t h e W IN - 't o P ' ( 2 6 )
y mini- .--

4
a re-

om Thus, in order to determine the heat losses and, consequently, the

amount of electric power to be supplied, we need to know only the

e:.Aittance and resistivity of titanium at the temperature to which
e o. -he titanium tar Is heated. Thus, for example, these parameters

regula- are 19.55 W/cm 2 and 227 A.mm2/m.10 "6 at 1300*C [33, 373.

Rearranjing the last equa-
out in tion, which links the voltage and X

is in- current with the geometrical di- V
heitire mensions of the incandescent bar,

we obtain the condition under
s ti- which Its temperature will be P

held constant (31, 33, 37):
ry to (27) A k

where K is a constant. Current, A

onstant

gh the Having determined the volt- Figure 101. Volt-ampere char-
acteristics of titanium depo-

ically ages and currents for various sition at various filament
r the grown-bar diameters and plotted (bar) temperatures, con-

the 1- f(E) curve (the volt- strueted from experimentally
the obtained data.

ampere characteristic of the
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process), we car regulate the temperature in the hermetically Prospe

sealed metallic apparatus in accordance with this curve.

Volt-ampere characteristics plot- parati

i -"ted by the authors of (37) for var- the hi

ious titanium-deposition temperatures power

(1250-J3500 C) appear in Rig. 101. The interm

electrical parameters of the iodide- I

titanium production process were regu- ly if

laed automatically with a special de- Ing ma

~Ii i~i ;~vice in accordance with this diagram. the to
ii __ It was established in experiments might

F. conducted In the Industrial-type ap- tiono
paratus described (Fig. 100) that the [27).

metal was deposited nonu.nlformly oil fr m p

the wire, which was not centered in hot wi

the cross section of the resulting rates

Figure 102. Metallic bar. A thicKer layer of metal settled
apparatus of Indus-
trial type with double on the side of the wire facing the produc
shield. charge, since the rate of the process rduct

increased with decreasing distance be- Ti, 11

tween them. the me

I For this reason, the reactor design was modified by placinr is tas

the crude metal on both sides of the wire, !t approximately c~ual ary io

distances (Fig. 102); this ensured not only uniform deposition of form i

the metal, but also a substantial increase in the rate of the

process.

The authors of [33] deposited bars of iodide titanium 18-19 The £0mm in diameter in the units described above, obtaining 10-12 kg

per cycle. The metal bars were highly plastic as a result of 
a carbon

sharp decrease in their gaseous-impurity contents, 
and wires, ture);

thin ribbons, and thin-walled tubes were pressworked 
cold from and th

them with reduction ratios up to 99.5-99.8% (without 
intermediate titani

of dry
annealing). alumin,

compour
conden
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Prospects for Development of the Iodide Proce; i

The principal disadvantage of the iodide method is the com-

plot- paratively high cost of the metal produced, which iesults from

ar- the high cost of the starting materials and the high electric

ures power consumption and low productivity of the procese, which is

The intermittent (cyclical) in nature.

ide- The cost or tae initial procucts can be reduced substantial-
regu- ly if the sponge is replaced by other, cheaper titanium-contain-
I de- Ing materials and provision is made for complete regeneration of

ram. the iodine. One possible approach to solution of this problem

ments might be a method that has been proposed for preliminary prepara-

ap- tion of titanium tetraiodide from a cheap titanium-aluminum alloy

the (27). An increase in process productivity might then be expected

,in from passing a continuous stream of tetralodide vapor over the

in hot wire, since the dependence of titanium deposition rate on the

lg rates of iodide and titanium iodide diffusion would be eli4naed.i

ttled The titanium-aluminum alloy used as the starting material in

e production of titanium tetraiodide was produced by aluminothermic
ces* reduction of technical titanium dioxide; it contained about 70%
e Ue- Ti, 11% Al, 1% Fe, 1% Si, and up to 17% oxides. The principle of

the method, which was described in detail by the authors of [27),

cing Is Lased on the fact that when this alloy is treated with element-

equal ary iodine dissolved in carbon disulfide, its principal components

!on of form iodides in the reactions

,leTi + 2J. Tile.
2A3+ ,- 2AL%. (28)

8-19

kg The iodides of titanium and aluminum dissolve quantitatively in

f a carbon disulfide (on boiling for 1 hour in the absence of mois-

ture); after this, the solution is decanted off the solid residue

on and the carbon disulfide is driven out. The resulting mixture of

diate titanium and aluminum iodide crystals is then heated in a current

of dry helium with potassium iodide, whereupon the potassium and

aluminum iodides react with one another, forming the nonvolatile

compound KAlI 4 and the titanium tetraiodide is distilled off and

condensed. Titanium tetraiodide prepared by this method contains

FTD-HC-23-352-69
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lesi than 0.01% of Impurity aluminum and can be used to produce Af

the iodide metal. tion an

The method has an advantage in the a contin

* possibility of extraction of the most The

• valuable component - the iodine (ole- develop

mentary and in the form of potassium ample, t

iodide) - from the reaction products; tric arc

this is accomplished by heating the trode th

potassium iodoaluminate to a red glow the 1 :.;

and passing dry air through it: agitated
dide are

4KAU -4+.+sws4K+* -6 6+IAI% , (29) How
quire th

Figure 103. Apparatus This method, which Is based on use qiet
for deposition of ti- done to

tanium frm boiling of an Inexpensive raw material to pro- economy

film. 1) Condenser; duce iodide titanium and permits prac-2) vpor trap! 3) In
valve; 4) vacuum pump; tically complete (98%, according to

5) power snPy; 6) the authors) regeneration of the Io- interest
reaction flaak. dine, can improve the economy figures purifloat

of the iodide process substantially. 
halides
ment i-a8

Interest attaches to the so-called boiling-film method ofthe al

titanium deposition, which was tested by Petersen and Bromley onP

a laboratory scale [31), as a means of raising the productivity pra.

of the process and reducing the amount of electricity used. This diapropor

method, which was realized in the apparatus shown schematically energy ch

in Fig. 103, consists in depositing the titanium directly from given bel

liquid T1I4 by forming a boiling film around a wire heated to

l6O0-lT70oC (i.e., to a temperature near the melting point of ti-

tanium).

The originators of the method obtained titanium-deposition

rates from 1000 to 10,000 mg/(cm
2 h) al, an electric power consump-

tion of 4.4 to 4 kWVh per kilogram of metal, i.e., a substantial

improvement over the conventional thermal dissociation ot titanium

tetraiodide, for which, for example, Runnals and Pidgeon [133 re-

-100mg/(m2-h andelecricThe t
ed metal deposition rates of 10-100 m/(cm2 h) and eectrcT i

power consumptions from 88 to 198 kW'h. or titaniu

FTD-HC-23-352-69 PTD-HC-2 3-
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uce After solution of certain problems related to material selec-

tion and control of the process, this method may form a basis for

in the a continuous or semicontinuous process.

most There have also been several other proposals oriented toward

(ele- development of a continuous iodide process. They include, for ex-

ium ample, the suggestion that the iodides be decomposed In an elec-

ucts; tric arc struck between an ingot of the metal and a hollow elec-

he trode through which Iodide vapor is passed [31]. Dissociation of

glow the i(dide produces the metal in the molten state, the ingot is

agitated continuously as it grows, and the iodine and excess io-

dide are to be pumped out and condensed.

(29) However, implementation of any of these proposals will re-

quire that major difficulties be overcome and much research be
on uZe done to confirm their feasibility and establish their technical-

pro- economy indicatori.
prac-
to In addition to the iodide method, the.subhalide method is of

io- interest for the refinement of technical titanium; it is based 
on

ures purificatior of the metal by disproportiontio of its lower

halides (for example, subehlorides, subbromides), and ikts develop-

ment .as been given a great deal of attention in Great Britain by

of the Palemer [transliterated from Russian] Research Institute [26).
y on

;tyRamamrthy [2M] made a thermodynmic analysis of certain

This disproportion reactions of lower titanium halides. The free-

Ily energy changes that he compited for these reactions at 500K are

or given below:

o Reaction AZO, kcal

ti-S

2"3% -Tow+ T04 ........... "

ion t Z:T1+11, . .. ........
s T ,+ " ................ -4A

)nsump- I 6n + " ............... 04
antial

tanium *At LO00°1, A Z ° - 2.7 koal.
re- **At 1000K: AZO a 13.7 kcal.

)] re-

ric The thermodynamic foundations of the disproportion reactions

of titanium lower halides and the subchlorides in particular were
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turns

subsequently studied by a number of investigators and are illumi- the T

nated in the specialized literature [41]. on di
Referring to the example of the free-energy changes of titan- was s

iun, subchlorldes at various temperatures, we se that Rammamurthy's em

data indicate the feasibility of a process in which the titaniumh

and it

tetrahalide is reduced by crude titanium to the dihalide at low that

temperatures, while at higher temperatures the dhalde will de- is ext
compose, releasing metallic titaniumd advnt

It is this principle that form the basis for a process pro- of the

posed by the Fallmer Institute for production of highly purified 
and it

titanium. According to its authors, the lower titanium chlorides abil t

or bromides, and especially the dihalides, can be prepared easily conta

and in high yields by treating the crude metal with tetrahalide proces
vapor (TiC14 , TiBrO). This substantially eliminates most of the parati

Impurities usually present in the crude metal that admit with dif- advant

Sficulty or not at all to chlorination (bromination) by titanium Iodide

tetrahalides and produces titanium subhalides (subehlorides, sub- Ing, t

bromides) that are practically free of these impurities. metal

At ordinary temperatures, the lower chlorides and bromides. 
" 1C2)

of titanium have moderate vapor pressures. Thus the metal to be aubchl:

refined interacts with its tetrahalides at moderately elevated T)

temperatures, at which the vapor pressures cf the resulting sub- procea.

halides are quite high and ensure their removal from the reaction that t

zone. duced I

In this process, titanium tetrachloride or tetrabromide 
vapor who in

is passed at these temperatures and in an inert atmosphere 
(r certait

vacuum) over the crude metal to be refined to produce 
the corre- priate

sponding lower titanium halides in the form of vapors 
that are speed

trapped in the cooled zone of the apparatus - a condenser. The iron, c

condensate is then heated and the disproportionation reaction titani

used to obtain pure secondary metallic titanium and the tetraha- by a fI

lide, which is condensed in the cold zone and returned to the proc- T

ess for halogenation of crude metal. 
made ir

Crude metal can be refined in a continuous technological 
flow 453 the

in a system consisting of two Ulits that are 
heated and cooled by produc;

Footnot
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FT-HC-

503



a-m4V1- -

illuml- turns after connecting and disconnecting them, respectively, from
the TiCl 4 (TiBr4) current [26). A titanium-refining process based

on disproportionation of its lower halides (chlorides, bromides)
f titan- was subsequently also patented in the USA 2 ) However, it must be

amurthy's remembered that metal produced by disproportionation of titanium

tanium subchlorides or subbromides has a finely dispersed structure, and

t low that special measures are required to eliminate oxidation when it

11 de- is extracted from the apparatus. The subchloride process has an

advantage for practical use over the subbromide process because

ss pro- of the large-scale industrial production of titanium tetrachloride

rified and its relatively low cost. This same circumstance (the avail-

lorides ability of an industrial technology for chlorination of titanium-

easily containing raw materials) also gives the subchloride refining

alide process an advantage over the iodide method, which uses the com-

of the paratively less plentiful and more expensive iodine. Yet another

ith dif- advantage of the subchloride method is the fact that, unlike the

lanium iodide method, not one but both stages of the process are refin-

s, sub- ing, i.e., both chlorination and disproportionation, in which the

metal is purified of miscellaneous chloride Impurities (AlC13 ,

miles "eCl2  that sottle on the condenser together with the titanium

to be subchlorides.

ated The purity of titanium produced by the iodide and subchloride

sub- proceses can ce improved by zone melting. It has been reported

action that the metallic-impurity content in the titanium is greatly re-

duced by zone refining [423. The authors of another paper [43],

Je vapor who investigated induction zone remelting of iodide titanium and

(or certain other high-melting metals, established that under appro-

.orre- priate conditions (current frequency 250 kHz, bar diameter 11 mm,

are speed 2 mm/min, pass length 85 mm, 8 passes), the contents of

The iron, chromium, manganese, and silicon impurities in the refined

on titanium can be reduced by a factor of 10, and that of aluminum

raha- by a factor of 100.

he proc- The recent literature offers information on further progress

made in the zone refining of titanium. Thus, it is reported [44,

al flow 45) that the firm Materials Research Corporation in the USk is

led by producing ultrapure titanium with a 99.9999% content of the
Footnote (2) is on page 507.
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principal element by electron-beam noncrucible zone remelting of

iodide metal. This metal, which is produced in the form of rods,

wires, or foils, is substantially more plastic than titanium pro-

duced by thermal dissociation of its iodides. Thus, titanium

rods produced by zone purification (6.35 mm in diameter) are so

plastic that wires 0.25 mm in diameter can be drawn from them

without intermediate annealing.

The ultrapure titanium is expensive (rods 0.6 cm in diameter

cost $40 per 2.5 cm and wires 0.5 mm in diameter $2.50 per 30.5

cm), and Its uses are therefore severely limited - for example,

In electroni ;vices and other critical fields of application. Manu-

Thin film producted by vaporization of ultrapure titanium in a scripi

No.

Iodide titanium purified by electron-beam noncrucible zone

remelting is used as a starting material in the preparation of

single ;rystals of this metal C38, 463. Titanium single crystals 505

are grown by slow displacement of the molten zone alone a solid

ingot in such a way that crystallization centers form In the low-

temperatuwe a-phase and single-crystal growth begins from them in

the high-teqperature 0-phase.
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of rods,

ium pro-

nium

are so

them

diameter

r 30.5
xam~p le matlon. Footnotes

tlanu-.
in a script

ustry. Page
No.

*e zone
on or 491 1Patent (USA), Wo. 1,671,213, 1928.

c "'stals 505 2Patent (USA), Nos. 3,001,865, 3,001,866, 3,001,867,

solid 1961.

4the low-
them In
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SMELTING OF TITANIUM, REFINING OF CERTIFIED SCRAP,

POWDER METALLURGY OF TITANIUM

vetno

No.

No. 7.

FTD-H-23-352-69

510

>~m~ -



lini
wall
trac

fi xec
monly

and t
unit

elect

duce
Chapter 20 sumab

Pied
SMELTING INGOTS FROM TITANIUM AND gas;-

TITANIUM-BASE ALLOYS was p

beati
'Many Soviet and foreign studies have been devoted to the tric

smelting of titanium and titanium-based alloy ingots. A large liqui,

amount of factual material on the technology of smelting and been

furnace designs for this purpose is available in the monographs trode
El, 2, 143), which were written by teams of Soviet authors.

Development of a technology for smelting titanium required on di
that the following seriies of ob-tacles be surmounted: at high since

temiperatures, and to an even greater degree in liquid form, 'i- (abcut

tatium reacts vigoiously 4 th.all refractory materials, including red t(

the oxides usually used in refractories, with the result that it an arc
becomes contaminated by oxygen and loses plasticity. Smelting of ingotz

titanium in graphite. crucibles results in its contamination by
carbon, which also lowers the michanical characteristics of the titani

metal appreciably. tages:

A method in which .titanium ia smelted in an electri -arc a

furnace with a water-cooled copper crystallizer has been found the nc

most sUitiblo. The electric arc burns between an electrode made sten a

from i high-melting material (nonconsumable electrode) or from electr

metal to. be- remelted (consumable electrode) and a molten pool of ingot,
this metal. The metal next to the cold walls of the crystallizer types
chills very quickly and melting actually takes place in a titaniumchils vey qucklytion 3

P D-HC-23-352-69 PTI-HC
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lining. Since the lining does not adhere to the crystallizer

walls, a moving bottom can be used, so that the ingot can be ex-

tracted from the crystallizer during the smelting process. A

fixed-bottom crystallizer can also be used (this is the most com-

monly encountered design), but then the height of the crystallizer

and the entire design must be much greater, and this makes the

unit itself and the shop building more expensive.

In practice, tungsten coated with thorium to increase its

electron emission and graphite impregnated with titanium to re-

duce carbonization of the smelted ingot have been used as noncon-

3umable electrodes in titanium smelting. Smelting has been car-

ried out in an argon or helium atmosphere or a mixture of these

gases under a partial vacuum (about 200-250 mm Hg). The electrode

was positioned eccentrically in the furnace to obtain uniform

heating of the molten-pool surface. As it was turned, the elec-

to the tric arc described a circle and heated the entire surface of the

A large liquid metal pool. Titanium ingots weighing up to 1000 kg have

g and been smelted out in arc furnaces with nonconsumable graphite elec-

nographs trodes (3].
ors. '-c furnaces in which high-melting metals are smelted operate

required on direct current, with the ingot usually serving as the anode,

t high since more energy is released at the anode than at the cathode

brm, ti- (about "wo-thirds). This current supply to the furnace is refer-

,.including red to as the forward polarity. Figure 104 presents a diagram of
tnat it an arc furnace with nonconsumable electrode for smelting titanium

elting of ingots.

ion by Industrial use of arc furnaces of this design for smelting

ao' the titanium was short-lived, since they have the following disadvan-

tages:

c-arc a) contamination of the ingot by inclusions of material from

found the nonconsumable electrode. When smelting was done with a tung-

ode made sten electrode in inert gases, splashing of the metal struck the

r from electrode and eroded it. During subsequent pressworking of the

pool of ingot, the inclusions of the Ti-W alloy broke up, forming various

stallizer types of defects. Use of graphite electrodes improved the situa-

a titanium tion somewhat in this respect;
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, b) premature chilling of the in- soleno:
S- got, which produced an irregular sur- arc an

f * _ace; when the ingot was roughed down, the me
as much as 25% of the metal was lost the mein the shavings; smeltii

c) the molten pool Is shallow and properl

6 ~of the&not well agitated, with the result chemicithat the ingot Is trongly inhomogen- the In;eous over its cross section and height;

Q? feeder performance did not en- rate rc
sure delivery of the alloying compo- safety
nents in the proper proportions, and

this also tended to make the Ingots ""d
N ----... nonuniform in chemical composition; trade -

equipmt
e) evolution of gases during diagr,Figure 104. Diagram smelting of the metal causes it to

showing construction sory te
of vacuum-are fur- spatter. On striking the crystallier 105.nace with nonconsum- walls, thee splashes solidify andable electrode. 1) 

The ElWater-cooled copper form a "crown," which interferes witn
bottom; 2) Jacket rotation of the electrode (if the fur- -

made from nonmagnet-Ic material for cool- nace design provides for rotation) and the couing of crystal]-.er; produces short circuits. As a re.sult, arc buy
3) coppler; ) soeno.,, It is necessary to load the charge wth ev
5) flange for attach- into the furnace slowly [1, 3, A]. siduament of forevacuum
pump; 6) boobter pump; Another reason for slow melting m oH6t
7) automatic weighing prosotubatcher; 8) hopper for of the charge is the fact that about
alloying additives; 9) 1/3 of the energy is released at the the mol
hopper for sponge; 10) tieelectrode fed mecha- nonconsumble electrode, an amount thatelectode ed mcha-an arcnism; 11) sliding vac- increases as the resit.-ual pressure de-uum packing; 12) In- mm Hg.
spection window; 13) dines [5].
cover; 14) water- Th
cooled copper lec- The smelting technology of titan-trode holder; 15) ium and its alloys was Improved sub-graphite electrode; 

tal16) de gene'tre; stantially by substituting a vacuum metalli
for the inert gas and using consumable tential

electrodes made from the charge to be smelt-ad and electromagnetic other a
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in- solenoid coils for stabilization of the

arc and agitation of the molten metalSUr-

down, pool in the furnace. The outgassing of

ost the metal that takes place during vacuum
smelting helped improve the mechanical

properties of the ingots and the quality *
ow and of their surfaces and improved their

it chemical homogeneity; contamination of

ogen- the ingots by nonconsumable-electrode
height; inclusions was eliminated, the melting

t en- rate rose considerably, and operating

mpo- safety was improved.

and A disadvantage of consumable-elec-

ots trode work h. the need tc use expensive

on; eFigure 105. Diagram
n; equipment mar: these electrodes. A showing construction

g diagram of a vacuum-arc furnace with of vacuum-arc fur-

to consumable electrode appears in Fig. nace with consumable
electrode. 1) Water-

111zer 105. cooled copper bottom;
2) consumable elec-nd The Electric Arc Burning in a Vacuum trode; 3) water-

.,I th cooled crystallizer;

c fur- :t has ten o.-;aulished by study of 4) electrode butt to
dthe conditions under which anelectric which consumable

)and electrode i3 welded;

esult, arc burns In a vacuum that it burns 5) titanium ingot;

e with even .:reater stability at a re- 6) electrode older.

sidual pressure of 1 • 10-2_1 • 10
- 1

nan Hg than In air or a neutral-gas atmosphere, since the vacuum
ting promotes formation of metal vapors and evolution of gases from

bout the molten btn, thus making the atmosphere electrically conduu-

the tive and supporting burning of the arc. It was possible to strike
nt that an arc without difficulty at a residual pressure of about 5 * 10 "4

re de- gnun Hg.

The principal component responsible for the highest vapor

titan- concentration in smelting of titanium sponge appears to be the

sub- metallic reducing agent, usually magnesium. The ionization po-

uum tential of titanium itself is considerably lower than those of
umable
ugnetle other metals and the gases present as impurities in the titanium,
gnetic
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?ab
such as Mg, Mn, Fe, Si, C, H2 P N2 , and 02. The ionization poten- abc

tial or Ar, and especially than of He, are several times that of tio

Ti. As a result, the electric arc burns less stably in He and sha

Ar than in a vacuum. In an atmosphere of these gases, the maxi- dur

mum arc length obtainable with a tungsten electrode, a voltage cha

of 50-60 V, and a current of 2000 A is 30-40 mm; in a vacuum under
the same electrical conditions, arc length may reach 150-300 mm vol

[4]. The poss.bility of arcing in a vacuum in the presence of ti- vac
tanium vapor alone has been demonstrated experimentally by re-

peated remelting of the same ingot [6]. eirri

Figure 106 (7] shows the changes as t
in the outlines of an arc between a on t
thoroughly outgassed titanium consumable air
electrode and a pool of molten titanium 2500
as the argon pressure is lowered. The ber

instability of the arc in the 0.5-30 temp

mm Hg pressure range is often regarded vacu
as a transition of the gas discharge in- mosp

/ to another physical form - the volume enu

(glow) discharge. In volu-e dish.ar.., :t d
the cathode is not softened, and the char

crucible walls are heated rather rcn
MAO Plasn severely and may burn through. Sinul- ape

taneously, the liquid-metal pool re-

ceives less and less heat and solidifies.
whoaThe intensity of a volume discharge de-

Figure 106. Shape of pends on a number of factors, most impor-
arc at various argon tant among which are the pressure and
pressures. a) Noisy composition of the gaseous phase. For
arc; argon pressure volt
340 mm Hg; b) quiet argon, the lowest voltage at which aarc, argon pressure anod110 arg; c)eanur- volume discharge arises is 25 V at re-110 mm Hg; c) wander- voin t!
Ing cathodic spot, sidual pressures in the range frooi 0.25
argon pressur e 30 to 5 mm Hg. For hydrogen, which ionizes tempmmHg-. d) argon pres- tron,

sure 4 mm Hg; 1) cor- under a higher voltage, the relation-
ona; 2) plasma; 3) ship is different: the 70-V voltage etic
droplets; 4) fine ton
plasma; 5) broad minimum at which a volume discharge
cathodic spot. appears corresponds to a pressure of
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about 0.6 mm Hg. On deviations from this value in either direc-

tion, the voltage at which the volume discharge arises increases

sharply [7). Because the principal component of the gaseous phase

during smelting of titanium is hydrogen, the danger of glow dis-

charge is reduced.

r Figure 107 shows a diagram of the

voltage drop In various zones of a

vacuum arc discharge [8].

In an arc discharge, thermionic C
emission occurs on a small area known Poe tim
as the cathodic spot. The temperature .I .of are
on this zone for an arc burning in ah....

rtatbodic Are Anodic
le air varies over a broad range (from region length region

2500 to 30000C) and depends on a num-

ber of factors. The cathodic-spot Figure 107. Diagram
showing voltage drop in

temperature of an arc burning in a various zones of arc

vacuum is lower than for an inert at- discharge in vacuum with
graphite electrodes.

n Msphere, since the spot itself broad-

enz as the pressure is lowered and the nurrent density through

It decreases. The extent of the cathodic region of the arc dis-

charge is very small and corres onds approximately to the elec-

-c.rn free path, i.e., about 10" cm at 1 atm. However, the volt-

a,)e Irop over this distance is 15-20 V.

The positive trunk of the arc is an electron-ion plasma atCS3. whose center the temperature reaches 50000C or higher. The cur-

rent in the trunk is carried for the most part by electrons, ow-
ing to their higher mobility as compared with ions. The voltage

drop in the trunk under vacuum conditions is no more than a few

volr.s. The positive trunk of an are discharge terminates in the

anodic region, in which the voltage drop is even greater than that

5 in the cathodic region. A spot also forms on the anode, and its

es temperature is higher than that of the cathodic spot, since elec-

trons striking the surface of the spot yield not only their kin-

etic energy, but also an energy equal to the electron work func-

tion. Anodic-spot temperature decreases slightly with decreasing

pressure: for an arc between graphite electrodes, from 4200
0 C
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at 1 atmosphere to 3500*C at 0.1 atmosphere. assistThe anodic spot occupies a substantially larger area in a can be
vacuum than in argon at a pressure of I atm. This promotes more Tuniform heating of the liquid metal pool surface and makes the center
pool deeper. meal

The residual pressure in the arc furnace also Influences Ingot.melting rate. The increase in melting rate during vacuum smelt- S,Ing is explained by the fact that the gases released from the the delelectrode break up the surface film of molten metal on it and with ilhelp eject the resulting fine droplets into the pool. The fol- anod-'clowing theoretical smelting efficiencies - ratios of the actual concenelectrode smelting rate to theoretical - have been found for going 1titanium: 25% at an argon pressure of 1 atmosphere and 42% in a pool i1vacuum. The thermal efficiency of the arc furnace Is also im- of theproved in vacuum operation by the smaller heat losses from the above afurnace working space. 
eter,

Application of a longitudinal magnetic field across an eleoc- metal
tric furnace compresses the trunk of the arc and causes it to zer walrotate, owing to the interaction of the solenoid electromagnet!-, the pOCfield with the longitudinal field of the arc. The pool of molten
metal also begins to rotate simultaneously. Pr

The longitudinal magnetic field is set up by windinG a zole- k, Ti6Anoid on the crystallizer. The solenoid is supplied with direct analyse
current, e.g., from the current source that supplies the arc. and inComparatively little power is used to supply the solenoid. were le

The arc should burn inside the solenoid or slightly below It.
Use or a solenoid greatly reduces the danger of lateral parasitic Ro
arcing between the electrode and the crystallizer wall. Under ture by
the Influence of the magnetic field, such arcs are also set in been pr
spiral rotation, which stretches them to the point at which they be varil
go out. Then the posItion of the anodic spot can be adjusted mendatli
within certain limits by varying the angle of Inclination of the source
solenoid axis to the crystallizer axis, without permitting the for an
arc to transfer to the crystallizer wall. The compression of the Ap;main arc trunk by the solenoid magnetic field is also of electrIc

Footnoti
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assistance here. As the strength of the field rises, arc length

can be increased without increasing the danger of lateral arcing.

re The angular velocity of the molten pool is higher at its

center than in its peripheral regions, and this helps mix the

metal and distribute alloying additives more uniformly in the
ingot.

Solenoid magnetic field strength has a strong influence on

the depth of the molten metal pool. At first, pool depth rises

with increasing number of ampere-turns, since the arc trunk and

anodic spot become narrower in the magnetic field, heating is

concentrated in the center of the pool, the fraction of heat

going to the crystallizer walls is reduced, and mixing of the

a pool improves heat transfer between the upper and lower layers

of the molten metal. As the magnetic field strength increases

above a certain limit, whose value depends on crystalliser diam-

eter, amperage, and other factors, the spinning of the molten

metal pool becomes so rapid that heat transfer to the crystalli-

zer walls increases markedly, pool temperature decreases, and

the pool beccmec 3hallower. Accordingly, the ingot surface also

"ton Im:ovez at first, but then becomes porous again [93.

Proper molten-pool agitation made it possible to pour a 75-

le- k. T-'5'l47 ingot in which the discrepancies between aluminum

analyses made at 10 points spaced along the height of the ingot

and it. various horizontal cross sections amounted to 0.1S, i.e.,

were less than the limits of error of the analysis. The vanadium-

content variations were even smaller [9).

tic Rotation of the molten-metal pool also improves ingot struc-
ture by preventing the formation of columnar crystals. It has

been proposed that the direction c. the current in the solenoid

be varied to obtain stronger agitation of the molten pool. Recom-

mendations as to the frequency of these reversals disagree. One

he source [10) indicates 2 seconds, while another(ltites 3 minutes

for an ingot 711 mm in diameter.

the Apart from artificially superimposed magnetic fields, the

electric arc is also strongly influenced by the intrinsic magnetic

Footnote (1) is on page 559.
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fields of the current cables, motors, transformers, etc. These q
sitic

fields, as well as heavy iron masses, act unilaterally on the arc, This

deflecting it from its normal position. It is therefore recom-

mended that either a single tilting solenoid or two solenoids -i

a stationary unit wound on the crystallizer and a moving unit -

be used to secure more precise regulation of the arc [83. form

Electrical Conditions of Smelting 
Itsp
drops

The manner in which the electrode is melted and depleted de-

pends very strongly on the electrical conditions of smelting -
voltage, current density, and arc length. Under normal condi- lengt

tions, the arc voltage is about 30 V, the current densicy at the lndt

electrode at least 10 A/cm
2 (at an ingot diameter of 300-400 mm), the d

the arc is 20-25 mm long, and the bottom of the electrode 
is flat lizer

with slightly rounded edges. When the current density is inade-

quate, beads form at the edges of large-diameter electrodes as a surfa

result of rotation of the molten liquid layer on the electrode from

and freezing of the liquid metal at its outer margin. When the respo

electrode's outer surface is strongly cooled, its low thermal built

conductivity makes the bottom of the electrode conzave. With in-

creasing voltage and arc length, the end of the electrode beco.es furna

more and more rounded and eventually spike-shaped. face

The drops also form on the electrode and drop off in differ- molte

ent ways depending on the electrical conditions of smelting.

Given adequate current density and normal arc length, many fine (91

droplets form on the end of the electrode and move across the sivel

end surface as they grow, thus averaging out the composition of the 1

the drop. At low current density, the droplets gpow slowly but As for

to large dimensions, closing the electric circuit themselves when be cot

the arc is short. The comparatively cold face of the electrode is it is

then cooled even more strongly; the large cold drops of metal fall conse

immediately to the floor of the pool and freeze quickly without molte
having had time to mix with the molten metal. When smelted under elect

such conditions, ingots containing high-melting alloying additives short

are extremely nonuniform in composition. Large cold drops of arc
metal can also form at normal current density if the arc is too are de
short or too long. The arc zone is cooled In the former case by
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frequent short circuiting, and in the latter by formation of para-

eae, sitic lateral arcs that heat the electrode above the melting zone.
e arc, This lowers the power of the main arc, whose function is to pro-

corn-

ds - vide the necessary heating of the metal drops.

it - The basic prerequisite for economical and stable furnace per-

formance is maintenance of the shortest possible arc. However,

its length is limited by the appearance of short circuits as the

drops of liquid metal drain from the electrode onto the ingot.

ed de-
Research results and practical data have shown that arc

di- length should be held in the 30-40-mm range in a wide range 
of

t the ingot diameters (50-600 mm), and should not in any event exceed

0 mm), the distance between the side of the electrode and the crystal-

lizer wall.s flat

nade- The temp-ratures of the melting electrode face and the pool

as a surface are Independent of furnace power in the pressure range

ode from 0.1-1000 mm Hg. A change in power is accompanied by a cor-

the responding change in melting rate, which thus becomes a kind of

.1 built-in automatic controller of the furnace processes.

th in- Measuremente of electrode temperature in a titanium-smelting

ec riei furnace yielded the following results: temperature of melting

face of consumable electrode 177506, surface temperature of

iffer- molten-metal p,.ol 18500C [Ill.

Electrode melting rate is directly proportional to current

fine (9). But, on the other hand, the melting rate may not be exces-

e sively high, since the bottom of the consumable electrode and

of the liquid pool must be outgassed simultaneously with melting.

but As for optimum current density, a number of circumstances must

when be considered in specifying it. From the standpoint of economy,

ode to it is desirable to have the highest possible current density and,

1 fall consequently, furnace productivity. Moreover, the size of the

out molten-metal drops draining from the electrode increases with

under electrode current density, making it possible to work with a

itives short arc without shorting across droplets. In turn, the shorter

f arc makes it possible to work at low residual pressures, which
too are desirable from the standpoint of improving ingot quality.
e by

FTD-HC-23-352-69

520



. ~ v

Other conditions the same, a higher current density helps improve To si

furnace productivity, increase pool volume, and improve ingot of the patt

surface. However, as ingot diameter increases, conditions for end of the

withdrawal of heat from the crystallizer deteriorate, and for (or welded

this reason the optimum current density, calculated for the crys- to one-thii

tallizer cross section or, which is the same thing, the ingot the clectrc

cross section, must decrease with increasing crystallizer diam- representir

eter. proce3s cuI

Below we list the recommended currents and current densities Fiigurt

in arc furnaces for titanium smelting as functions of crystallizer 1"alance di-

diameter [12]. nacv. It

Ingot diam- Current, A Current of the arc

eter, mm density, A/cm2  50%, depen(

100 2000 25.4 reach- 65-7(
200 4400 14.0
300 6800 9.6 The tt
400 9000 7.2 for smeltir
470 12000 7.0
620 20000 5.7 while the
850 24000 4.2 1 kW'h/kg.

These data are somewhat lower than those given in [lI, which and ipprox!

recommend current densities of at least 10 A/cm2 for smelting out for aux!l

ingots 300-400 mm in diameter, i.e., currents of 7.0-12.5 kA, re- power cons,

spectively. It is noted in Ell that the current densities pre- Influence .

sently in use still appear to be far from the optimum and, ccn-

sequently, that there is much room for improvement of furnace Accor prodctivtyaverage of
productivity. 

the furnacE

Toward the end of the melting process, conditions are ad- moisture fi
justed to prevent the formation of "pipe" in the ingot and solil- hydrogen ar

Ification of the metal in the form of coarse columnar crystals. ture, and

To bring the pipe out to the top of the ingot, the wattage supply created In

is gradually reduced and the number of ampere-turns on the sole- reached abe

noid is increased, or, tn otner words, agitation of the pool is chemisorb

stepped up to help it oool. Both procedures result in a shallower no desorptl

pool of molten metal. Toward the end of smelting, the pool may tion of wal

freeze completely [9]. The operation of extracting the pipe takes complete al

a rather long time, depending on ingot size; for example, 1.5 to rest react,

2 hours for an ingot 620 mm in diameter [13). Footnote (:
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improve To simplify pipe extraction, one

got of the patents2 roposes that the top - Iu

for end of the consumable electrode be made _X_

for (or welded up) with a diameter one-half - --

qe crys- to one-third that of the main body of

ngot the electrode and melted at a current

diam- representing abcut 15% of the nominal

process current. Figure 108. Typical
heat-balance diagram

ensities Fi(ure 108 shows a typical heat- for vacuum arc fur-

stallizer balance diagram for a vacuum arc fur- nace. Ploss-e ) radiant

hacv. It indicates that the efficiency electrode loss heat
flux; Pioss.r ) ingot

of the arc furnace ranges from 30 to radiant heat flux;

2 50%, depending on its power, and may P losse) metal-evapo-

reach 65-70% in powerful furnaces [11). ration losses; Ploss-h-c

The theoretical power consumption heat conduction losses
in body of Ingot;

for smelting of titanium is 0.45 kW-h/kg, P u.e) useful power

while the practical figure is about consumed in melting
1 kW'h/kg. Figuring on two remeltings electrode; P ui.)

', w?.i.ch and approxinately the same consumption useful power Itssi-pated in ingot.
ting lut for auxillary requirements, the total

kA, re- power consumption would come to 3-4 kW'h/kg [5, 6, 12).

s pre- Influence of Furnace Residual Pressure on Nelting

, con-

,ace According to practical data, titanium sponge contains an

average of 0.3-1.0 liter of gases per kilogram. During melting,

the furnace vacuum drops as a result of desorption ofair and

e ad- moisture from the consumable electrode and evolution of absorbed

d solil- hydrogen and other gases. The release of adsorbed gases, mois-

stals. ture, and other volatile impurities begins when the vacuum is

e supply created In the furnace and continues until the temperature has

e sole- reached about 400 0C [14). At 400-5000C, the titanium begins to

ool is chemisorb gases trapped in its pores, which undergo practically

shallower no desorption at the temperatures of the solid state. The evolu-

o1 may tion of water of crystallization from the magnesium chloride is

ipe takes complete at 500-590 0C; some of it is removed by the pump, and the

1.5 to rest reacts with the titanium.

Footnote (2) is on page 559.
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To vacuum Vigorous evolution of gases rise

/-Pmp from the molten metal is ob- prima

served during melting in practice. Ing o

Hydrogen bubbles also form in

addition to the bubbles of mag- and va

nesium vapor, since the solu-

t .|'t... " bility of hydrogen in titaniumh

decreases with rising tempera- 
ally [

1 .4 1 ture. Gases and impurities of that a

". . -,- other metals dissolved in the

molten titanium may diffuse Into T

I~4~j M~ the magnesium-vapor bubbles that on the
Iqot are generated. The vapors of arc zo

Figure 109. Diagram of proc- magnesium and other impurities talliz

ess in which gases and with high vapor pressures create the or
vapors are evolved during a protective atmosphere over the the c
melting of consumable elec-
trode. 1) Electrode holder; molten pool and the melting part operati
2) mount; 3) evolution of of the consumable electrode. in theH20, 02' N2 4) condensate o h osmbeeetoeof Mg and MgC1 2 ; 5) Mg, Mn, They react with air, some amount AcCr, Mg and ohrps; 5)MM, of which invariably gets into ir the
6) condensate of Mg and the furnace. To some extent, the U m H g a

MgC12 ; 7) condensate of Mn oxides and nitrides formed in siderat

and Cr; 8) evolution of Mg, this process condense in -.he cold
MgCl2, and H2; 9) MgO and zones of the furnace, and some of residua

M93N2 fall back into pool; them enter the molten metal pool. iesotua

10) crown; 11) Mg and H ineots.
bubbles; 12) pores tilled Hydrogen compr.ses about 96,. in the

with MgCl2 , Mg0, Mg3N2, M9, of the total amount of gases libe- 0.0078%

Mn, Cr, etc.; 13) H2 dif- rated during melting [8, page strengt]

fusion; 14) clearance be- 236]. As the consumable electrode strengt
tween ingot and crystallizer, melts, some of the hydrogen dif- further
15) secondary vaporization
of Mg, MC12 , Mn, Cr, etc.; fuses into the dense, cooler part while s

16) removal of Mg, MgCl2, of the ingot and into the upper Ha

H2 , MgO, Mg3 N2 . zones of the consumable electrode.
As a result, the top end of the alloys

electrode always releases larger quantities 
of gas as it melts, tics i

vacuum.
The unequal gas contents in different zones of the ingot give vacuum.~flue nce
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ases rise to differences in the mechanical properties of the metal

primarily its impact strength - in these zones. Vacuum anneal-

ctice. ing of the ingot improves its impact strength.

n Figure 109 presents a diagram of the processes in which gases
and vapors are released during melting of a consumable electrode.

Usually, the residual pressure in the furnace is measured aturn the rim of the crystallizer. It has been established experiment-a-a- ally (15] that the pressure in the arc zone may be many times
that at the crystallizer rim.

e
into The pressure gradient in the crystallizer depends basically
that cn the following factors: the quantity of gases released in the
f arc zone, the relationship between the cross sections of the crys-

es tallizer and the electrode, the distance from the pool surface to
eate the crystallizer rim, and pressure fluctuations in the space above
the the crystallizer. Since these conditions are different in each

pa:'t operating furnace, it is quite natural for the pressure gradient
in the crystallizer to show appreciable variations.

ount According to the calculated data given in (11), the pressure
o In the mnitinE zone at a furnace working chamber pressure of 10
, the um Hg and a melting rate of 15 kg/min is 40-70 um Hg, without con-
n sideration of leakage into the furnace.
coldme of Ye.l. Morozov and I.A. Prostov [2) studied the influence ofpof. residual pressure on the quality of titanium and titanium-alloy

ingots. In the case of low-vacuum melting, t-he hydrogen content
t 96: in the technical titanium dropped to 0.0053% as against the
libe- 0.0078$ for melting in helium at 160 mm Hg, and the impact
e strength of the metal rose from 2 to 5 kgf'm/cm 2. The impact
ctrode strength of the metal rises steadily as the vacuum is hardened
dif- further; terminal elongation and necking ratio also increase,
part while strength decreases slightly.

.pertrode. Hardening the vacuum during nelting of VT3, VT3-1, and VT4

the alloys does not increase impact strength. Mechanical characteris-

ts. tics improve substantially only on the transition from helium to

e vacuum. It appears that the alloying metals in these alloys in-

fluence their mechanical properties to a greater degree than does
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hydrogen. before

According to [16), the mechanical properties of forgings made Smeltin
from titanium ingots melted out In a high vacuum were superior: Th
hardness dropped by 9%, ultimate strength was down 3.5%, and the cooled
necking ratio increased by 4.5%. small d

Experiments conducted by the U.S. Bureau of Mines indicated overhea
that a residual pressure of the order of 10-4 mm Hg caused no ap- be over]
preciable increase In the vaporization of titanium during melting, of the ,
since the vapor pressure in the zone of the anodic spot and the an incre
molten pool is substantially higher than that in the interior of melting
the furnace. increas

smeltinSpecific power consumption was 0.86 kW-h/kg for melting under tion.
a pressure of 50-100 um Hg, and 0.74-0.78 kW-h/kg at a pressure of

0.5 um Hg. Thus, despite the 100-200-fold pressur'e decrease, Tit

power consumption was lowered by only 13% [17J. stantial
sity. F

When alloys containing components with comparatively high a densit
vapor pressures, such as manganese, chromium, etc., am smelted tively,
out in a hard vacuum, they undergo partial vaporization, whih W
causes departures from the desired alloy composition. P

not haveHigh-vacuum smelting requires the use of powerful vacuum begins t
pumps, and this increases the cost of the ,.cuum unit. The low able ole
furnace residual pressure may cause more air to leak Into the ingot wi
f-nace, On the other hand, operation of the furnaces at a pres- titanium
sure of 0.1-1 = may produce a glow discharge that throws the arc not with
onto the crystallizer and burne it through. For these reasons, pedient
the optimum furnace pressure during smelting is put at 10"2_10- 3 aluminum

m Hg [2]. the melt.

One of the conditions that helps create a good vacuum in the meltine, j
furnace is thorough cleaning of its internal surfaces and degasi- high-mell
fication of the furnace before smelting. It is recomomded that IOus mett
degasification be carried out in a vacuum while hot water is being duction
run through the furnace water-cooling system; it can be accele- nonconsw
rated by setting up a brief glow diacarge in the furnace [183. Alen
Since titanium sponge is hygroscopic to a certain extent, pressed ing high
consumable electrodes should be dried thoroughly at about l500C

PTI)-HC-2 3-352-69 FTD-HC-2

525



before installing them in the furnace.

made Smelting of Titanium Alloys and Sodiothernic Titanium

The process of melting a consumable electrode in a water-

ne cooled copper crystallizer is characterized by comparatively

small dimensions of the molten-metal pool and the difficulty of

ed overheating the pool to any substantial degree. The pool could
be overheated by reducing the heat losses or increasing the power

Inp, of the electric arc, but at the current densities normally used,
ing,

e an increase in arc power results for the most part in an increa3ed

of melting rate of the consumable electrode, with an insignificant

Increase in the overheat. These two circumstances complicate the

smeltiag of titanium-alloy ingots with uniform chemical composi-
der tion.

e of
Titanium is alloyed with elements that differ from it sub-

stantially In both directions as regards melting point and den-

sity. For example, molybdenum has a melting point of 26200C and

a density of 10.23 g/cm 3 , aluminum 6600C and 2.7 g/cm
3 , respec-

tively, and tin 2320 C and 7.3 gf/ .

£.oents with properties similar to those of molybdenum do

not have time to dissolve in the molten titanium pool before it

begins to crystallize; tin cannot be smelted out of the consum-
W able electrode before the base metal melts. In either case, the

ingot will have nonuniform chemical composition. In s!e!lting
.:es- titanium alloys, therefore, it is advisable to alloy the titanium

rc net with individual elements but with master alloys. It is ex-

pedient to melt high-melting alloying elements together with the
-3 aluminum used in most titanium alloys, since this will help lower

the melting point of the master alloy and its density, while low-

the melting alloying elements - aluminum and tin - may be fused with
si- high-melting elements, with titanium as the prime example. Var-

at ious methods may be used to prepare the master alloys: vacuum In-

eing duction furnace melting, melting in the vacuum are furnace with

nonconsumable and consumable electrodes, and aluminothermics.

"Along with the use of master alloys to sMelt Ingots contain-
sed ing high-melting additives, it is recommended that the cathodic

C
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spot be strongly focused to obtain local overheating of the liquid

drops forming on the face of the electrode and to produce the app

deepest possible liquid metal pool. To do this, it is necessary tec

to melt in a short arc of increased power. This shortens the

melting time, and the specific power consumption remains about dif

the same as in smelting under ordinary conditions [8, page 236). tro

As a rule, current is set proportional to ingot diameter in Ing

smelting titanium alloys. This follows from the conditions for the

naintaintrg a constant ratio of pool depth to ingot diameter. For fir.

most alloys, I - KD, where K a 300 A/cm, which results in appro:xi- out

I mate equality of the ingot diameter to the depth of the molten pre,

{ metal pool [19).

i' At- the

melt

S I the
spat

-- -- -.- abou

-cour

" ernut.hA U on st

furnace power, kW * that
Fig, re 110. Average mass et

melting rate of titanium- Figure 111. Average mass iilti

alloy ingots of various melting rate of titanium- clear
sizes as a function of cur- alloy Ingots of various
rent. 1) Electrode diameter sizes as a function of arc-
1460 mm, ingot diameter 630 furnace power. 1) Electrode
-; 2) electrode diameter diameter 456 mm; ingot diam- and f

280 m, Ingot diameter 456 eter 630 mm; 2) electrode mecha
me; 3) electrode diameter diameter 280 mm, ingot giam-
280 mm, ingot diameter 380 eter 456 mm; 3) electrode
m-; 4) electrode diameter diameter 280 mm, ingot diam-
200 m, ingot diameter 380 eter 380 mm; 4) electrode titan

-. diameter 200 Mn; ingot diam- the t
eter 380 mm. When

Figure 110 shows the melt- hydro

ing rates of alloy ingots up to 620 mm in diameter as they depend spong

on current, while Fig. III shows the dependence on furnace power vigor,
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the liquid [13, page 2661. The alloy melting rates given in Fig. 110 are
e the approximately half those given in [I] for the melting rates of
ecessary technical titanium.
s the Smelting of manganese-containing ingots presents certain
about difficulties, since manganese is vaporized as the consumable elec-

ge 236]. trode melts, condensing on the crystallizer walls and concentrat-

meter in ing in the outer layers of the ingot. Manganese vapor promotes
ons for the development of glow discharges. In view of this fact, the
eter. For first remelting of alloys containing manganese is usually carried
n approxi- out in a vacuum, and the second under an argon or argon-helium
molten pressure of 40-200 mm Hg [191.

Large-diameter ingots can be melted at comparatively low
voltages without detriment to arc stability. This is because of
the smaller voltage drop in the consumable electrode and the

smaller linear .alectrode melting rate for larger diameters. The

melting process is quieter, and it becomes possible to shorten

the arc gap and prevent local short circuits that result from

spattering. The yield of acceptable 620-mm-diameter ingots was

about 90%, or 5% higher than for 380-mm ingots [13, page 266).

The influence of chlorine present in titanium sponge on the
course of the melting process was studied in [201. It was found
on smelting OT4 and VTI-2 alloy Ingots containing 0.06-0.12% Cl

k that a sponge content of up to 0.1-0.12% C1 has no effect on

melting (spattering, outgassing, Ionization, etc.), crystallizer
um- cleanliness, or melting-cycle time.
s
arc- Chlorine contents ranging from 0.06-0.08% in type TGO sponge:trade
diam- and from 0.08-0.12% in type TOl sponge had no influence on the

ode mechanical properties of the ingot or sheet produced from it.
giam-

ode Certain distinctive effects are observed when sodiothermic
diam- titanium powder is melted. The sodiothermic titanium used for
ode
diam- the test melts contained 30-40% of fractions smaller than 1.25 mm.

When this metal was melted, the higher contents of sodium chloride,

y depend hydrogen, and absorbed gases as compared with magnesiothermic

psponge caused considerable spattering of the metal as a result of
e power vigorous evolution of gases. A result was lower are stability
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and the frequent appearance of glow discharges. The strong tump- the sai

Ing and spattering of the liquid metal pool and dissociation of 
on the

the sodium chloride coated the surfaces of the crystallizer, Ii

vacuum chamber, and vacuum system with spatterlngs of titanium on the

and dcposits consisting of sodium, chloride, titanium dust, and by a l

metallic sodium. The last two components are explosively in- iure is

flammable when the furnace is opened to permit contact with at- same ir

mospheric moisture. the pre

Preliminary degasification of briquettes made from sodo- 
melting

thermic powder was detrimental to the mechan!cal properties of 
higher

the final ingots. It was found more advantageous to prepare the ultimat

consumable electrodes by surface-melting the briquettes, without 
problem

degassing, in an arc furnace operating at reduced power with a titaniu

nonconsumable electrode. Remelting of the resulting ingots pro- H

duced metal whose mechanical properties satisfied the technical 
each we

specifications for magnesiothermic titanium ingots [213. Ethyl tory fu

alcohol was introduced into the cooled furnace after melting to in diwa

bind the metallic sodium that had condensed inside the furnace two of

into sodium alcoholate, which does not react with atmospheric 
fouwth

moisture when the furnace is opened. 
re r-lti

remove ,
Titanium-alloy ingots are usually remelted to ensure con- depth 02

stancy of chemical composition and mechanical properties. Fur-

naces designed to accomodate both meltings can be used for this out Witt

purpose. Tie object of the first of the two meltings is to re- found tt

move the metallic reducing agent, its chloride, and hydrogen, and to the 1

to establish a more or less uniform distribution of the alloying been sm

additives. The surface quality of the first !ngot is of no par- of the a

ticular importance. The purpose of the second remelting is to propertl

improve the uniformity of alloying-additive distribution and pro- eat loss

duce a surface with no pores or blisters in order to minimize made wt

weight losses when the ingot is dressed; it sometimes makes it

possible to dispense with 
dressing altogether. In the cecond

remelting, casting defects usually form at the bottom of the in- Mie

got, since the molten m2tal drains onto the cold floor at the the turn

beginning of melting. To eliminate this shortcoming and protect surface

the floor from burning though, a primer (template) 
of metal of taminati
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L bthe same composition as the ingot being smelted is usually placed

on of on the floor.

V., It is most important to determine the influence of remelting

lum on the mechanical properties of titanium. It has been established

and by a laboratory of the US Bureau of Mines that remelting of titan-

in- ium is not, per se, detrimental to the quality of the metal. The

n at- samse ingot was remelted thirty times using the ingot obtained in

the previous melting as a consumable electrode for the subsequent

dio- melting. The hardness of the last ingot was 30 Brinell units
higher than that of the first; this corresponds to an increase in

re the ultimate strength of about 0.3 kgf/mm2 per remelting (22). This

ithout problem was studied in greater detail in [8, page 236). Technical

th a titanium was melted at a residual pressure of 1 • 102-5 • 10
-3

s pro- mm HS. First, two ingots 100 mm in diameter and weighing 5 kg

nical each were smelted from briquettes 70 mm in diameter in a labora-

Ethyl tory furnace; these ingots were then remelted into ingots 130 mm

ng to in diameter. A single ingot 150 mm in diameter was produced from

rnace two of these ingots in a semlindustrial furnace and used in the
ric fourth step to smelt out an Ingot 176 = in diameter. Between

remoltings, the ingot surfaces were cleaned with a wire brush to
remove sublimates. In addition, one ingot was roughed off to a

con- depth of 3 m after each remelting to eliminate the influence of
thr-sSases and moisture on its properties. Another ingot was smelted

out with three intermediate forgings between remeltings. It was
o re- found that the second and last remeltings were quite detrimental

loying to the ingot's properties. At the same time, the ingot that had
been smelted with four remeltings and intermediate roughing offopar- of the surface after each remelting had practically the same

do properties as the ingot obtained after one remelting. The great-
pze est losses of ductility and toughness were rmported for the ingot

made with four remeltings and intermediate forging and roughing.
3nd In this case, hydrogen content also increased.

he in- These results imly that when air inleakage is controlled,
the the furnace is thoroughly cleaned before melting, and the ingot
rotect surface is roughed, the metal is subjeot to practinally no con-

l of tamination during remelting. If the ingot is not dressed before
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remelting, the moisture introduced by hygroscopic sublimate resi-

dues on the surface of the ingot will contaminate it with oxygen. influ
If the ingot is forged between remeltings, the gases absorbed

from the atmosphere have time to penetrate so deep into tOe ingot trade
that subsequent dressing does not ensure complete removal of the

gas-enriched layer.

sintei
The results cited above agree with practical data to the ef- ing ii

fect that repeated remelting of a titanium ingot without the meas-

ures enumerated above increases oxygen content by approximately

0.04%; this corresponds to an ultimate-strength increase of 3-5 electz

kgf/mm2 [13, page 282). subse

However, double remelting of the ingot in the same furnace

without lifting the vacuum has nrf.ctically no effect on its

mechanical properties. of gra~propri
The smlted ingots are machined: the end surfaces are trimmed cally

off and the sides are roughed. As a result, the useful yield fed in
usually comes to 85-90%, reaching 95% for large ingots (13, page sinter
266]. To eliminate the need for roughing of the ingots, it has betwee
been proposed that they be surface-melted, e.g., with a noncon- there

sumable electrode. in& ta

The finished ingots must be quality-controlled ultrasonic- 300 mm
ally or by some other method to detect structural defects. tion i;

Preparation of Consumable Electrodes T1

The following basic requirements are made of consumable elcc- trodes
trodes for smelting of titanium and titanium-based alloys [8, page C1

221): need t(

a) adequate mechanical strength, which eliminates the possi- it maki
-- the elt

bility of electrode breakage during shipping or melting;

b) limited warping, so that the clearance between the side Rf

zf the electrode and the crystallizer walls will be uniform; into ca

the dea
c) absence of low-melting or readily vaporized additives on the blc

the outer surface of the electrode, since otherwise these addi- the ent

tives miCht melt out of the electrode or vaporize with formation tract.
of stray arcs between the electrode and the crystallizer wall; so that

PTD-HC-23-352-69 FTD-HC-
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resi- d) the lowest possible electrical resistance, to reduce the
Kygen. influence of electrode length on furnace electrical parameters;
d e) the highest possible electrode density, to reduce elec-
ingot trode length and, accordingly, furnace height.
the There are several ways to prepare consumable electrodes: a)

lie ef- sintering in a furnace with a nonconsumable electrode; b) sinter-
ing in containers; c) block pressing in a vertical or horizontale meas- pressform, with subsequent joining of the blocks into a consumable

ely electrode by welding; d) hydrostatic pressing of blocks, with3-5 subsequent welding of their components; e) pressing the electrode

through an extrusion die.
nace

Arc-furnace sintering with a noncomsumable electrode, usually
of graphite, is used to make consumable electrodes when the ap-
propriate presses are not available. The charge is fed mechani-

trimmed cally from a hopper to the graphite electrode. The sponge is
Id fed in rapidly for sintering so that there will be time only for
page sintering or slight surface melting. Since the time of contact
has between the material to be sintored and the graphite is short,
eon- there is practically no carburization of the material [2]. Melt-

ing takes place at a voltage of 45-50 V and an arc length of 200-

nic- 300 rm; the melting rate is 150-230 kg/h; specific power consump-
tion is 1.1-1.6 kW'h/kg [21).

This method is obviously unruitable for preparation of elec-

trodes for ingot smelting.e elec-

8, page Container sintering of consumable e7'ctrodes eliminates the
need to use presses; .ne method is of a certain interest in that

it makes it possible to introduce up to 90% of lump scrap intopossi-
the electrode. This method will be examined in Chapter 21.

side Rectangular or cylindrical blocks are produced by pressing

into cavity dies and then welded together to form an electrode of
the desired length. Reverse-tapered cavity molds are used to make

res on the blocks, since they give almost uniform specific pressures over
.ddi- the entire cross section of the block and make it easier to ex-
kation tract. The lower end of the ram usually has a conical projection,
11; so that a corresponding depression is formed in the top of the
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block to receive alloying additives. This eliminates the possJ- degas

bility of the additives melting out when the el-ctrode is heated trode
~at le

in the furnace. A single pressing portion of sponge may weigh

about 3 kg and the total weight of the block may range up to 35

kg; the blocks range to 650 mm in height, and their densiti.es hydro

vary from 3.4 to 3.5 g/cm 3 . The specific pressure must be about press

3.5 tons/cm 2 (8, page 221]. The blocks or sectors are welded to- water

gether with titanium wire in an argon atmosphere in a rather time- in th

consuming operation. f1tte

Figure 112 [23] shows a 950-kg consumaole electrode welded 
with

up from individual blocks. 
Voiop
vanta

Graphic Not Reproducible As a technique for welding presst
the blocks together to form a a o

consumable electrode, it has been rial p

suggested that they be placed in sibill

steel rings, which would then den er

be inserted into a horizontal For ex

iealed argon-filled pipe. The diamet

rings would then be rotated ani

traversed for positioning unler

a consumable or nonconsumable

welding electrode. The maximum parin

dimensions of the electrodes pro- extrus

duced by welding the blocks in .

the tube: length up to 3 r,, diam- tapere

eter up to 250 mm, or diagonal up by ique

to 28 mm.Subse.,
Figure 112. Consumable elec- to 280 mm. sist
trode welded up from indi- A method of contact block resist
vidual blocks. A disa

sintering based on the rather: specif

high electrical resistance at the points of contact between blocks that athata

has been tested. When current flows, these points heat up rapidly the ce

to 800-9000 C, which is enough to sinter the blocks together se- outer

curely. An advantage of this method is the fact that the blocks and te

are heated gradually, with elimination of gases and water vapor 
te

thi sr
at 300-40o0C. However, the same gases are absoroed in substan-

f tial amounts by the molten titanium pool when the electrode is fect,
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- degasified in tne furnace. The current needed to sirn:er an elec-
leated trode from blocks 80-100 mm in diameter must be about 3000 A, and
!igh at least 6000 A for a 150-mm diameter [8, page 221].
c 35 In the industry, blocks are pressed
es hydrostatically. After preparation for Graphic Not Reproduclble
about pressing, the charge is poured into a
led to- waterproof elastic tag, which is placed
.r time- in the press container; the container is

fitted with a quicL.-seal cover and filled
Ided wJth water or some other liquid to de-

velop tht, required pressure. The ad-

ding vantages of hydrostatic over ordinary

a pressing are less stringent requirements

s been as to the shape of the pieces of mate-

ed In rial pressed by this method and the pos-

en sibility of obtaining stronger and

Ial denser compacts in rather large sizes.
The For example, compacts up to 330 mm in Figure 113. DiagramTihameter and 1000 mm high are made by showing principle oftapered pressform

thle Methodi r231. for ext~rdsion of'con-sumable electrodes.
le The most productive method of pre- 1) Tapered die; 2)imum paring 2ar5umable electrodes is that of bearing ringt 3) ram;

4.) press crossbar.pro- extrusion through a tapered pressform
In (Fic. 113) [12; 8, page 2211. Before pressing is started, the
diam- tapered die is fitted with a bottom plate. Wher the initial

nal up briquette has been formed, the plate is removed from the die.
Subseuent compacting takes place as a result of the electrode's

ock resistance to upsetting as it is extruded down through the die.
er A disadvantage of this pressing method consists in the fact that
blocks specific pressure at the walls of the pressform is several times
rapidly that at the center of the electrode. As a results the sponge in
se- the central core of the electrode moves ahead of the sponge in the

locks outer layers, so that the outer layers come under tensile stresses

apor and tend to crack; the strength of the electrode is lowered; and
ar.- this may cause it to break in the furnace. To eliminate this ef-

ts fect, the electrodes are strength-tested before insertion in the
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furnace. If necessary, the specific extrusion pressure is raised. Obvious:

It is usually about 3-4 tons/cm2 , and the final electrode has a additive

density of about --.5 g/cm3 and a tensile strength of 12-15 kgf/cn. electro

Specific extrusion pressure is lowered as the diameter of the con- Ingot as

sumable. electrode increases. For example, electrodes 450 mm in lationsh

diameter can be extruded under a specific pressure of about 2 pool in
2tion of

tons/cm . The possibility of lowering the specific pressure re-
sults from the smaller circumference-to-area ratio of the elec- course o

trode and, consequently, the lower friction of the electrode followin

against the wall of the pressform as it is extruded. This extru- ious hei

sion method has certain disadvantages. Horizontal presses are and piec

normally used for it, and this makes it difficult to introduce serted i

alloying additives into the core of the electrode. Long (3-5- have tim

meter) electrodes are noticeably warped. Since much of the ex- of the pi

trusion effort is expended in overcoming friction, high-power cut out
depth of

presses are required.
determin(

However, these disadvantages of tapered-form extrusion are eign-met

offset by a substantial advantage: direct formation of final con- metal in

sumable electrodes of the desired length; this factor is respon- page 221:

sible for the extensive industrial use of this method. molten-me

To permit use of presses with smaller capacities for prepara- diameter.

tion of consumable electrodes, it has been proposed that the mate- ing of th

rial be pressed through a tapered die with subsequent sintering. ingot gre

In this method, the electrodes are pressed at specific pressures to resemb
of 0.7-1.4 tons/cm 2 , after which they are sintered in a vacuum The

for 12 hours at 9500C. The hydrogen content in the electrode is tice, led

reduced simultaneously, e.g., from 0.020 to 0.006%.(3) laying ad
PMagnesiothermic titanium sponge cons-sts of comparatively the conta

large pieces; for this reason, certain difficulties are encount- sponge lo

ered in obtaining uniform distribution of the alloying additives mass of t

in the consumable electrodes. These cifficulties are further that the 1

aggravated by the comparatively small size of the molten metal molten-poi

pool in the water-cooled crystallizer of the arc furnace. It has test showo

been established that even low-melting alloying additives (such the secon4

as aluminum) do not have time to coalesce with the titanium dur- times the

ing heating of the consumable electrode above the melting zone.

Footnote (3) is on page 559.
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raised. Obviously, the uniformity of alloying- 4

has a additive distribution in the consumable2/
kgf/cm. electrode and, consequently, in the final

_the con- ingot as well, must stand in a certain re- JD

m n lationship with the volume of the molten 1W

t 2 pool in the arc furnace. The volume varia-

r-, re- tion of the titanium pool during the I 16gg 1 ' 4,
elec- course of melting was determined in th- Mos of molten

de following way: holes were drilled at var-

extru- ious heights on the consumable electrode Figure 114. Varia-
and pieces of a foreign metal were in- tion of mass of

'ire amolten-metal pool
duce serted into them; these pieces did not with ingot height
3-5- have time to melt, and sank to the floor during melt.ing in

a crystallizer 250
e ex- of the pool. Then a macrotemplate was mm in diameter at

cut out cf the ingot and not only the an arc voltage of
29 V and a current

depth of the pool, but also its shape were of 3100 A.

determined from the positions of the for-
n are eign-metal fragments in it. Manganese was used as the control

metal in one of the studies [24], and tungsten in another [8,
espon- page 221]. Figure 1l1 (8, page 221) shows the mass change of the

r,,.i!ten-netal pool as an ingot formed in a crystallizer 250 mm in
repara- dianktter. At the beginning of melting, owing to the strong cool-
e mate- ine of the floor plate, the bath was shallow and flat. As the
ring. ingot grew, the bath became deeper and its vertical section came
sures to resemble a parabola.
uum The corresponding calculations, which were confirmed in prac-
)de is tice, led to the conclusion that it is unnecessary to mix the al-

loying additives intimately with the portion of sponge placed in
ely the container to press a consumable electrode, provided that the

•ount- sponge loaded in a single dose stands in a certain ratio with the

tives mass of the molten pool in the furnace. It was assumed at first
er that the portion of charge might range up to 0.5-0.8 of the
tal molten-pool weight. Mathematical elaboration and an experimental
It has test showed that satisfactory ingot homogeneity is obtained after

such the second remelting when the molten-pool volume is three or more

dur- times the volume of the portion of charge being pressed at one

one.
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i As v
time [8, page 221]. To eliminate composition nonuniformity at

the bottom of the first-rem. Itng ingot, It is recommended thae

it be turned over before the second remelting. Since this is madf witt

imupossibie in present-day furnaces designed for double remelting and then

without opening, the portion of charge should amount to about the furnz

0.2-0.4 of the molten-pool mass. electrode
tallizer

Design of the Vacuum Arc Furnace the furna

The basic elements of the arc furnace (see Fig. 107) are the Ing.t has

shell, the crystallizer that lines it, the electrode-transport on the tr

mechanism, the vacuum system, and the electric power source. The trolley I

type of furnace is usually indicated by the type of electrode lizer is

used - consumable or nonconsumable - and by the type of crystal- welded tc

lizer: with elevator or fixed bottom. When an elevator-bottom The secor

crystallizer is used, the ingot is lowered with the floor of the eter thain

crystallizer ,= it b'ui1ds up, with the molten-pool level in the trode and

crystallizer remaining constant. Constant level offers a certain In t

convenience - the condensate, which consists basically of mag- ii

nesium and magnesium chloride, settles above the level of the time was

molten pool and thus does not interact with tne molten metal. :: w:; tfI.........

'However, the crown of the ingot Is often extracted together .-lt,~It out, c

the ingot. If, on the other hand, the crown is broken off, the it oun
cent frn

resulting spane Mils with molten metal and a flatlead 'rs, util zati

During melting in a fixed-floor crystallizer, the pool level melting.s

rises steadily, reaching the layer of condensate, some of which remelting

evaporates and Is redeposited at a higher level, while some of M Th

it is cast into the molten metal, spoiling the surface of the in- from the

got. eondensate usually forms in appreciable quntItes . . na dropped _1

the primary melting; in the second remelting, therefore, it does to it. T

not affect the ingot s,,_-ace4 oha.- er .

Thus, the advantage of crystallizer smelting with extraction larger-di

is a minor one. At the ame time- this meltin= technique o^_-Mpli .t.., a'

cates arc-furnace design and makes it difficult to control smelt- The aecon

Ing. Quite frequently, the ingot Jams in the crystallizer, mak- that make
nace with

ing it necessary to shut down the furnace.
Ing for t

Footnote
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ty at As we noted above, titanium-alloy ingots are usually melted

St ...To redu. .urnacc height, the first-remelting _ngotc are

is mad with one-half or one-third the weight of the final ingot,

nelt ng and then theze int.c.-mediate ingots are welded under argon outside

out the furnace or in the furnace itself into a single consumable

electrode, which is remelted. Usually the stand with the crys-

tallizer is placed on a trolley, which is rolled out from under

the furnace when the first remelting has been completed and the

are the ingot has chilled; the second-remelt crystallizer is then placed

-port on the trolley, the first-remelt ingot is inserted into it, the

.e. The trolley is rolled into position under the furnace, the crystal-

-ode lizer in i--al"-d the furnace sealed, the fikrb-remelt ingot

crystal- welded to the electrode holder, and the second remelting begun.L .,ia The second-remelt crystallizer is usually somewhat larger in diam-

of the eter than the first-reme.lt r'.Iot 'the clearance between the elec-

n the trode and the crystallizer wall should be about 50 mm on a side). 4 )

certain In the furnaces that were used until quite recently to smelt

titanium and titanium alibys, no more than 40$ of the operating

time was actually spent in the melting phase. The rest of the

r . :

Sthe it out, cooling the ingot, and otheir auxiliary operations. 
Re-

cent furnace-design improvements have substantially increased the

utilizat,;n factcr. 7.is has been done by combining the two re-
i level meltings in a single furnace without breaking vacuum. The two

.,,hich remeltings take place successively with only a short pause between

e of them. The inct smelted out in the first remeltIng is not removed

the in- from the furnace. The electrode butt left after melting is

luriniz dropped inu Lhe moiLen pool and the first-remeit ingot is welded

t does to it. Then the Ingot is raised into the furnace chamber, the

chdmber is separated from the crystallizer by a vacuum slide, the

raction larger-diameter crystallizer is brought into position and evacu-

enrmnH- ated, -nd then the vacuum lock is opened for tne second remelig.

smelt- The second-remelt crystallizers are also fitted with vacuum slides

mak- that make it possible to disconnect the crystallizer from the fur-

nace with the hot ingot inside it and resume meltirg without wait-

ing for the ingot to cool. A diagram showing the construction and

Footnote (4) is on page 559.
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Pigure 115. Diagram illustrating Construction and operasla

-A 'Ou-=-remmiti furnace. a) Consumable elec-trode installed in firat-remelting crystallizer; b) con-sumable electrode welded to holder; c) 1. e el n o f ismelted out, d) first-remelt ingot welded to holder ind tions
elevated into furnace; e) furnace closed at ottom wt i

acuum.,ide; r) second-remelt crystallizer ins.talled;g) second-remelt ingot smelted out; h) second-remelt
crystallizer with ingot in it sealed with vacuun slideand disconnected from furnace to make ror fVor instal- the rlation of first-remelt crystallizer for ext m.it.

arid t
operation of such a furnace appears in Fig. 215. I n redute
about 80% of furnace time is utilized. ossel

The two remeltings may Also he rrcd ut wte .... .,. to Ilethe crystallizer. In this case, the crystallizers -are arranged tcrinone above the other. The first remet.in takes place in the upper gases
crystallizer, which has an elevator bottom. ACLe. the resultun-c oss
ingot has hen . ... clctroe holder, te bottom is betwe(lowered to the bottom of the lo'-e r a111z=-, in which tne the lesecond-remelt ingot is smelted [26-28). The more complicated mm lor
furnace design required to accomodate two crystalizers has a-
parently been the reason why these furnaces have not come intoextensive use (11. 

water
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In large furnaces, the crystallizer diameters range up to
600-970 mm, and the innts- 10 tons.
Such furnaces operate at currents up to 36 thousand amperes (144],.
There is a trend toward even larger ingot masses. For example,
it has been reported that technical data are available for the
design of furnaces capable of making titanium ingots up to 1270
mm in diameter and weighing up to 18 tons [i40).

As the ingots become larger, certain difficulties arisp in
clamping them before rolling. It would therefore be expedient
to produce large ingots of rectangular or even oval cross sec-
tion. It would be practically impossible to form rectangular in-
gots in arc furnaces; oval ingots could be smelted out after dif-
ficulties associated with properties of the melt and making the
required crystallizers have been overcome. Rectangular titanium
and titanium-alloy ingots could be smelted out in thp electri^
slag furnaces that will be described below.

The furnace crystallizer is usually nmade of copper because
of Its high thermal and e'n-r-al- e.-----------... ecommenda-
tions as to the wall-thickness ratio of the crystallizer vary:
5-7 7:- [£ :, - i 8 im [29 3 , a nd , recent ly , 0- 50 mm [50) . 1

Conflicting trends must be taken into account in determining
the ratio between the cross sections of the consumable electrode
and the crystallizer. To shorten the clectrode and, consequently, M
reduce furnace height , and to lower thermal emionlon from the
molten pool, the electrode cross section should be as close as
possible to that of the crystallizer. On the other hand, in order
t, -........ .. e danger c, parvaaiLic lateral arcing, facilitate cen-
terlng of the consumable electrode, and accelerate evacuation of
gases from the crystallizer, this clearance should be as large as
possible. it has been established in practice that the clearancebeGween, the electrode an- t crystall±zer should be no less than
the ength, of uhc arc, i.e., 40-50 mm on a side for an arc 30-40
mm long.

!he design of the orystailizer's water-cooling jacket must
ensure the absence of vapor films at the interface between the
water and the cooled surface, since the low thermal conductivity
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of such films may cause the crystallizer walls to overheat and the C
Meltthlughl. The i£lowrate or the water used to cool the Cryscryst

lizer usually runs into the hurdreds of lltp.r per min''tc and i
adjusted so that the exit water temperature is 10-200 higher than with
that at the entrance. The final temperature of the water should tion,

not exceed 40-45"C, since salts begin to deposit on the crystal- no wa
liz..: walls at 450C and sharply reduce their thermal conductivity, nace
For the case of a closed system with softened water, the initial possi
temperature is usually 15-200 C, but the final temperature may be
raised to 50-600C and higher. as a

A considerable amount of the power supplied to the furnace proof
is expended in heating the furnace cooling water. The crys-al-
lizer - espccially where its wall contacts the ingot - is the thoug]

part of the furnace that is most heavily heat-stressed. Here the as amaximum heat flux (on the inner wall) may reach 3 * 10°  sive.

kcal/(m2h), averaging (0.3-0.8) • 10 kcal/(m . h); above the metal smelt'.
levl, i.e., in the zone of the arc, the heat load is much smaller

C(0.4+0.6) x 10 keal/(m.h)]. When the water move- at speeds
greater than I m/s in the crystillizer. removal of heat from itse
wa"'s carn ba provided for with an ordinary free-flow cooling set
system. At lower speeds, heat transfer will be effected by ebul-
lition [30J. Heat repreenting Vfrot:oy o of ti-e rurtlacechek
power may be taken off through the ,ry tallzer. To 1ne;c th1
coefficient of heat transfer from the crystallizer walls to tne could
water, the latter must flow through at several meters per second

bre : .

Use of a pressurized water lacket to cool 
the crystllz-

presents a certain hazard, since a large amount of water might sists
enter the furnace in the event of 1±rning through of the crystal- the In
lzer walls. which

With the obf-ct of improving operating saf'ty .... wate- The ro
cooled crystallzers, a published proposal has called for aban- sumabl
donment of the internal-water-jacket principle and use of an ex- end of
ternal water spray for evaporation cooling of the crystallizer.(5 )  togethl
For sprinkler cooling, the crystallizer is wrapped with a fine lowere
wire screen, which ensures uriform distriburIon of the water over

Pootnote (5) is on page 559.
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it and the cryctCallzer surface to be cooled. Experiments in which a

crystallizer of this design was tested Rave encouraging rults

and is 'LI. Wlyen tne crystallizer wall was intentionally burned through,

Iher than vLth Lt!pitzxaures reaching 800-9O0' ar , ne point or" the perfora-

should tIon, the water begins to flow around this point and only air, and

?ryztal- no water, enters the crystallizer. The pressure rise in the fur-

luctivity. nace that results from this kills the arc and thus reduces the

initial possibility of explosion.

may be An Na-K alloy that is liquid at room temperature was tested

as a crystallizer coolant with a view to improving the explosion-

urnace proofness of the furnace.

ryasal- The Na-K alloy is ar. extremely active substance, and, al-

is the though the hazards associated with it may be eliminated; it- Lee

Here the as a coolant complicates the equipment and make:; it more expen-

si~.v .H~c~, prc' %ILU~J i.~~V.56 ~IIiJ ~ .J~.AIslvc. ~ ~ ~ tca use',zr o,,f,,,. , this 0001ing system ifor tItalum

the metal smelting has been reported [141.

-h smaller Several hundred ingots ranging in diameter from 125 to 460 mm

speeds were smelted out in an arc furnace equipped with a cooling system

from its of tnis tyee. The crvystaliizer burned throtig duing oe Of tre

gszeltIngs, but no explosion followed. The resulting ingot was

b;: ebul- checked for sodium and potassium contents in its surface layers.

furnace fc-id th.t color of tho mtal differed to a dopth or
'e..e the .- ,rmtat of' ..e ingot's core, but sodium and potassium

to tne could not be detected in this surface layer. The ingot was

second spoiled -- not to mention damage to the furnace - when a similar

brdo'.d: occurred in a water-cooled system [31).

1'.i.7pe The rod to which the consumable electrode is secured con-
mivht sists of two concentric pipes. Cooling water is supplied through

crystal- the inncr stcl ipe, and electri c current through the outer pipe

whicn is made of copper for small furnaces or steel in lanzge ones.

water- The rod enters the furnace throuh a e.liding vacuum seal. A con-

* aban- cumatlo-olectrode butt 200-300 =,s long is screwed onto the lower

f an ex- end of the rod. The butt and the consumable electrode are welded

Ilizer.(5 ) together by striking an arc between them. The rod is raised and

n fine lowered with the aid of a screw or hydraulic drive.

ater ove".
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In the normal course of smelting, the rate of consumable-
r nace

electrode feed is in the tens of mil1meters- pcr ikute. To nc
eliminate short-circuiting and quench lateral arcs, the electrode of 5
must be able to move two or three times as fast; in addition, the

transport mechanism must have the shortest possible response lag

and no backlash. These conditions are met by a two-speed reduc- melt

tion gear with electromagnetic clutches that has been developed resi

in the USSR and by two-speed hydraulic or hydraulic-electronic
Psystems pi]. vapol

Ipres.
Because of the need to introduce substantial amounts of

" scrap into the ingots, first-remelt furnaces are sometimes fitted 
live3

with hoppers and batching devices. One of the batching mechanisms have
the

that has been developed takes the form of a drum with sixteen see-

tions, which are filled with lump scrap. The sections are un- instE

loaded by turns through a hole in the bottom disk of the drum 
Const

into a ohute, through which the contents of each section slide 
highe

into the crystazer .j. velo

- Furnaces of similar design can also be used to prepare (sin-

ter) consumable electrodes from titanium sponge.• pro s,

The selection of the types and deliveries of vacuum pumps DVN t

used to service arc furnaces is determined by: a) the quantity voive

of gases present in the material to be remelted; o) the opti!cun

residual pressure in the furnace from the standpoint of support-

ing a stable ara; c) the mai.u. n oermissine residual p sized
" -- e to prevent heavy absorption of gases by the consumable

we... ne ri l iia meffc

electrode and the liquid-metal pool. Wi~h
"}Ab we notedt previously, it is assumed as a guideline 'hat enter

Ssponge contains 0.3-1.0 liter of gases. To meet also I

the other two conditions, the residual furnace pressure should be rotor

held in the range from 102 to 10-  mm Hg. loadi,

In calculating vacuum-pump capaCnty it is al necessa' in se(

to takc account of leakage of outside air into the furnace and conta

the liberation of gases from the deposits on the irner 
surface of pumps

the furnace (the computed vacuum-system capacity 
'A usually in- pump

creased by 40-50%). 
some
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mab le- The permissible leakage Is determined as a function of fur-
To nace dimenslons: for Ar e w ...t.l.izer diameters

eectrode- - of 500-800 , no more than 0 litersum/s of leakage can be per-
ption, athe matted [2h.o

lonse lag Since large amounts of grses may be liberated early in theedue- melting ces vacuum-pump delivery must be increased as theveloed rsedual pressure e system rises. Two types of boostertrncpumps - oil-vapor and mechanical - meet this requirement. oi- -

vapor booster pumps perform successfully in the 0.01-0.l-a m H
hof pressure range, and e iheir characteristics do not depend on de-

es fitted lvery pressure (up to 1-2 mm Hg). They are simple in design andmechanisms have no moving parts. An important advantage of these pumps isa
xteen sec- the delivery increase that occurs when hydrogen is being pumped
re un- instead of air. The disadvantages of oil-vapor pumps include
drum constant delivery at pressures above 0.01-0.1 mm Hg and their
slide higher electric-power requirements. The Soviet industry has de- =--

v4...ped booster-pump designs delivering up to 15,000 liters/s [2,

are ( - 32, 33].
in processes in which large amounts of gas are liberated at

ump* projure of 1.0-10 - 2 mm Hg, it is most advantageous to use type

intity DVN twin-rotor mechanical pumps. The rotors of such pumps re-
t :-.1un volve in the pump chamber without contacting one another or the

uPport- casing wa:3. This makes it possible to drive them at high speeds
(1-3 thousand rev/min); thus obtaining high delivery in a small-:ab le-"- pump. T "wn,-r .... o -purmps also have other advantages - high

efficiency, oil-free operation, a Lealed casing that is shared
with the motor. low sensitivity to dnst and water vapor that
enters the pump, and the ability to evacuate not only air, but

To m e also hydrogen, As compared with vapor-Jet booster pumps, twin-
hou'Ad be rotor pomps perform in a higher pressure range, tolerate over-

loading, and thus delive a higher rat-as. These pump8 are used
essary in seauence with forev m rnpump. Since the pu.ed gaes n ay

%Ad contain sustantial amounts of moisture, type VNG gas-ballast
rface of pumps should be used as forevacuum pumps. A separate gas-ballast
J>y in- pumn is installed for preliminary evacuation of the furnace in

some cases. Filters are inserted in the pipeline to the pump to
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5144



protect it from dust that may be carried along by the air stream at the de
at the beginning of evacuation [2, 341. the disch

The design of the filter should provide for replacement nr corretio
switching of filtering elements under vacuum during operation of change of

the furnace installation [35.tion; 7)
parasitic

Steam-ejector pumps, which have a number of advantages over lizer wal
those hitherto used, have recently come into use for evacuation molten-m-
of metallurgical vacuum furnaces. For example, these pumps de-- extractio
liver at substantially higher rates than other pump types, have tion of m

no moving parts, can transport duasty and corrosive gases, and dIttons w
deliver at higher rates as the entrance pressures rise. A six-

stage pump can lower the residual pressure to 10" 2 _0- 3 mm Hg. Amsym
A , a. . y o, the stea-ejector p , - 1 5 the n - d fo r a . . . p erm ts r
source. Steam is used at a rate of 700 kg/h and condenser water operator '
at 45 m-/h to pump at a rate of 10,000 liters/s; at 20,000 rt ae
liters/s, the corresponding figures are 1000 kg/h and 70 m3/h remelt ar
(33, 36]. Moti

Dynamoelectric converters, such as the 85V, 6500A type showed th,

GPN550-750 and the 40 V, 14,000 A type 0'T1560- 375, are currentl: dl 'ectnon

the preferred direct-current power sources for arc furnaces. anth. Au
These generators have efficiencies of about 85%. and the Si

Modern furnace installations are fitted with zemlcc:ndu tcr

rectifiers. Silicon rectifiers are preferred, since they sur- de ....vive heating better than germanium rectifiers, and this makes it Thiseloped

possible o incrcase the specific current load carried by the ThielleneI

rectifier. An investigation of a 5000-ampere silicon-diode level in 1
4fl- . showed a..t .. are ...... quite stably-tp .. . * . ' mm ,

pulsating voltage supply that is characteristic for semiconductor control, 1
rectifiers. The arc current and voltage follow the pulsations m

of the rectified voltage. ing, usinf
currently

Modern arc furnaces are provided with devices for automatic and, whicl
control of melting. The unit used mLst support performance of

a large number of operations, including: 1) striking the arc with- A nui

out short circuiting; 2) establishment of the desired arc length possible ,
~in arc fu3

after the arc ha3 been strucki 3) feeding the consumable electrode ti rcu
Ftrical oqa
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eam at the desired rate; 4) stabilization of the power dissipated in
the discharge gap throughout the entire melting period; 5) .u::
correction of short circuits; 6) compensation of the resistanceOrof change of the consumable electrode that accompanied its deple-of tion; 7) immediate lowering of the electrode in the event that a

parasitic discharge arises or the arc is thrown to the crystal-
over lizer wall; 8) ztarting the furnace at reduced power (until the
ion molten-metal pool hs formed), switching to shrinkage-porosity
do- extraction conditions, and switching off the furnace on comple-
ave tion of melting; 9) correction of the remelting electrical con-
d ditions when various types of charges are used.ix-
ix. A system that meets the above requirements and generally

permits melting without intervention on the part of the smelter

ater operator has been designed and is in the debugging stage [2, 37).
It has been reported that progr-m-comeuter-controlied double-
remelt arc furnaces have been placed in operation abroad [38).

Motion pictures made of an automatically controlled arc
showed that its length varies only by a few millimeters in either

direction, and that the are voltage is constant to within i0.25 V
L3. Autcmatic control incr-aued arc-furnace Operating safety H
and the speed of the melting process. Double remelting of a 2-
tnn inim0 t roquhred I-5 hours [6, 263 R, 39) . I1

unit using radioactive isotopes, such as Co6 , has been

developed for continuous measurement of intereleetrode distance.

ehis level meter makes it possible to determine the molten-metal
level in the crystallizer or hold it constant with an error of
o.25 mm [29, 40. To improve safety and reliability of meitins

iuctor control, the furnaces are also equipped with remote systems for

manuial nontrol of the nrocess and direct observation of arc burn- I
ing, using optical or television devices. optical systems are
currently regarded as more expedient, since they give a sharper I

natic and, which Is very important, a color image.

of

c with- A number of papers have considered the question as to the

ength possible use of alternating current - single- and three-phase -

ectrode in arc furnaces :or smelting of titanium. The cost of the elec-

trical equipment used in the furnace installation comes to about
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lawk 30% of its total cost. Use of alternating current would lower
. the electrical-equipment costs by 113, or 101 of the total cost

of the installazion, Direct connection of high-power single- CaF2

phase furnaces to the line one at a time cannot be permitted,

aince the phases would be unevenly loaded. In alternating-cur- up th

rent work, cathode temperature is unstable because of the 3inu- proce

soidal form of the current curve, est-cially At the time-- f able

zero passage, and this means a less stable arc. This applies irn latte

particular at a time when the arc is being struck. Alternating- pool

__- current work requires a higher voltage than does de, and this in- data

creases the danger of lateral arcing. eter

TU On direct current, about 2/3 ,f the power is dissipated at

the anode, and use of the Ingot as the anode increases pool depth.

-aw= On alternating current, about 50% of the power would be dLt.ip ted

in the ingot. Ingots smeltei out with alternating current nave

comparatively poor surfaces. Attempts to eliminate these disad-

__ vantaxes of smelting tits-ni-m ingots With alternating current

have been unsuccessful. When it is further taken into account

that the efficiencies of semiconductor rectifiers are quite h!,

we might conclude that alternating current are sneltlr.v -r is in

lum Is not highly procmising.

Smelting in Electroslag Furnaces sla r

The essentials of electroalag smelting are as follcwz: the Mltin

Joulean heat liberated in a slag as an alternatine current passes
-M through it heats the slag to 1900-20000 C, and this nelts a ccn- slag p:

sumable electrode immersed in the slag. vantag

. . To prevent volatilization of the slag, an argon atmosphezre for 83

is usually used for smelting. Bef ore filling with arson, the fur- exceed:

naoe is evacuated to a residual pressure of 0.01-0.05 mm Hg. plte,

Figure 116 shows the design of an electroslag furnace [13, page fundai
sMeltI|

// 314; 4l]11ra

" ?- Alkaline-earth metal fluorides have been tested as fluxes with Ic

flr titanium smelting, and "pure" grade calcium f' wride has been is pwa&
found most suitable. conteni

ing, ir
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The electrtcal conductivity of a :lag conftainin_ 87.39 CaF 2

cost Is 5.5 0-am at 17000C. Conductivity rises with increasing
Cap content in the slag [42).

2
, A stealed hopper be installed above the furnace to ma-ke

ur- up the slag losses incurred during smelting. The electroslag GEM
inu- process can be used to melt titanium with l.rge-section consum-

abne l ctro de or water-COOled nuOnuunUmalie electrodes. in tne
-s in latter case, the titanium is introduced into the molten-metal

pool in the form of sponge, im scrap, atc. Below we present

s ins data on electroslag smelting of titanium ingots 90 mm in diem-
eter with the two electrode types. 3

at Consumable Nonconsumab le
depth. electrode electrode
1 pit ed Current, A 2500-2700 1600

Voltage, V 23-25 24-26-ve Electrode diaeter, mm 60 30

Lsad- 3lag-pool depth, m 2C-0 25-30
Ne;lting rate, ka/h D 3.6

it Specific power consumption,
4nt kW h/kg 1.6 11.2 M

We see from these data that nonconsumable-electrode smelting
:tab- J incfficient.

Figure 116 shows that the electro-

slag furnace has much in common with are-
the melting furnaces. Wate
asses The peculiarities of the electro- a

slag process can be used especially ad-
vantageously in electroslag furnaces .1te

ore for smelting heavy ingots - with weights
ie fur- exceeding 1-2 tons; the design Is sim-

plified and reliability is Improved. A Figure 116. Schematic
construction of elec-age fundamental property of electroslag troslag furnace. 1)

smelting - the absence of vacuum - re- Consumable electrode;

es quires the use of consumable electrodes 2%1es crystallizer cooling

been with low hydrogen contents, since there Jacket; 4) bottom

is practically no reduction of hydrogen plate; 5) ttaniu in-got; 6) layer of

content as a result of electroslag smelt- molten slag.

in-, in contrast to the case of vacuum-
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.. .... ... ... . .. .... ....... S',,"t-= C- -a n a o "' o tn:D e moisture inay a l o'
be absorbed by the sponge during its production: grading, storages the s lag
and conversion into consumable le&'odes, and by the finished the botto

electrodes themselves, electoslag smelting is used only to pro- it fiows

duce second-remelt ingots. liquid-me
~through t

i ' '|Oi / .Experiments in which Ingots offlwn

A ~~titanium alloys such as OT4, OT4-1, uent
_f..i et c. were sm elt ed out by the oleo-eq a i d

[ '.ing indicated that the hydrogen con-
10 metal Poo

; igu e 1 7. pti um ur-The current needed for electro- Inst

. rents al.d current densi- sila, smelting is determined by the possible
beasorbedbythespoge during icross-sectional area of the electrode tre ag
round titanium ingots by to be melted (Fig. 17). it is the botto
the eleotroslag process. o A/mmt2 for electrodes with cross the formi

1) current; 2) current2density sections larger than 300 ci d. Thm The
Eu eimensities in electrodets f tan um t

the same cross section for do are smeltint are 0.10-0.15 A/m 2  consumab]

i~e ,aproimaelyon-third as high.e .I 8 ~,a p p r o x ima.y o n ~V ar e t
The distance between the electrode and the yth le- equaic we

determined by convenience in insertion of the electrodes into the

jr.. . ..... .... .... ... ... . ..... . .. . ...... .. .. ... .....in. .. ..mm.." Thus
~~~An i,-goorta.nt adv.ant ;a~ of al~ t os-la me lt...,,i,,- " - is the absence ofad^n ag
}=the are, which means that the sepaation between the electrode smeltingand the crystallizer need only exclude the possibility of short and shrr

circuiting between them. The absence of metal spatter and the slag layE
"crown" in the eleitroslag process and the uniform heating of the safety be

ingot by the slag over its entir n the s even at clearances

* .greater than 100 mm make possible thorough melting of the side
with an

surfaces of the ingot, so that it is sometimes unnecessary towa rlrough it down before forming. wa sa

~of 36o-5(There are two current-fl w possibilities in flux-shi elded by tai e

-- o14ss-.. -sect ioh hnam n1ara inssa from the c estallizero ar .r.

ounFTD-HC- t.3-)352-69 FTD-HC- 2
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rure may all Of the eu,.nL from the consuinaoie electrode flows through

storage, the slag pool to the ingot; when there is no insulation between
Ashad the bottom plate and the ervstalliso.r tha osir,'_t may vrnch a.

to pro- it flows through the slag pool, part of it going through the
liquid-metal pool to the ingot and bottom plate, and the rest

through the crystallizer wall. As the fraction of the current

O-, flowing through the crystallizer wall increases, so does tempera-

elec- uture in the electrode-crystaijizer zone, i.e., temperatures are

remelt- equalized throughout the entire volume of the slag pool, and this
should have a favorable effect on the volume and shape of the,gen conl-

"--ity As the power supplied to thc furnacc is Inrasd a larger
percentage of the current flows to the crystallizer wall [433.

electro- Installation of three electrodes in the furnace makes it
1y the possible to supply it with three-phase current. If all three

electrode are arranged in a row, it is possible to produce flat ingots,

is 3.3- whose flat surfaces make it possible to send them directly to
h cross the forming stage. (6 )

Th The specific electrIn nower consumption in npntrostlag ti-
)de1 of tanium 3melting depends on smelting conditions, ingot size, and

A/mm2, consumable-electrode dimensions. Low voltages - not above 26-30

V - are typical. for the electroslag process. "Te specific zlec-....... .... ... .................-- "_.e! ... no
7 15 tric power cofnsu , ,o;n _ra . -!.. . n "wW an 5M1,...,,S

into the 120 mm in dianeter with consumable electrodes 70 mm in diameter.
or more. Thus, electroslag smelting of titanium has the following

sence of advantages: the possibility of dispensing with the de source,
,trode smelting of large flat ingots, omission of the ingot-roughing

and shrinkhole-extraction steps in many cases (because of the
id the slag layer, which acts as heat insulation), and better operating
ig of the safety because of the absence of the are.

ices
side Experimental titanium and titanium-alloy melts were made

,Y to with an electric arc under a layer of fused slag. The process
was carried out at 60-70 V in an argon atmosphere at a pressure

of 360-500 mm Hg. Thie increase in arc power increased the melt-
elde ing rate by a factor of about 1.5. The flux causes overheating

Footnote (6) 18 on page 559-
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of the surface layer of the ......,,-, ' pool, wa..-ms the margins
of the pool thoroughly, and prodt- n ingot with a quite even

surface and no "crown." Flux smelting is by no means free of during
important disadvantages: dirtying of all psrts of the furnacc,-- co o ls WL - . Including its vacuum elements, by flux dust and an increased ex- hydroger -. plosion hazard 13, page 275]. it befoM7

Certain Problems of Operating Safety Ce
Since titanium-smelting furnaces are potential explosion rod, th

hazards, normal performance requires strict observance of safety furnacerules that have been elaborated at the plants.

~electri
The safety measures to be observed in pressing electrodes ferent

reduce basically to removal of the explosive titanium dust from materia
the zones in which it forms. The titanium sponge that sticks potent!
to the surface of the extrusion-die taper must be removed sy&- and sof
tematically, since otherwise the electrode will move through
the die in Jerks with the attendant dangerous waterha-M- ef- EY

fects. A vaeutim-leanvnlc sYftem must" b ,, .latl, to remove theeterin
dust and fine scale that form when the crystallizers are cleaned. dental1

that de
The basic danger that arises in vacuum arc sme~t1n. !s burn-

Ing through of the erystallizer walls by the electric arc. This~~~allows water to penetrate into the furnace space Rnd rpppt withtonothe molten or glowing metal with formaticn of hydrogen. However, vicuun-

hydrogen alone does not cause explosions. If, on the other hand, Th
the wall tears or cracks as a result of the violent generation of vention
steam and air penetrates through them, the result is a Aetonating i.
gas that may explode and destroy the entire furnace. Water may
be drawn into the furnace working pace through cracks or open

fe blisters in the crystallizer wall. Air may enter the furnace thickne
Hr. throuigh the water-drain nion.

At this
Stuay of arc-furnace explosions haa shown that they are not wall me

always caused by burning through of tne crystallizer wall by burned
.. ra.... ....... lf... ~...... .... ....... a , f .. a... i...... . .. .. i*..

T- ing jacket may intensify the generation o -' a, with burst-ing operate
of furnace elements as a consequence is adva

shells
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d
Minute leaks sometimes form in the walls of water-cooled ele-

Yven ments, and the entrance of water into the furnace may go unnoticed
dun operation of the pumping system. Houever as the ingot.

cools with the vacuum .............. , a u,, ana amount of-=4a_

nunrnoon n~ a in.. , le t-C I- ,, f..,.... , .. and = -..4 z or of. air - A '

it before it is opened may also produce an explosion.

rod, the bottom plate, and the crystallizer, are also parts of the

y furnace rower .ystem 9nd the vltar drops across them sla if!- -nrety ... . ... . .. 2 ,
cant. When the cooling water contains a certain quantity of salts,

electric current passes through it between units that are at dif-
ferent potentials, and this is accompanied by solution of anode

rom material. To eliminate this effect, elements in which substantial

spotential differences are possible must be electrically bonded,

and softened water must be used for cooling.

Explosionzs may also be caused by oil from the vacuum pumps

the cntering the furnace wih the hot metal when the pumps are acci-

dentally shut off, and by hydrocarbon vapor from rubber packingsned. R
that deconc's.' under the influence of local overheating.

histy t'taniur. and magnesium deposits produced by condensa-

th tior, of their vapors %durng m-'--n on. the cold crystallizer and
v'Acuu,-chamber surfaces can also form explosive mixtures with air.

.2nd, Th~e rc!!owing basic measures ae usually reconnende-d for pre-

n of vention of explosions in vacuum arc furnaces:
iting 1. The arc length must be held as short as possible, no
.. aY "onger thian the width of the gap between the electrode and the

crystallizer wall. It is desirable to have the crystallizer wall

tnickness of the same order as the arc gap, i.e., about 4u-5u mm.

At this thickness, the lngth of the arc will increase as the
nor wall melts, and this will shift it away before the wall has been

burned through. One report [50) claims that a copper crystal-
ol- lizer 370 mm in diameter with a wall thickness of 40-45 mm was
ng operated for several years without being burned through once. It

is advantageous to make the crystallizers from seamless hollow

shells fabricated especially for the purpose. Packings should be
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placed as fr as possible from the zone Ir: which rhe a u-

and protected with locally cooled heat shields. The requirements electro(

cited above pertain equally to the bottom plate. into th
through.

2. The pressure of the gaseous phase in the crystallzer

must be below the critical value conducive to glow-discharge for- 5.

mation. Practical experience has shown that explosions occur In the axis

furnaces operated at comparatively high residual pressures or in Cor

inert-gas atmospheres nt pressures of a ew millimeters of me'- transfei
Scury •  off insl.

3. The pressure in the furnace should be kept as low as 6.

sible in the eent that water is sucke" or forced into the fur- an inert

nace. This requires the use of vacuum pumps with high pumping .......

speeds and Odllverv increasing with risine nr.e.5.urp in the tr,-re... . - . . . . . ... . • r - -7 .

space. resultr

As we noted above, twin-rotor pumps nave such characteriptii., inE of e

If the delivery of the vacuum system is sufficient to remove and theoI .a 44 .V My V- . . .A .W -U .. . - = opened u'
-. roge an & f o attra,,ee of water at con-

paratively low pressures (below 40 mm Ha according to [44]), the The

explosion hazard is sharply reduced. To prevent lobs of vacu- t:. exp]

and formation of explosive mixtures, vacuum furnaces are equipped large ir

with sensors that operate a quick-action vacuum slide to shut off oi, reint

the vacuum system when the pressure rises to a predetermined with aut

limit. without

if the furnace pressure ri!e above atmospheric, the excel? Fur

of gas is released through a safety valve adjusted to 0.1-0.3 atm. switch c

In this case, the excess pressure in the furnace prevents air from the prR

entering it. Explosion valves should be installed in pipe fit- naces az

tings situated as close as possible to crystallizer height. it device f

is necessary to eliminate thne possioility of air entering the fur- 47, 50).

nace throug.h the explosion valve.
Alt

4. The furnace must disconnect itself automatically from the present

electric power source when water enters it or when the water possible

pressure in the main drops below the permissible norm. It is cooling

nce-ary "- an ernorgency ater ..... y that cuta in auto-circu

matically. Check valves must be placed on the lines draining
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wa'.. from the r.ain subassemblies (crystallize:,, bc'.,m plate,

rements electrode holder) to eliminate the possibility of air induction
into the furnace when the walls of the water-cooling system burn

hreouh

ge for- 5. The consumable electrode must be centered carefully on

cur in the axis of the crystallizer.

or in Consumable electrodes must be quite strong, since the arc is

rmer- transferred Instantly to the crystallizer when, an electrode bek
off inside it.

as pC.Z- 6. When inots are cooled with the vacuum pump off, i.e., in

f U- un inert-gas atmosphere, the gas must be pumped out of the lurnace
Ing before the vacuium is broken:

7. The furnace may not be opened immediately in an emergency

resulting from water, air, or vacuum oil in the furnace or melt-
er iti_3. ing of a gasket. The ingot must be allowed to cool completely

remove and the furnace must be pumped out; only then may the furnace be

at con- opened with all precautions, since it may contain hydrogen.

), the The measures enumerated above do not completely eliminate
acu:-, th..- explosion hazard associated with smelt ,nr. For this reason,
quipped large industrial furnaces are installed :.:. -trong protective steel
hut off or reinforced-concrete bunkers. The bunker doors should be fitted

ed with automatic interlocks that make it impossible to open them

without shutting off furnace curront.

0.3 atm. switch off automatically and sound an alarm on a departure fro-.

air from the predetermined conditions in any of its subassemblies. Fur,

fit- naces are remote-controlled from a central desk equipped with a

i -t device for visual monitoring of the smelting operation [26, 45-
the fur- 47, 50).

Although electroslag furnaces, which have no arcs, obviously
rum the present less of an explosion hazard than arc furnaces, it is still

possible for the crystallizer to burn through, for example when its
is cooling system malfunctions or the consumable electrode is short-

In auto- ci,'uied agaln.,t Lnth inner cystall't2e6 wall. r- "'-
iing
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the above safety measures mast also be observed in operating elec- 
makes

troslag furnaces, inluding the erection of protective bunkero. probi
smelt

a Prospects for the Development of New Furnace Designs the al

Although vacuum arc melting is used extcnsively in inditutry Si On

for titanium and its alloys, it is not free of serious deflcien-

cles. Principal among these are the small size of the molten- As we

metal pool, which makes it difficult to produic Ingots wiLn un- does r

form chemical composition and structure, the difficulty of smelt-

Ing out rectangular-section ineots, the dthl^si_- hr-ara presented. . ... .. = v dredth

by the furnaces, and the poor adaptability of arc furnaces to in- sult t

stallations for production of titanium castings. It has been streng

found that the difficulties of producing ingots of homogeneous the ft
composition and structure increase with increasing ingot weight.

Although electroslag melting eliminates some of the disadvantages
lar re

of arc melting, it does not solve all of the problems encountered

in smelting tit-anium. For this reason, concurrently with ±m- 
increa

provement of the vacuum-arc and eiectrosi procese rsech vacuum

aimed at finding other smelting methods has been urderway for a tanium(7) bea n f

long time. Metal-liner smelting is a prime object of ateno.

Since such furnaces are highly promising for smelting of titanlum 
7 1

scrap, they will be discussed in Chapter 21. alloys,

Another trend is ordinary melting Ir Induction-heated cru- 0.....

cibles. The basic obstacle to this is the difficulty of fInding direct]

a crucible material that will resist attack by the molten 
metal. the add

loss of
All these studies have a single objactive: finding waya to alloy w

increase the mass of the liquid-metal pool in order to make it

possible to remelt lump titanium scrap and make castingz from it. L

Still another new melting proces - the electron-beam pcuu- and oth

ass - is making rapid inroads into the industry. This method is
-~ tents.

characterized by the need for a high vacuum, of the order of 10-

10-5 mm Hg. The material to be melted is introduced into the 
Al

furnace working space in the loose oi compact soilid form. 
When increas,

electron bombardment is used, the metal can be held in the molten 
the abol

state for a long time in a hard vacuum at temperatures 
substan- smeltinj

tially in excess of its melting point. Electron-beam melting rigid r(

Footnote (7) is on page 559.
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?ting elec- makes it possible to solve a number of pressing technological

unkers. problems: eliminate the preparation of consumable electrodes,
smelt out complex-cross-section ingots, remelt scrap, and, with

-l
Vne appropriate monitoring facilities, eliminate smelter explo- <

ndu's tr s 1.ons.v

eficlen- industrial electronic furnaces are rated at up to 1500 kW.

olten- As we should expant, electron-bcam =elting of tltanium sponge

Ito Uri,- does not lower the ingot's contents of impurity oxygen, nitrogen,
1' smelt- iron. or carbnn, but the hydrogen :ontent is reduced from hun-

dredths to ten-thousandths ot a percent (by mass), with the re-

to in- sult that specimens made from such ingots have shown impact

been strengths of 23.5-27.2 kgf'm/cm2 , i.e., about one and a half times

n~eous the figures for specimens produced by electric-arc smelting.

weight.

ivantages Electron-beam smelting of titanium alloys has produced simi-

countered iar results - a substantial drop in hydrogen content and a large

increase in mvact strength. Since melting occurs in a high 
~1111

Vacuun, praet !i':A2.y all of zhe manganese is removed from the ti-

* for a tanium. It is therefore not advantageous to use the electron-

ention.(7) bean furnace for titanium-manganese alloys.

titan!u. .'he behavior of aluminum, which is used in most titanium

alloys, in the electronic smelting process has been studied in

C-u- Z:-.- de'all. It was found that the introdLction of aluminum

finding directly into the charge results in appreciable vaporization of

metal. the additive when it is present in amounts larger than 2.5%. No

loss of tin occurred during electron-beam smelting of a titanium -ays to

[ke it alloy with up to 3% of tin.

f r om h i,,s, electron-bean smelting may be used to produce titanium A

alloys with many other elements - n.!bim, tantalum, vanadium,
Sproc- and others, as well as alloys with moderate aluminum and tin con-tho. is,

of 10-- tents.

the Although electron-beam smelting of titanium alloys does not

When increase their mechanical properties other than impact strength,

e molten the above advantages of this process may dictate its use for

bstan- smelting of certain titanium alloys that are subject to more WA_

ting rigid requirements [49].
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A radati=n method has been proposed for smelting of titanium

t0 j
and titanium alloys. °' Its essentials are as follows: a conical

heater consisting of resistance elements made frnm graph r.-

high-melting metals such as tungsten or molybdenum Is placed

above a cooled crystallizer. The metal In the crystallizer is

melted by radiation from the conical heater, whose temperature

is brought up to 26000C.
Manu-
script
PageNo.
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523

536

53D

542

551

556

z~

1?ootnote (3) is on pas 559.
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Manu-
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Page
No.

511) 1Patent (USA) No. 3,079,246, 1963.

52 2 Patent (USA) No. 2,890,109, 1959.

536 3Patent (British) No. 758,024, 1957.

53) 1See pave 5411.

542 5Miroshnikov. P.I. et al. Author's certificate (USSR),

No. 127,811.

551 6Glazunov, S.G. et al. Author's certificate (USSR),

No. 130,184.

556 7A procezc known earlier as smelting "in the floor,"

"in the shell," or "in the autocrucible."

558 .atent (USA) No. 3,075,263, 1963.
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Symbol List

Wanu Russian Meaning

523 fl0T. 0 loss-e losses, electrode

523 nOCT.H3Zf loss-r losses, radiative

523 nol07dcf l obse losses, evaporation

1523 rior.T.n loss-h-c losses. heat cornductinyi fo

523 nox.3 u.e. useful eletrode

523 nox.ca u.i. useful, ingot
523 neqx b furnace It

550 cp ao averagecu

mel
of

~ >A]ffin
pie7 1I not
tam

phi
pur
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Chapter 21

REFINING CERTIFIED TITANIUM AND TITANIUM-
ALLOY SCRAP

C~r : !.formatio en O the Proessa and Chbra ctc rizaton of Scraps I
Two basic kinds of scrap - certified and uncertified - are

formed in the production of titanium sponge and titanium and ti- I
tanium-alloy ingots and semifinished products.

Scrap contaminated with various impurities, chiefly at the
surface of the metal, is usually referred to as certified scrap;

it can be refined into commercial metal after removal of the

zuperficial contaminantz by various methods and subsequent re-

melting of the metal. This section will consider the utilization

of certified scrap, which includes chips, various trAi , a.-i
finished products with surface defects, ingot crowns, rejected

pieces, etc.

Uncertifled scrap is scrap in which the metal is contaminated

not only at the surface, but also in volume; the extent of the con-

Laffilratior. la grater, so that reclaim-In the- s erk requires ap-
plication of such methods as electrolytic or thermal refining to

purify the metal. Problems of reclaiming uncertified scrap will
be examined in Chapter 25.

The problem of utilizing titanium and titanium-alloy scrap(1 )

is particularly pressing, and a great deal of attention has been

Footnote (1) is on pase 598.
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devoted to it since the very beginning of industrial titanium pro- applical

duction. As will be shown below, the relative amcunt of scrap A Y
formed when products are made fom titant,,n i4, vry' 1°a.-. I-

. ........... ... .. "" " o .,lomismost oases, the titanium scrap is high-quality metal contaminated

nnonmllit~only at the surface by gaseous Impuritiles. However, a number of
i iure semi

dffcultes stand in the way of utlzaton of titanium scrap. steel ar

Firstly, by far the greater part of the scrap is obtained in

oxidized form, since titanium reacts with atmospheric oxygen on The

heating, which is an inevitable part of the process in which 
it ingot-su

is made; it also absorbs a certain amount of nitrogen in 
this that eve

process. Use of oxidized wastes in an ingot-smelting 
charge would

lower the plastic properties of the metal in these inrots 
and fraction

to rejection of semifinished products.

Secondly, the preparation of consumable electrodes containing

scrap, and especially lump scrap, would require a new technology

for making the consumable electrodes and development of new ti-

tanium-smelting furnace designs in which the scrap is fed directly

into the #melting space. It would also be necessary to arrange for

coilection and storage of the scrap in such a way that it would

not be declassified. It is not possible to u:! mixed .cra. LZ.

titanium production in the same way as ferrous-metal scrap Is

used in the steel-smelting industry.

Thirdly, there was until very recently no effiCient tech-

nolog for .JUUDD.LUSn titLiaW 60r&P inito high-grade metal.

For a long time, the above difficulties remained insurmount-

able, with the result that titanium scrap went unused and accumu-

lated at plant dumps or was used to cover subsidiary needs instead

of the considerably cheaper nonmetellic titanium-containing mate-

rials. The result was highly unproductive waste of a valuable

metal. Ftgip woud Inceasefor

Discovery of ways to utilize titanium scrap would Increasel

the reserves of the metal substantially and help icier the net

cost of titanium semifinished and finished products. Th1s last

point is especially important for such an expensive metal as ti- 
nology 0:

of titan:tanium, since its high cost is a substantial obstacle to wider
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0o- application of this metal (see Chapter 1).

A number of published economic analyses have led American

economists to the conclusion that extensive use of tizanium in
nonmilitary fields of engineering will be possible only if titan-

ium semifinished products are made cost-competitive with stainless

steel and nickel (513.

The economic advantage of Ltilizing titanium scrap in the

angot-smelting charge is obvious. Simple calculations indicate

that even when a i -ot-ant technology is used to prepare titan-

ull ium acrap for smelting, the cost of the scrap is only a small

I..A fraction of the cost of sponge titanium.

Ing

SpOnW titanimt loyiN4el0Mas' screp fm "era

[ yfor
It1 9" ruesees S

r-etode aci'tlMw

," 08a | .

ead I J U

te-

Figure 118. Chart of prospective technological prOOe9e

for smelting and rolling titanium at a large metallUr-
gical plant.

t Thus, in contrast to certain more ,ormon metals, the tech-

nolog of utilising scrap is one of the most important divisions

of titanium metallurgy.
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According to foreign Publications, a number of firms and re-
search organizations are engaged in work on the uti'Aizatlon of

~titanium scrap. Four years of work resulted in dewelopment of a-

PRMmethod for grading unidentified titanium scrap originated by

~users [52j..

FThe amount of scrap formed in the smelting and processing of

titanium ingots depends on the level of the titanium-refIning

technology and the types of semifinished and finished DroductA

involved.

Figure 118 charts a projected technological process for the

W manufacture of titanium rolled products at a large mill using a producti

thoroughly assimilated technology [53). It follows from Fig. 118
that the yield of useful semifinished products represents about

65% of the charge. In reality, however, the yield of good ingots

was until recently not 93%, as indicated in Fig. 118, but about to N

85%, and the useful yield in sheet production about 50% [541. 1

On the basis of avallAhla e-Y erienCe, 4t b

the yield of products from the ingot-smelting charge is 27% for

pieces fabricated from sheet, 24% for pipes, and 18% for forgin,'-;

the irrecoverable losses are 5-10%. Consequently, about 7'-75%

of the metal used to smelt out ingots becomes scrap and is sub-

ject to regeneration [54, 55).

According to published reports, the firm Remkru (USA) uses

about 25% of scrap in the titanium-smelting charge [56). Another a marl

Ameriaxn firm, T4taniumu mtals TMCA uses arc furnaces at its by Inc

Henderson plant to smelt out ingots weighing up to 3.4 tons from smalle

charges consisting 25-30% of scrap (57). The British firm Imper- I

lal Chemical Industries (ICI) uses 40-50% scrap in smelting tech- ingots

nical titanium and low alloys; the high alloya contain somiewhat tnat t

smaller amounts of scrap -- 30 to 40% [58). of ing

The data of Table 40 [59-61, 139) characterize the average amount

degree of utilization of secondary titanium in the USA; the table C

shows that the yearly average consumption of titanium scrap in ium-sc

the USA varies from 20 to 10% of the mass of the ingots produced. same t

The lower scrap consumption in 1963-1966, which is paralleled by steel.

num al
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and re- TABLE U3
n of

It of a

by by Utilization of Scrap by the U.S. Titanium Industry in
1957-1966

~sing of F1
lIng Indicator IM 1" 1:9,1j1. 6 wltjilr' 1;84 F16 1108

ucts -

vioduct.n , tons I40 ._1l

or the titanilum ng 731M M01$7 W12 ION 18101
Ing a production of titanium & citaiilm-
ig. 118 alloy ingots, ton'e M i I "01 ti, I1 1

utilization ot titanium scrap1
about in ,maltingcj*r. tons, Iii-:-1 3- -- 3F ngot ratio of-amoun o c-I IT

ingotsratio of amount of scrapabout to mass of sponge consmd.2 5:-'j M 407 * , " 6,1 96,. 23, ,M12

ut lIsed to- of I 1 1
ed that ingots produced,]z I?. 4. 1.iJ . U. Ie

% for

orgin-. ; *Estimated
23-75%
sub-

uses
A]other a marked increase in ingot casting, is appa-ently to be explained

its by increased production of high alloys, in which scrap is used in

s from smaller amounts than In ordinary titanium alloys.

Imper- If we assume that 75% of the metal used in smelting out the
r tech- ingots goes into scrap, the data of Table 40 and Fig. 118 indicate
ewhat that the percentage of scrap returned to the charge for smelting

of ingots In the USA during 1963-1966 represented 27% of the total

ernge amount of scrap formed.

e table Considering the high cost of titanium, a 27% degree of titan-
p in tum-scrap utilization must tjo regarded as unsatisfactory. At the

oduced. same tiMt, secondary metals are used to produce about 50% of the

led by steel, 40-45% of copper and copper-based alloys, 30-35% of alumi-

num alloys, and 25-30% of lrad alloys.
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Utilization of technical titanium scrap has been p lyreelting

sponsible for the high quality attained in titanium sponge in re- We not

cent years. To increase the hardness of the ingots, the British at the surf
firm IC even injects titanium dioxide into the smelting charge of the -cra
62J. In the USA, up to 35% of oxidized scrap [63), apparently suitable to

In the form of crushed shavings, is introduced into the charge some scrar,

instead of titanium dioxide. or forgingr
section. Q

As the quality of titanium sponge is improved, i.e., as Its

hardness is lowered, the amount of scrap that can be introduced be tr

into the smmeltirg charge may reach 45% [137]. by some oth
..- o *a

etallurgical and metalworking plants produce an extremely used In the

wide variety of titanium scrap: chips, ingot "crowns," ingot tern- o the oxid

plates, splices, rod and plate trimmings. sheet-cutting sc"'na.f
fins, broaching and punching scrap, butts, trimmings from hot- nical-th

and cold-rolled sheets, odd pieces of sheets, rods, and other nical-tltan

semifinished products, and, finally, various rods, sheets, fin- Electrolyti
I ished workpieces, and the like tha. have ben rejected for dimen- problems th

Isional and other reasons, such as surface quality.

Experience has shown that it is most advantageous to class!- re .-,l-.

fy scrap on the basis of the method used to Inject it into the remova of
melt. All form of scrap can then be broken do=n, into two basic refining sh

classes: chips, which go into the expendable electrode when it is not 'be sen

I pressed from titanium sponge, and lump scrap; the lattnr go into from ingots

the consumable electrode or directly into the furnace at the first before pres

remelting of the ingot. iron (scree:
fragments o

The above types of scrap are also differentiated in accord- scrap, such
ance with their degree of oxidation. For example, unoxidized scrap forme

chips and chips with various degrees of oxidation may be produced

during processing of the same ingot or part. Thus there would Specat

obviously be no point in classifying the chips into two groups -b reineda
oxidized and unoxidized - since this would complicate collection

and storage. On the other hand, lump scrap must be sorted on the Thus,

basis of the process stages in which it was formed (forging, finished pri

pressing, etc.), to which the degrees of oxidation of the scrap in ingot-sm

also correspond. The procedure used to prepare this scrap for

PTD-HC-23-352-69 FTD-HC-23- 3'
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remelting wJi vary accordingly.

We noted above that titanium scrap is oxidized preferentially

at the surface. Removal of this oxidized layer from the surface
of th* scrap by one method or another produces metal that i quite

suitable for introduction into the charge for remelting. However,

some scrap, chiefly chips from heavily oxidized ingots, billts,

or forgngs, may be saturated with oxygen through its entire cross

section. Quite obviously, such scrap cannot be processed with a

vIew to removing only the surface laYr; it must be regenerated

by some other method.

2::o basic methods for the recovery of titanium scrap -re

used in the USSR and abroad: a) return to the melt after removal
of the oxidized surface layer; b) electrolytic and thermal re-

fining. The former method is applicable to surface-oxidized tech-

nical-titanium and titanium-alloy scrap, irrespective of form.

Electrolytic and thermal refining of titanium presents independent

problems that will be examined in Parta V and VI of the present

Volume.

ie.:Pn' ratior, of ocrap before remelting consists basically in

removal of the oxidIzed surface layer. Electrolytic and thermal

refining should ba applied only to those type* of scrap that can-

not bc sent for remelting, such as through-oxidized chips removed

from ingots subjected to prolonged heating at high temperatures

before pressworking, fine chips that have been contaminated with

iron (creeninS from degreased chips). pressroom scrap, the

fragments of which usually include contaminants, unclassified

scrap, such as chips and filings, obtained from customers, and

scrap formed during dressing of primary titanium sponge.

Speciali.3ts estimate that about 70% of scrap can be sent for

remelting atter appropriate preparation; the remaining 30% must

on be refined.

he Thus, figuring this time with finished rather than saemi-

finished products, we obtain the following tentative budget: metal

in ingot-smelting charge 100%; finished product yield 15-25%;
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certified scrap about 50%, uncertified scrap to be refined elec-A

trolytically or by other methods about 20%, and irrecoverable specif

losses 8-12%. contenl

(2) no mort1he question as to the maximum permissible content of scrap 2 )  smr

in the ingot-wmelting charge is of prime importance. Obviously, seiti,a substantial amount of scrap must be remelted repeatedly if the teupe
useful product yield is 15-25%. As we noted earlier (see page

530), remelting of titanim is, in itself, of little detriment to tion of

the quality of the metal aes r

Ir In practice, however, a strength increase of approximately

3-5 kgf/mm2 is nevertheless observed when titanium Is remelted in

Industrial furnaces; this corresponds approximately to a 0.04%

increase in the metal's oxygen content. Thus, scrap returned for

melting after removal of the oxidized surface layer will contain

progressively larger amounts of oxygen distributed uniformly over We
:the entire cross section of the secondary-metal lump, with the require

result that the percentage of scrap introduced into the charge and at

must be limited to keel the total- oy- ontet in the ingot be- permiss
low a definite limit. Another factor that must be considered in tI:n i.

determining this percentage is that the oxygen present in the zur-
face layers of the scrap may not be removed completely by surface use of

processing of the scrap. nly 11

S.I. Sychevoy and G.D. Zyukov-Batyrev (13, page 282] proposed realizt

a formula that can be used to calculate the maximum amount of Zyukov-1
scrap that car, be introduced into an ingot-smelting charee: charge

present
C-C,+ ±- a.+ m AC, (1) the scr

Th
where C is the maximum permissible oxygen content in the ingot permits
smelted out; in %; C is the average oxygen content in the titan- the met,
ium sponge, in %; ACr is the increase in ingot oxygen content plants.

caused by arc-furnace remeling, in %; AC is the oxygen-content gots in

increase in the scrap due to incomplete removal of the oxygen- ing tec
enriched surface layer from the scrap, in %; and N is the per- scrap fc

centage of scrap that can be introduced into the ingot-smelting from sen

charge, in %.

Footnote (2) is on page 598.
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~AM
1 ec- According to the prevailing Soviet and foreign technical

specificat ons for titanium e d titanium-alloy ingots, oxygen
content may not exceed 0.2%. Titanium sponge usually contains A

p,), ~no aiorz thatn 0.1i of 0 2. The increase in oxygen content during

1Y Smelting may. as we -, t:ed above, be a..u.ed equal to 0.04. Sub-

the stituting these values into the above equation, we can determine

the permissible scrap oxygen concentration resulting from oxida-eI
t to tion of the surface layers of the scrap for various scrap percent-

'-e5 returned to the eh~ajpg for mltl

The calculated results may be expressed as follows:

bd In Percentage of scrap
recycled 10 20 30 40 50 60

for Permissible oxygen
concentration in

.aln .crap (ACs), % 0.055 0.050 0.043 0.033 0.020 0

over 'le zcc on examination of these data that under the existing

e rvquirement. defining oxygen concentration in titanium alloys,

e and at t e prevailing titanium-sponge oxygen concentration, the

he- permissible oxygen content in scrap resulting from surface oxida-

in tion. I:. rather low and diminishes rapidly with increasing percent-

!ur- a.:e of .:crpa introduced into the smelting charge. For example,

face use of 60% of certified scrap in the charge would be possible

=n!y : te crap had no oxygen impurity at all, which is un-

posed realistic. It follows from the data of S.I. S :ehevoy and G.D.

Zyukov-Batyrev that up to 50% scrap can be introduced into the

charge for smelting out titanium and titanium-alloy ingots at the

pre3ent time, i.e., all of the certified scrap can be used (see

(1) the scrap balance sheet presented above)

Thus, the combination of remelting and refining of scrap
t permits efficient use of all titanium scrap generated at both

the metallurgical plants and by consumers, i.e., at metalworking

plants. Although the amount of chips removed fro. titanium in-
ent gots in the roughing process is decreasing steadi13 ss the smelt-

ing technology is improved, the relative quant:* y of , ips in

scrap formed at metalworking plants that produc, fin-shed products

ng from semifinished titanium products is considerable. It can be
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~it,
Sas,.,.md in approximation that chips make up 30-40% of the total

oxidi!zed
quantity of titanium scrap. and, ben

For practical purposes, compact titanium oxidizer at tempera- 0.6 tc 2

r,,-o-e~- Vb 5 C. However, ingots and semifinished products and tempi

are heated several times to 950-1200*C for comparatively short carded w-

periods in oil-fired or electric furnaces without protective at- -urface

mospheres before they are pressworked. During this process, two Pre.

oxygen-saturated layers .- scale and the deeper-lying so-called lyer del

aiphized layer - form on the surfaces of the ingots and, conse- ever, thJ
quently, on the scrap obtained from them. The scale is composed

for the most part of tit.vnium dioxide (rutile) [64), so that its

oxygen concentration is near 40%. The scale is usually weakly VerN

bonded to the metal and can be removed from it fmchanicaly. The chcct-ro°

alphized layer is a superficial oxygen-enriched layer of metal. no ncre !

Its oxygen content diminishes with increasing depth. American large spc

investigators take the distance at which the hardness of the metal resultinf

has Increased by 75 Brinell units as the depth of the alphized large.

layer. .1 r

The depth of oxygen penetration into cylindrical specimens 
n 'I . '

of technical titanium and the alloys Ti-4A1- In and .. ....- 5-

has been determined by microhardness measurements [65). During tration i

I hour at 9800C, oxygen penetrates to a depth of 0.25 m intc , :'

technical titanium, to 0.2 mm into the alloy Ti-4A1-4Mn, and to 
Alst .:;'1

0.1 mm into Ti-5A1-2.Sn. 
concentra

...erei"e [66 submits the following equation for the de:th 
L L

of oxygen penetration into the alloy Ti-5A1-2.5Sn in the 315-7600 C

range (as a function of holding time): 
Tita

and nic ce
X-,I3+05gII/--_._ (2) of titanl

where X is the layer thickness in mm corresponding 
to a 75-unit zone is h

increase in Brinell hardness; t is the time in hours; 
T is the tivity.

holding temperature in OX. 
follows a

The values of X calculated from 
tho data of (65) and [66) 

Thus, con

agree. during cu

~FTD-11C-23
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ta
Fi

al it has beer, n tab - shed that forgai,,n scrap is most heavily
oxidized; its surface carries a relatively thick layer of scale
and, beneath that, an alphized layer whose depth may range from
0.6 tc 2 mmr. or more in various alloys, depending on heat.i time

pucts and temperature. Under hot working, some of the scale is dis-
ft carded with the scrap, but the rest of it is pressed into the
at- surface layer of the metal, forming oxygen-enriched zones.
two
nd Pressroom scrap is only lightly scaled, and the alphized-

layer depth does not usually exce,;d 0.5 mm. I.,e .... ases, how-
se-

-zed ; ever, this scrap is contaminatea with various lubricants used in

I re.xorkin,-.
ly Very little scale is found on scrap from rolling (including

h e r...t-o n p-------- n, and the depth of the alphized layer is
al. no ncre than 0.1-0.2 mm. However, this scrap has a comparatively
an large specific surface area, and the oxygen-concentration increase
metal resulting from surface-layer oxidation may therefore be quite

ed large.

In1s have even larger specific surface areas. Even an in-

,.1.'can. arount of surface oxidation (the appearance of temper
~ '3 colzrz) m:a" result in a substantial increase in the oxygen concen-
Ling tration in .he chips. iMoreover, chips produced during machiningnu,. "ru other heavily surface-oxidized workpieces may con-

..Ist entirely of alphized metal and have extremely high oxygen
concentrations even in the absence of temper colors. However,

mos-, of tie chlp arc -sualy formed on removal of deeper layers

c_7600r of netal rather than the surface layers.

TItanium alloys are less plastic than alloys based on iron
and nickel. As a result, less heat is generated during cutting

(2N of titanium. However, the average temperature in the deformed

unit zone Is higher for titanium because of its lower thermal conduc-

the tivity. Other conditions the same, cutting temperatures were as

fo~lows at a cutting speed of 600 m/min: 1500 0C for titanium,
6 1300'C for stainless steel, and 8006C for ordinary steel [673.

Thus, conditions promoting oxidation of the chips are created

during cutting of titanium.
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However, the chips do not oxidize at temperatures below 300
0 C. oils. I

A tool-cooling cutting fluid was tested as a means to reduce chip bide too

oxidation. This did in fact produce an unoxidized chip, but the ally sep

subsequent operation of degreasing was greatly complicated [68). ments wi

Chip oxidation can be prevented completely or in part by feeding with har

gaseous CO2 at 0-2
0 C into the cutting zone (69]. If the chips do ration a

not oxidize at temperatures beiow 300 0C, this temperature could sult of'

evidently be maintained by feeding compressed air into the cut- remove f

ting zone; this would be much cheaper and simpler than the use of Tool fra

carbon dioxide, separato

titanium
Below we present oxyger. contents ia the superficial alphzed Other me

layers of scrap from various alloys and the depth of this layer ing of t

after heating of large-section workpieces for forging and stamp-

ing [13, page 282]. Sin
V_8 plants,

VT OT4 VTZ-l VT5 VT6 (calns
(cast) differen

Oxygen-content increasein al hized layer, ohrmig/ch d 2.8 1.5 2.5 4.2 2.2 7.3 zational

Total depth of alphized
layer, mm 0.8 0.2 0.6 2.0 0.6 0.S

w'hich p:
A calculation based on the above data indicates that, for 

of' cr
of crush

example, block-shaped forging scrap weighing 5 kg or sheet cut-

tings of technical titanium I mm thick cannot be introduced 
into ,uent ut

nloppers,
the Ingot-smelting charge in substantial amounts without prelimi- 

Chipsi
Chips inl

nary removal of the alphized layers. are to b,

Collection of Scrap and its Preparation for Refining Tes

Titbaium chips can be classified into two types on the basis producti

of degree of oxidation: a) slightly oxidized silvery scrap (con- grinding
taining less than 0.2% 02),b) yellow oxidized scrap (containing obtained
0.20-0.30% 02), and c) heavily oxidized brown scrap with bluing chips, s

(containing 0.3-0.65 02). The

As compared with the initial metal, chips are also richer in less tha

iron, aluminum, silicon, and carbon. The higher contents of the that are

first three elements in the chips result from its contamination weight o

during collection and storage. Carbon enters the chips when cut-

ting emulsions are used and when the chips are contaminated by

FTD-RC-23-352-69 FTD-HC-2
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300 0c. oils. In addition, the chips may contain fragments from the car-

chip Dide tools used to machine the metal. The chips are magnetic-

Sthe ally separated to remove them. So that the cutting-tool frag-

!68). ments will have magnetic properties, titanium ingots must be cut

ing with hard-alloy tools containing at least 6% Co. Magnetic sepa-

s do ration also removes the iron, some of which is acquired as a re-

iuld sult of cutting-tool wear. Hydraulic jigging is also used to

ut- remove fragments of carbide cutting tools from titanium chips.

Se of Tool fragments settle to the bottom of a water-filled conical

separator through which air is passed; the sub tantially lighter

titanium chips accumulate at the top of the separator [142].
Other mechanical impurities can be removed by appropriate clean-
ing of the chips prior to etching.

amp-
Since most titanium chips are produced at the titanium-using

ist) plants, it is very important to prevent intermixing of chips from
st different titanium alloys and mixing of these chips with chips of

other metals. This is accomplished by taking appropriate organi-

3 zational-technical measures.

;5 The bulk weight of curled titanium chips is about 0.1 kg/dm
3,

i~or which preciudes processing it in uncrushed form. The size limit

of crushed chips is determined by the technology of its subse-
ito quent utilization. If it is loaded directly into arc-furnaceinto

hooper3, the chip fragments may not exceed 50-70 mm in length.
Chips introduced into charges from which consumable electrodes

are to be pressed may have lengths up to 100 mm.

Tests of jaw crushers and vibration and ball mills under
basis production conditions indicated that they are unsuitable for
con- grinding titanium chips. Fine chips, no larger than 40 mm, are
ting obtained from the hammer mill. However, this overheats the

lng chips, so that there is a certain amount of additional oxidation.

The conventional conical chip crusher, which produces chips
ler in less than 50 mm in length, is most suitable for crushing chips

the that are to be used in making consumable electrodes. The bulk

;ion veight of the crushed chips is 0.5-0.6 kg/dm3 .
;1 cut-

by
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Chips are always more or less contaminated by oil even when 
Oxy

they are formed without the use of a cutting fluid. The dirty therapi

chips are washed in a tank with hot running water at 80-900C and 
the alphi

then dried in hot-blast driers at temperatures no higher than 
cause of

2000 C. 
moved by

Freo
Heavily contaminated dhips can be degreased in carbon tetra-

chloride, which, unlike other organic solvents such as gasoline duced thi

or dichloroethane, is noninflammable. 
tin& of
the cut I

The foreign literature recommends tetrachloroethylene for in the c

degreasing of metals. Its vapor (boiling point 121
0 C) is fed oxygen is

into a chamber filled with the material to be cleaned. Condens- of the exI

Ing on its cold surfaces, the tetrachloroethylene washes all con- ntcal tit

taminants from them [70). In many cases, it is sufficient to 4 m/mn,

wash the chips with hot water or treat them with live steam. plasma cu

After degreasing and drying, the chips are passed through Tits;

a magnetic separator and then screened. The screenings represent be made f

a few percent of the initial mass of the chips. They can be sent

for electrolytic refining or used to make ferrotitanium master

alloys. 
2lloy
analysis

Preparation of lump scrap begins 
with grinding to dimensions 

is deters

determined by the technology of subsequent utilization. The deterinn

lumps of metal are usually forged Into large billets about 40-50 is a stl

- in diameter and cut into lengths of about 150 mm or torch- as hardne

cut into fragments of arbitrary shape. control o

Tests of various methods of cutting titanium have shown that spectral

it is most advantageous to use an automatically fed and lubri- methods s!

cated band saw with 24 teeth per decimeter. The speed of the The

saw is about 30 m/min and the feed 13-20 mm/mIn [71). y taking

A comparison of methods used in cutting large pieces of ti- into an L.

tanium scrap - mechanical and oxyacetylone - has shown that on excessive

the basis of labor cost and wastage of metal, oxyacetylene cutting routine a

Is used to advantage when the fragments are not excessively large. Atte

Mechanical cutting Is superior for large pieces of scrap, such as by statis

rods more than 50 mm in diameter [72). strength
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4

Oxyacetylene cutting of scrap is a simple and prAuctive
operation. Although the surface of the cut is severely oxidizet,

nd the alphized layer at this surface is comparatively shallow be-
cause of the high cutting speed. The zone of the cut must be re-

moved by machining or some other method.

From the standpoint of cutting speed and, consequently, de-

duced thickness of the alphized layer that is formed, oxygen cut-

ting of titanium appears to merit attention. In this method,

the cut is begun with an ordinary flame and then, when the metal

in the cutting zone has been heated to high temperattre, only

oxygen is fed Intc the torch. Cutting is supported by the heat

of the exothermic titanium oxidation reaction. Sheets of tech-
on- nical titanium and the alloy Ti-6A1-V 5 mm thick could be cut at

4 m/mn, with cut widths less than 1 mm [73). Experiments in the

plasma cutting of titanium have been started.

Titanium can be cut with a friction saw, whose disk should
be made from a steel that does not temper [741.

ent
Bach fragment of scrap is stamped to indicate the type of

21loy. Scrap grades are controlled by qualitative spectral

analysis in which the chemical composition of the metal fragment
ons Is deter'mined with a steeloscope. However, quick and dependable

determination of impurity and especially gas contents in scrap

is a still unsolved problem. Obviously, indirect methods, such

as hardness determination, are not suitable for routine quality-

control of scrap. Determination of gaseous-impurity content by

hat spectral analysis appears to be most convenient. Appropriate

methods should be developed for this purpose.

The quality of chips and small sheet cuttings is evaluated

by taking an averaged sample from the consignment and melting it

into a,. ingot for subsequent analysis. However, this method is

on excessively slow, complicated, and little suited for large-scale

ting routine analyses.

rge. Attempts are being made to evaluate scrap quality indirectly

ias
by statistical calculations based on the increase in the ultimate

strength of ingots smelted using scrap of a given grade and form

lTD-HC-2 3- 352-69

574



that has been prepared for melting by a certain method. It may roue

be expected that the use of theoretical coefficients obtained In rout

this way will make it possible to use certain forms of scrap in

the chrrge without quality control and still obtain alloys with 
with
Sand

mechanical properties that conform to the technical specifications S
the sL

In point.
remove

Another problem that still has no practical solution is that

of finding ways to enable plants that smelt titanium and titanium- the U
alloy ingots to recycle their own scrap. 

Utilization of scrap

generated at metal cutting plants is more complex. A draft class- wet-sa

ification of titanium debris and industrial scrap was elaborated 
lump t

during the preparation of a State Standard for titanium and titan- ficier

ium-alloy scrap. According to the prevailing technical specifi- ment f

cations, grade 1 scrap can be returned to the melt after degreas- aderu

Ing and removal of mechanical contaminants, while scale and the act0r

alphized layer must be removed from grade 2 scrap before recharg- 2idth

ins [13, page 282).

Oxidized chips and uncertified scrap are sometimes 
used in- T

stead of ferrotitanium In ferrous metallurgy, but this is ir- from I

rational. Ferrotitanium can be prepared by other, cheaper 
of the

methods, while titanium scrap can be regenerated electrolytically. P

About 60% of the titanium is burned off when titanium scrap is were u

used in ferrous metallurgy [75). Obviously, organization of specim

ferrotitanium emelting from unregenerated uncertified scrap di- this u

rectly at the plants producing titanium semifinished products rollin

would make it possible to utilize this scrap with incomparably VT3-1

greater effectiveness, and ho

As we have noted, the scale layer on titanium and titanium loose

alloys is weakly bonded to the surface of the metal. In view of VT5 al

this, it was proposed immediately after the organization 
of in- appear

dustrial titanium production that the scale be removed mechani- Ai

cally from titanium ingots and semifinished products. Mastery of layer

such methods was of substantial interest, since the scale formed mens o

on titanium at temperatures above 700-7500C is insoluble in most also al

etchants used on titanium. layer

FTD-HC.
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may Sand-blasting is used in the USA to clean hot- and cold-

d in rolled annealed titanium strip. Sand consisting of particles
in about 0.4 mm in diameter is used for this purpose; it is blastedith with a stream of air under a pressure of about 8 kgf/mm2 [76].
tions Sand blasting causes minute SiO 2 particles to penetrate into

the surface layer of the metal to be cleaned, but this layer is
removed on subsequent etching.

that

anium- Since the use of dry sand-blasting machines is prohibited in

ap the Uf R owin'.g to the harmful effects of the process on health,

class- wet-sand and shot-peening methods have been tested for cleaning

ated lump titanium scrap. Wet-sand cleaning was found to be less ef-

titan- ficient than shot-blasting and requires use of cumbersome equip-

cifi- ment for regeneration of the sand. Later experiments therefore

eas- made use of a rotary-table shot slinger with the following char-

;the acteristics: chilled iron shot 0.2-3 mm in diameter, rotor speed

arg- 2450 rev/min, shot velocity 80 m/sec at feed rate of 130 kg/mn,

width of shot cone at nozzle 60 mm.

The experiments showed that the scale can easily be removed
from lump scrap by this method; it. is also possible to take part
of the alphized layer with it.

cally. Plates 3-5 mm thick with surface areas from 50 to 100 cm2

Is were used to determine the weight loss from I cm2 of surface by

specimens of OT4, VT3-1, and VT5 alloys that were processed in

this unit. The OT4 specimens had an oxidized surface after hot

rolling and had been held for 1 hour at 9500C. The plates of
ly VT3-1 alloy were heated by ordinary forgiri, followed by planing

and holding for 1 hour in an electric furnace at 11500C. The

um loose part of the scale was removed from the plates of OT4 and

t of VT5 alloys prior to the shot-slinger treatment. The test results

Ln- appear in Table 41.

As calculated from the resulting data, the depth of the
y of layer removed by shot slinging comes to about 0.07 mm for speci-

Smed mens of OT4 alloy (with an alphized-layer depth of about 0.15 mm),

nost also about 0.07 mm for the specimens of alloy VT3-1 (alphized

layer about 0.36 m), and about 0.11 mm for VT5 (alphized layer
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TABLE 41 11

Weight Loss of Titanium-Alloy Specimens as Function of 
the siz

Process Time in Shot Slinger the s
charge.

I specific specimen mas loss, a/co, Tr

alloy after treatment for various times, in. the etc
Is 2. In a do not

.0% ti taniu•OT4 **o .02 0 0 o.ot 0.0 *an6u
VT3-1 - 0.01.. o,. o. 0 ..0
. 0  0. 0.03 *H 0.o 6 :t

V. 0:02 i 0i it I l

a tooth

about 1.75 mm). It appears that shot slingi%,Z removes only the plete r

superficial part of the alphized layer, which Is most heavily sponge

saturated with oxygen and, consequently, brittler. The deeper, As a re

softer part of this layer is probably only cold-hardened by the parison

shot. a subst

Use of iron shot increases the iran content in the surface duced i

layers of the scrap fragments processed. For example, It rose

from 0.15 to 0.19% in the case of OT4 alloy. The experiments sheet

indicated that the iron-containing surface layer is removel dur- and 320'

ing subsequent etching. of the

A rotating-drum shot slinger should be used to process lump sheet t:

titanium scrap. Tunbling.also removes scale from lump titaniumtimin

scrap [13, page 282; 66]. The lumps of scrap themselves Ict as the ele

shot. The tumbling operation is considerably less productive Etching
than shot slinging. However, it does not require complicated

equipment. 
Mai

of titai
The time required to clean scrap in the tumbling drum dependsis in prac,

on the speed at which it rotates and the level to which it istchant
filled. Observations indicate that tumbling cleans the surfaces

of the scrap mainly as a result of friction of one fragment 
As

against another rather than by knocking them together. In virtue acids ai

of the simplicity and low cost of the tumbling machines and the 
surface

fact that it is unnecessary to watch them constantly, these de- 
easier 1

vioes e coming into use on a steadily increasing scale [13, We

page 282). fluorle

etchanti

Footnot
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If necessary, cuttings from hot-rolled products are etche.,

followed by cutting with guillotine shears to obtain pieces of

the size ..'ired for introduction into the consumable-electrode

charge. The cut trimmings are degreased.

Trimmings from rolled sheet and ribbon are generated when

the etched sheet material is culled. As a rule, these trimmings

do not require further etchinr, and are only degreased. Lump

titanium scrap is usually not degreased.

It ha3 been suggested'that sheet titanium scrap be cut with

a toothed blade. The resultiig strips are then bent into incom-

plete rings, which interlock with one another and fragments of

sponge during subsequent pressing of the consumable electrode.
As a result, the mechanical strength of the electrode - by com-

he parison with an electrode made from sponge alone - is lowered to

a substantially lesser degree than when flat cuttings are intro-

ce duced into the consumable electrode.

se The bending angle of the strips depends on their width when

a sheet scrap 0.6-2.0 mm thick is cut: it is 1450 at a width of 7 -m
ur and 3200 at a width of 2.4I m. The minimum permissible strength

of the consumable electrode is reached when 30% of ordinary

lump sheet trimmings are introduced into it. Use of the ring-shaped

ium trimmings makes it possible to increase the trimming content in

,is tVe electrode to 50%.

e
Etching of Scrap

Many etchants have been suggested for cleaning the surfaces

of titanium and titanium-alloy semifinished products. Those used
e in practice can be broken down into three main groups: aqueous

aces etchants, melts, and compositions for electrolytic etching.

As we know, titanium dioxide is soluble with difficulty in

Irtue acids and alkalies. Preliminary removal of the dioxide from the

the surface of the scrap by shot slinging or tumbling makes it much

de- easier to dissolve the alphised layer.

We noted i. Chapter 1 that titanium is not stable in hydro-

fluoric, phosphoric, and certain other acids. Thus, most acid

etchants include hydrofluoric acid or a fluoride, which are the

Footnote (3) is on page 598.
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most readily available and cheapest materials as compared with Larl

the other acids named above. Use of fluorides is cheaper and etched ii

more convenient than use of the acid itself. eter as i
torch.

The influence of oxygen dissolved in the titanium on etching 10 minut

rate is extremely important. It was established in [77) that ments wei

titanium with a low oxygen content (up to 0.5% 02) dissolves at 220-21

faster in 6% HF solution than titanium containing 1% 02 in 12% the chip-

HF solution. This report is confirmed by [78) and by practical

data. Aftc
acquire

Since it is usually necessary to cut lump scrap with an

acetylene torch, the cut surface is found to be oxidized. It Pyrc

has been established oxperimentally that this oxide layer does 
industriz

not come off in aqueous etchants. Since chips are not as heavily was intrc

oxidized, aqueous etchants can be specified for them. However, phoric-ac

the same etchant - pyrophosphoric acid - was originally used

for both lump scrap and chips in order to standardize etchant

compositions [68). 
A#

To obtain the pyrophosphoric aid, grade I technical ortho-

phosphoric acid (70% solution) was heated until boiling stopped;

this occurs at about 200
0 C. At this point, most of the ortho-

phosphoric acid has been converted to pyrophosphoric. Etching in .

pure pyrophosphoric acid, whose preparation involves certain lif- .. e

ficulties, showed no advantages over etching with a mixture of I
these acids. (4)

Figure 119 shows the mass loss

N of titanium chips during etching sodu

in pyrophosphoric acid at 220-

S 2406C as a function of etching FiSure le

time. It was established that the of metal
| • * .. 7 .hydrochlc

0 Tja o ?# minimum oxygen content in the dium fluc
holdlus tim, a etched chips is reached at a 2% tions (S.

Ye.V. Kor
Figure 119. Mass loss of mass loss. To minimize the pho - Yevseyeve
titanium chips during etch- phate content in the etched chips, 2) 35% H(

ing in pvrophosphoric acid 4) 7.0% 1
at 220-5240C. they must be washed thoroughly

after etching in hot 3$ HC solu-

tion and then in water.

Footnote (4) is on page 598.
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ed with Large pieces of scrap -- "crowns" and templates -- were also

er and etched in pyrophosphoric acid. Since they are of the same diam-
eter as the ingot, they were cut into pieces with an acetylene

torch. The surface of the cut was cleaned by sand blasting for
thn 10 minutes at an air pressure of 6 atmosphere, and the scrap frag-

ments were then etched in pyrophosphoric acid for 20-40 minutes

lye s at 220-2400 C, followed by washing and drying in the same way asin 12%
the chips. The "crowns" were not sand-blasted.

actical
After pyrophosphoric-acid etching, chips and fragment scrap

h anacquire a characteristic silvery luster.han

1. it Pyrophosphoric acid was used to etch titanium scrap on an

!r does industrial scale. Up to 30% of chips or up to 50% of lump scrap

is heavily was introduced into the consumable electrodes after pyrophos-

fowver, phoric-acid treatment.

y used An advantage of pyrophosphoric

chant - - ' - - - acid is its high activity, which

enables it to remove the densest
1 ortho- I I oxide crusts from the titanium

stoopel;Oi surface. However, this acid also

ortho- j "°  I - - - has substantial disadvantages as
'tching in 0 I - an etchant. Chip etching requires

tIn !f- IIonly a few seconds, and the chips
;ure of are often overetched under indus-

1* .~.-.trial conditions and take up con-
mass loss siderable amounts of hydrogen.

0 i V 0 W Substantial amounts of acid are
etchin sodiumfluoride content, required to etch large pieces of

scrap, and this increases the cost
ching Figure 120. Etching losses of the etching operation markedly

that the of metal as functions of

the hydrochloric acid and so- at the high cost of the acid.
dium fluoride concentra-

t a 2% tions (S.A. Kushakevich, Numerous investigators have
- Ye.V. Konstantinova, Z.K. studied the etching of titanium

he pho -Yevseyeva). 1) 70% HCl;
ed chips, 2) 35% HCl; 3) 17.5% HCl; semifinished products that have

,ughly 4) 7.0% HC1. been held in the 800-10000C tem-

:Cl solu- perature range for certain spans

PTD-HC-23- 352-69
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of time. Solutions of mineral acids - HC1, H2SO4, HNO3 -with The saI
3 etchani

fluoride additives - CAF 2, HaP El, page 276; 79) - were used as

etchants. It was found in tests of an etchant consisting of Hci A

and NaF that etchant aetivity is determined not only by hydro- etch

chloric acid content, but also by the NaF content, and that a chips

certain NaP content at which the etching effect is maximized etched

co-responds to each HC concentration. A further increase in the tine r

NaP concentration reduces the solubility of the metal as a result then Ir
of formation of a protective film on it (Fig. 120). This makes the pr¢

it possible to lower the HCl concentration without detriment to T

the etchant effect. mondit!

It was found in [78] that turbulising with air lowers the cessful

etching rate, and to a greater degree than does the sinilar use etching

of nitrogen. The cause of this phenomenon was ascertained in An

[80), which demonstrated that the cor.-osion of titanium is in- was use

hibited substantially as the concentration of Ti 4 ions increases

in the solution. Ti3 ions are formed when titanium is etched in

acids; however, if Ti
2+ ions are formed, they are quickly trans- 

neceza

formed to TI
3+ if the solution contains an oxidizing agent, such 

rine coa

as dissolved oxygen. Ti3+ ions are oxidized to TI4
+ ccrparat!vel: A ,

slowly. ide lav

Thus, turbulizing of the etching solution with air should that in,

promote the oxidation of Ti3  to Ti , i.e., lower the etching e66, 81.

rate; this has been confirmed by practical data. The implica- tempera

tion is that the etching solution should not be turbulized, but this wo.

should be depleted in the shortest possible time. 
only the

A shortcoming of etchants containing H2S04 and Ca?2 consists 
ThC

in the low solubility (0.6%) of the CaF2 in the acid, as a result heating

of which most of the CaP2 remains in the solid phase. As etchin, material

progresses, the amount of this phase does not decrease, since the and make

CaSOM that is formed also has a low solubility. How

Reference [68] examined the possibility of etching scrap in salts wi

a solution containing 12% HCl and 5% NaF, which can be used to temperat

treat titanium semifinished products. The mass loss came to 1.5% tanium p

when titanium chips were etched at room temperature for 0.5 min. Titanium
genation

PTD-H-23-352-69 FTD-HC-2
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0 -with The same mass loss is reached in 3 minutes in a less concentrated
3 etchant - 5% HCl and 2% NaF.

ere used as

ing of HC An etchant consisting of hydrochloric acid and NaF does not

y hydro- etch oxidized lump scrap. In pilot-plant tests of this etchant,

that a chips were loaded into a copper basket in 10-15-kg batches and

imized etched in a rubberized tank at room temperature. The etching

,ease in the time required for the first batches of chips was 2 minutes; it

as a result then increased to 3 minutes and reached 5 minutes by the end of

-his makes the procese.

riment to The mass loss of the chips during etching under industrial

conditions was 4-6%. Attempts to lower this figure were unsuc-

wers the cessful, since some of the chips remained unetched when the

milar use etching time was shortened.

ined in An etchant consisting of sulfuric acid and sodium fluoride

m is In- was used successfully to etch tumbled lump scrap and chips.

s increases
s etched in When etchants contaliing the fluoride ion are used, it is

kly trans- necezsary to detoxify the spent solutions to reduce their fluo-

gent, such rine concentration to 1.5 mg/liter.

rciparativel: A number of melts whose principal component is sodium hydrox-

ide have been proposed as etchants. They incorporate additives

kir 3hould that inhibit hydrogenation of the titanium: NaH 2 , NaNO 3 , Na2CO3

etching [66, 81-033. Use of a mixture of NaOH and KOH to lower etching

implica- temperature was suggested in [84), although it would appear that

Lized, but this would increase the cost of the etchant. Alkali baths remove

only the oxide layer and do not affect the alphized layer.

IF2 consists 
The high process temperature (at least 350-400

0 C) requires

as a result heating of the etching baths and may result in ignition 
of the

As etching material being processed; it also complicates the etching 
units

, uince the and makes then more expensive to operate.

However, development of an etchant consisting of potassium

g scrap in salts with inhibitor additives has been reported; its 
working

used to temperature is 200-220
0 C. It removes scale from semifinished ti-

ame to 1.5% tanium products rolled or annealed at temperatures up to 
1040 0C.

ror 0.5 min. Titanium treated in this etchant undergoes practically 
no hydro-

genation (1383.

FTD-HC-23-352-69
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Many investigators, including the au.hor of [85), have made rate o

mdetailed studies of the absorption of hydrogen by titanium result
ii t hen r

B-ttIt is assumed that hyarogen diffuses into titanium in the
! atomic form. At 200C, the solubility of hydrogen is 0.002% In S

a-titanium and 0.0066% in $-titanium. Not only the solubility, that t

?but also the diffusion coefficient of hydrcgen increases with 0.02 m

rising temperature; a-titanium absorbs hydrogen more slowly than conten

' B$-titanium. In alloys containing 8-T1, hydrogen diffuses rapidly very inoDeitro o h pcmn

Into the interior of the specimen. 7

It has been found by x-ray structural analysis (86] that alloys

brief etching of titanium at room temperature results in formR- of its

tion of the coarse-grained titanium hydride TiH. Prolonged expo- approp

sure to the acid results in formation of the fine-grained hydride alloys

TiH 2. Both hydrides have the face-centered cubic lattice; a * pletel!

.38 6 for TiHanaTiH2f alloys
others

agents. " 1utes t,
" have a

n. the sac
m lpletel

etching time, btin.
It isI

Figure 121. Variation of hydrogen content
on surface of VTI titanium sheets as a A
function of etching time and temperature of elec
in solution of hydrochloric acid and so-
dium fluoride (S.A. Kushakevich, T.V. HNO V,
Shlkhaleyeva).x - x)analysis of (thick- merit of
ness) centers of specimens at the same
temperatures. this me

etching

wnen titanium is placed In the acid, the superficial oxide process

film dissolves first, and then the titanium; some of the hydrogen pensive

evolved is assimilated by the titanium with formation of the Ing a

hydride. Subsequently, the newly formed hydride and the metal A

dissolve simultaneously; equilibrium is established between the cnl

FTD-HC-23-352-69 FTD-HC-
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rate of hydride formation and the rate of its solution, with the

result that the hydride film grows to a certain thickness, which

then remains constant [873.

S.A. Kushakevich and T.V. Shikhaleyeva [I, page 276) reported

that the hydrogen concentrates in a thin sur'face layer (0.01-

0.02 mm) during etching; its content here is about 5 times the

content deep in Che metal, where it remains unchanged even after

very long etching (Fig. 121).

The amount of hydrogen absorbed during etching of titanium

alloys depends on the amount of the 0-phase, the size and shape

of its grains, and the activity of the etching process. Although

appropriate thermochemical conditions of preetching treatment for

alloys containing the B-phase cannot eliminate hydrogenation com-

pletely, they can reduce it substantially. Hydrogenation of a-

alloys and those similar to them (OT4-l, OT4, VT4, OT2, and

others) during etching is minor [88). The presence of oxidizing

agents - usually nitric acid - in the etching solution contrib-

ut-s to this. Other compounds, such as NaNO2 and organic acids,

Lave also been proposed as oxidants.

Unlike semifinished products, which are often pressworked,

the scrap is sent for vacuum remelting and thi hydrogen is cow-

pletely or substantially eliminated from it. Hydrogenation re-
sulting from etching is therefore less important for scrap that

it is for semifinished products.

A number of published reports deal with the successful use

of electrolytic etching in an aqueous solution containing HF,

HNO 3, H2S04, and an iron or aluminum sulfate additive for treat-

ment of oxidized semifinished products [89). An advantage of

this method is the possibility of removing the scale without

etching away metal. Electrolytic etching is not suitable for

processing scrap, since it requires the use of comparatively ex-

pensive equipment and the bath must be loaded with material hav-

ing a certain configuration.

A combination of etching and ultrasonic processing has re-

cently been reported highly effective for stainless steel (90,

FTD-HC-2j-352-69
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911. The etching time is sharply reduced. The ultrasonic trans-

sitters are attached either to the body of the etching tank or to ium c

a water-filled case in which this tank L immersed. Ultrasonic tion

etching obviously merits study for titanium, since titanium is a briqu!

considerably more expensive metal th an stainless steel and the

design complication of the etching baths fo titanium may be produ(

economically Justifiable. strapp

Neltlng of Scrap in the

After preparation for melting, the scrap is introduced Into

the furnace in several ways: it is pressed, sintered, or melted 
signs

together with titanium sponge to produce a consumable electrode or the el,

Introduced directly intn the melting space of the furnace, scrap

It has been established in practice that up to 
30-35% of togeth

chips or small scrap can be added to a charge 
of titanium sponge Shee

for pressing of consumble electrodes. As we noted above, trim- ang ov

mings out with toothed blades can be introduced into the 
charge wLth t

in amounts up to 500. Pressing of consumable electrodes contain- 
also be

Ing scrap requires the use of hydraulic presses with large load- made fr

ing cheabers that are capable of generating rather high specific the pro

pressures in the vertical and horisontal directions. For example, are

the pressure in 'he vertical direction ?eaued 3000 tons and the hoops.(

horizontal pressure 1200 tons when consumable electrodes were

pressed with up to 30% of scrap into 150 x 150 x 500-mm block.; 
A i

the bulk weight of the blocks was 3.5-3.8 g/cM3 . The blocks were of a siw

welded with titanium wire in an argon atmosphere to produce con- 
loaded I

sumable electrodes of the necessary length [6). plato, !

Small scrap to be introduced Into consumable electrodes 
can inside t

be pressed separately. In this case, the thips require prelimi- trary sk.

nary annealing, an operation that requires much time and work. A Ano

specific pressure of 2.3 tons/ca2 is required to press chips Into The core

briquettes 100 m in diameter; this is 2.5 times the specific space be

pressure needed to press sponge [92). It has been suggested that trildng

unannealed chips be pressed after adding 25-50S of splnge to Con

them.(5 )  also be

Footnote (5) is on page 598. press co,
Footnote
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Subsequently, a technology was developed for pressing titan-

ium chips into briquettes weighing up to 1.5 kg without introduc-

tion of titanium sponge into the charge; this lowered the cost of

a briquetting arid, accordingly, that of smelting out an ingot [93).

The pressed briquettes are arranged around a central core

produced by casting or sintering. The briquettes are welded or

strapped to the core.(6) Briquettes made with appropriate holes

in the center car. mlso be dropped on over the core. ( 7 )

There are a number of proposals for consumable-electrode de-
signs that make it possible to introduce sheet and lump scrap into

or the electrodes. For example, it has been proposed that sheet

scrap be out up into squares or rectangles, pressed, and welded

together with longitudinal vertical strips and angle pieces.
(8 )

Sheets can also be cut into long strips which are used to weld up

an electrode base whose length equals that of the electrode.

Long overlapping pieces of scrap are laid on this base, bound

with titanium-strip hoops, and secured by spot welding. (9 ) It has

also been suggested that the core of the consumable electrodes be

made from briquetted small scrap, which is loaded into boxes with

le, the proper cross-sectional dimensions. Long pieces of scrap strip
are wrapped around this box and bound together with titum
hoops .(10)

A number of consumable-electrode designs provide for the use

re of a sheet-titanium shell with a bottom plate. To keep the scrap

loaded into the box from exerting too much pressure on the bottom

plate, several sheet-metal shelves are placed at various heights

inside the shell. The scrap placed in the shell may be of arbi-

trary shape.

A Another proposal calls for a core made from strips or rods.

ito The core is placed inside a titanlu-sheel shell, and the free

space between them is filled with small scrap - chips, filings,

hat trimings, etc.(11 )

Consumable electrodes containing up to 25-30% of chips can

also be made on broaching presses by loading the charge into the

press container in small portions. When more than 30% of chips

Footnotes (6), (7), (8), (9), (10) and (11) are on page 598.
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are introduced into the electrode, there is a danger that it will The

break in the furnace during melting as a result of loss of mechan- oeen sin

ical strength. Dis

The following method of utilizing scrap is proposed in a slnterin

number of patents.
(1 2 ) The scrap is treated with hydrogen for need to

everal hours under a pressure of about 0.5 atmg at 550-8000 C to Ele

cause the metal to absorb 1-2% (by mass) of H2 . The holding time with non

depends on the Amount of metal in the charge and the masses of this cas
the fragments. The hydrogenated material is ground up in conven- a feeder
tional crushers until fragment size does not exceed 12 mm. with spot

The crushed material is mixed with sponge in amourts such If r

that the content of secondary metal in the charge will not exceed sively oi

50%, and blocks are pressformed and welded together to produce ments arc

consumable electrodes. The latter contain less than 1% H2 when them in s

this charging procedure is followed. If such an electrode is have a m

melted in an arc furnace at a residual pressure below 1 mm Hg, weld seam

the hydrogen content in the first-remelting ingot will not exceed In cross

0.01%, which is less than the acceptable content. The evolved the entir

hydrogen takes along with it impurities that usually concentrate through t

at the wall of the crystallizer and spoil the ingot's surface. It h

It is 'nerefore advisable to pump the arc furnace with vacuum made fro
pumps whose operation is not impaired by solid particles in the crystalli

exhausted gas.

It follows from the above that certain difficulties are en- electrode

countered in the fabrication of consumable electrodes that con- method in

tain scrap. Measures that make it possible to avoid these diffi- of making

culties have therefore gained a certain currency in practice. Sine

One such measure is to sinter the consumable electrode in a ingots, i

steel pipe loaded with scrap fragments of various sizes, the remelting

spaces between which are filled with sponge.(13 ) Then the loaded scrap hopi

pipe is held in a vacuum or an inert-gas atmosphere at 930- molten-mel

10600C or in an ordinary atmosphere after first welding it shut in practi

at both ends. Up to 90% of the mass of the electrode may be 30% of th/

composed of scrap if an appropriate variety of fragment sizes very litt I

is selected (the rest is sponge). its height

Footnotes (12) and (13) are on page 598. Footnote
~FD-HC-2 3
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it will The steel case is removed from the electrode Pfter it has
t mechan- been sinte red.

Disadvantages of this electrode-making process are the long

n a sintering time, contamination of the electrode by iron, and the

for need to install special furnaces.

0 C o Electrodes can also be sintered in ordinary arc furnaces

ing time with nonconsumable graphite electrodes (see Chapter 20). In

es of this case, the scrap is loaded into a separate hopper, from which

conven- a feeder conveys it to the graphite electrode in a certain ratio

*. with sponge (2, 21).

such If necessary, the consumable electrode may consist exclu-

t exceed sively of lump scrap. After treatment to remove scale, the frag-

oduce ments are welded together in an inert atmosphere after stacking

2 when them in such a way that the electrode obtained from them will

e is have a more or less regular geometric shape (Fig. 122). The

m Hg, weld seams joining the pieces of scrap must be relatively large

ot exceed in cross section, since the electric current does not flow through

volved the entire cross section of such an electrode, but preferentially

centrate through the weld seams [94].

rface. It has also been proposed that the consumable electrode be

acuum made from lump scrap fused in an arc furnace with a horizontal

'n the crystallizer. The first step is to load the crystallizer with

the lump scrap. The crystallizer is then moved under a consumable

are en- electrode to melt the scrap fragments.(14) Shortcomings of this

tat con- method include the complexity of the process and the impossibility

se diffi- of making large consumaole electrodes.

tice. Since most titanium is produced in the form of twice-remelted

ode in a ingots, it is most rational to introduce the scrap into the first-

the remelting ingot. For this purpose, the furnace is fitted with a

e loaded scrap hopper from which certain amounts of scrap are fed into the

930- molten-metal pool at periodic intervals. It has been established

it shut in practice that when the charge of lump scrap represents aoout

ay be 30% of the pool volume, a higher gas content in the scrap produces

sizes very little scatter of the ingot's ultimate-strength values along

its height; the variations are no greater than those due to the

Footnote (14) is on page 598.
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II

composition nonuniformitv of the sponge. fu ri;

An arc furnace adapted for intro- sizes

duction of scrap into the pool is de- fori

scribed in [2]. This furnace is the c

equipped with two batchers from which proce

the charge is fed to opposite sides of acety

the electrode to improve the composi-

tion homogeneity of the ingot. The

batcher is an airtight drum with six-

teen sections, fifteen cf which can nco r

be loaded with fragments of charge of

varying composition and dimensions. tinue

The sections are unloaded one after 
naces

another througn a hle in the bottom

disk of the drum, dropping into a chute of th

that sprinkles the charge Into the possi

crystallizer. .e.

However, this method of intro-

ducing lump scrap into the metal nt.r

involves 2ertain inconveniences: before.

loading the scrap into the furnace, it furnac

Figure 122. Consum- 
is necessary to quench the arc and

able electrode welded raise the consumable electrode, and tainin

up from lump scrap. this lowers furnace productivity. A that e

new furnace design in which the consum- elmin

able electrode is secured to the crank of the furnace's rotatin:;

electrode holder has been developed to eliminate this deficiency. T

The scrap is fed in at the times when the clearance between the cruclb

electrode and the crystallizer wall under the loading chute 
has field

been increased to its maximum by rotation of the electrode 
holder. tract

As a result, the scrap is discharged into the melting 
space with first

the arc burning. To simplify the design of the current supply, 
the me

the electrode holder is rocked through an angle of almost 3600, the inI

so that current can be brought to it by means of flexible bus- 
the mo=

bars.(15 )  
succes!

Footnote (15) is on pages 598 and 599, weighiI

FTD-HC.
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Since i. is necessary to deliver the scrap lumpi into the

furnace via a feeder, these lumps must have definite shapes and

sizes, and this requires not only preliminary cutting, but also

for6ing down. Thu., the operation of introducing the scrap into

the consumable electrode is eliminated at the cost of additional

processing of the scrap. And titanium oxidizer most rapidly under

acetylene cutting and forging work.

The above indicates that remelting of titanium scrap in arc

furnaces with a crystallizer involves certain difficulties and

inconveniences. For this reason, despite the substantial pro-

;rez that haz been made in improving these furnaces, work con-

tinue3 on other furnace designs - crucible and melt-lined fur-

naces.

Use of tnest! furnaces might substantially increase the size

.e of the molten-metal pool in the furnace, and this would make it

possible to load it with scrap of any form in substantial masses,

i.e., i* wculd ce unnecessary to cut and forge the scrap.

Jnly induction- or are-heated furnaces will be of practical

n.rt . !n vlew @f the high meltIng point of titanium.

"",e tasic Jifficulty encountered In designing an induction
t furnace for smelting titanium consists in selection of the cru-

cible naterlal. Study of the interaction of various carbon-con-

taining materials with molten titanium has shown [68, page 375)

that even the use of compact graphite with sealed pores does not

eliminate carbonization of the molten metal.

To eliminate carbonization of molten titanium in a graphite-

crucible induction furnace, it has been proposed that a magnetic

field be set up in the furnace to force the liquid metal to con-

er. tract away from the crucible walls. A tablet of titanium was

th first melted onto the bottom of the crucible. About 2.5 kg of

the metal were melted in a 65-kW furnace. The carbon content 1n

the ingots rose from 0.025 to 0.060% as a result of melting in

the more successful experiments and to 0.11-0.15% in the less

successful ones. Carbonization was more significant in inaots

weighing 12 kg [95). It was later reported that this method had

FTD-HC-23-352-69
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been tested successfully in smelting of titanium-alloy scrap, and The c
had produced metal suitable for many engineering purposes, in- copper and

eluding the making of forgings [96). As for carbon-free mate- strong coc
rials, early reports to the effect that ThO2 and ThO1 .5 and even "floor" -

ZrO2 were stable against attack by molten titanium have not been molten met

" confirmed [68, page 375; 97, 98). improve op
(16)waeru

It has been reported that titanium scrap can be refined in aer run
induction furnaces with crucibles made from pastes of the follow- With

ing compositions, in %: 80 Th12 10 Y2 0 3 , 10 ZrO 2 , 85 ThO 2 , 10 power, mol
HfO 2, 5 Y203, graphite impregnated with a melt consisting of 90% metal in t
Th + 10% Hf and then baked out at temperatures no lower than scrap of z
16500C. The reliability of these reports is doubtful. Nonec

Work is being dore on the design of an induction furnace with ing. The
a water-cooled copper crucible [99, 100). To reduce power losses, diameter,

the crucible is divided into segments that are electrically in- radiation
sulated from one another. It has been proposed that this furnace volume (4
be used for continuous smelting of titanium scrap and pouring of models of
the molten metal into chill molds. Strong electromagnetic agita- rates of

tion of the molten metal is supposed to ensure homogeneity of specific 1
composition in the resulting ingots. It is advisable to use a A a
plasma torch to apply a layer of nonconductive refractory mate- veloped f
riil, e.g., an. oxide, to the inner surface of the sectioned cru- I crucib
cible. This will reduce the danger of current flowing through
the metal from one segment to another and will reduce heat losses figu
considerably, furnace f

smelting
Much attention has recently been devoted to the development high, hol

of arc-furnace designs for melt-liner smelting. Furnaces of this the molte
type have large ilten-metal pools, and this makes it possible to determine
use them as smelting machines in the production of fancy titanium
castings; the large pool makes it possible to load lump or bri- An a
quetted scrap without going through the stage of converting it of materi

[ toconsumable electrodes. As we have seen, certain difficulties crucible.
are still encountered in the preparation of consumable electrodes

in spite of the numerous proposals. through 6

Footnote (16) is on page 599. 
crucible
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The crucible of the melt-lined furnac .s is usually made of

copper and lined with a refractory or graphite. As a result of

strong cooling of the crucible, a layer of solid metal - a

"floor" - forms on the surface of the lining and prevents the

molten metal from coming into contact and reacting with it. To

improve operating safety, the crucible is cooled with helium or

water run through an external coil.

With proper adjustment of crucible dimensions to furnace

power, molten metal may make up about 80% of the total amount of

metal in the furnace. This makes it possible to smelt titanium

scrap of all forms in furnaces of this type [26).

Nonconsumable or consumable electrodes may be used in smelt-

ing. The consumable electrode is made as large as possible in

diameter, since this ensures relatively small heat losses by

radiation from the pool and makes the pool itself larger in

volume [4, 101]. The arc is not put out during pouring in late

models of these furnaces. Melt-lined furnaces have smelting

rates of 3-6 kg/min at a current of 14 thousand amperes, and the

specific power consumption is 2.3 kW'h/kg [102).

A series of vacuum-arc melt-lined furnaces have been de-

veloped for intermittent smelting of titanium and titanium alloys

in crucibles holding up to 4 tons of the ready-to-pour metal [481.

Figure 123 diagrams the construction of one melt-lined arc

furnace for smelting titanium scrap [103). The stainless-steel

smelting crucible, which is about 900 mm in diameter and 530 mm

high, holds 1050 kg of titanium, of which 225-400 kg may be in

the molten state. The molten-metal capacity of the crucible is

determined by the thickness of the melt liner.

An argon atmosphere is used for smelting. The first loads

of material are consumed in building up the melt liner in the

crucible. During the course of smelting, the charge containing

titanium scrap is fed into the crucible in 22-45-kg portions

through a charging device that is also argon-filled. The furnace

crucible is helium-cooled for safety.
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Four nonconsumable tungsten Th(

electrodes with thoriated caps are tion un'

used to melt the charge. After molten i

melting, a vacuum is set up in the melting

furnace to degasify the molten Si

-Ut alsc

Since tungsten electrodes tend coming

to break in a vacuum, they are .,t!d t

switched off during this period, t

during which melting is continued in whicy

Figure 123. Vacuum-arc by using a titanium consumable elec- worknC
furnace for melt-liner trode about 230 mm in diameter, tures
smelting of titanium. 1) which i
Furnace shellt 2) mold; which is mounted centrally in theup to 1
3) crucible; I) auxiliary crucible. The fraction of metal 50% of
electrode; 5) consumable produced by melting of the consum- 0
electrode; 6) nonconsum- eliminat

able electrodes; 7) bus able electrode represents about 10% calcula
to rectifieri 8) charging of the total mass of the melt. from a

mechanism; 95 charging from a
ladle; 10) vacuum valves; An auxiliary tungsten electrode weight
11) pipe fitting to vac-

uum pump. is used to melt the crust of metal of metal

in the crucible's pouring lip 'lust th.-:,es

before the metal is to be poured into .he mold; it then serves to =elting

heat the head of the ingot and eli-.nate pipe. i500-16c

During smelting, the residual pressure in the furnace is not pro

lowered to i0- 4 mm Hg. Ingots weighing up to 180 kg were pro- it

duced in tests of the furnace. It is claimed that this weight the cons

could be doubled. calcium

For production of ingots weighing about 200 kg, the total 
and is

smelting time, including the time to evacuate the furnace before a stroni

argon filling, runs to 75-90 minutes. The smelting cycle is oxide ia

slightly longer for larger ingots- Melt-liner smelting produces vaporize

homogeneous metal, since a large amount of metal is in the molten vapor o

stage at any given time and is also being vigorously agitated. The fir,
to smelt

It has been reported that the firm Remkru (USA) has built anproposal

experimental melt-liner furnace with a capacity of 900 kg for re- supporte
melting titanium scrap in large pieces [I04]. melting

Footnot
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sten The advantages of melt-lined furnaces include: a) composi-

ps are tion uniformity of the metal, because of the large size of the

ter molten pool; b) purity of the metal; c) the possibility of re-

in the melting scrap in large pieces; d) short smelting times.

en Since melt-lined furnaces are used not only to smelt scrap,

cut also in installations for fancy titanium casting, which are

es tend coming to increasing use, much attention will evidently be de-

re vcte±d to improvement of the designs of these furnaces.

jod, Tt is efficient to deoxidize the metal in the same process

inued in *'hich it is smelted with scrap. :e indicated above that press-
le oleo- worAing "f titanium, which requires heating it to high tempera-

er, tures, results in the formation of an oxygen-rich surface layer
n the up to 1 mm thick or thicker. At the same time, when as much as
eal 50% of scrap may be returned to the mtilt, it is necessary to

onsum- eliminate oxygen from it as thoroughly as possible. An elementary

out 10% calculation shows that the removal of a one-mm-thick layar even

t. from a comparatively large scrap fragme&: results in an 8-10%

lectrode weight loss from this fragment. Moreover, this substantial waste

metal of metal is accompanied by heavy consumption of etchants. Hence

p Just ;h' t-:,eat imptrtance of finding ways to deoxidize titanium during
rvfs to smelting. Attempts to eliminate oxygen by holding titanium at

1500-16000C and a residual pressure of about 5 10 mm Hg have

is not produced the desired results (105).

pro- It has been suggested that up to 5% Ca 17 e introduced into

ight the consumable electrode to purify the titanium. However, the

calcium oxide that forms has a high melting point (about 25000C)

total and is not volatile. It has been reported that a metal that has

before a stronger affinity to oxygen than titanium and forms a volatile

is oxide is being used for this purpose. At 15000C, this metal

roduces vaporizes and reduces thV. titanium oxides in the arc zone; the

e molten vapor of the new oxide is removed from the furnace by evacuation.

ated. The firm Mallory-Sharon uses this process on an industrial scale

to smelt out titanium ingots up to 300 mm in diameter [106). The
built an
for r- proposal that one of the rare metals be used as an additive is

supported by reports to the effect that titanium and other high-

melting metals can be deoxidized by thtorium, gadolinium [107),

Footnote (17) is on page 599.
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"and even mlsch metal. (18 ) Mis eh metal would appear to be most at- Dev

tractive from the economic standpoint, since it is relatively and its

cheap and only 1-2% need be added. in vacuu

Comparison of the heats of formation of oxides, calculated~been pro:~for 1 g-atom of oxygen [68, page 481], indicates that titanium
technica

could be deoxidized by cesium, lanthanum, neodymium, or praseb
' butane v:

dymium, i.e., by precisely those rare-earth metals that are used: oxi dize d
to make misch metal. Exploratory tests have indicated that te

untreateoxygen content in titanium can be lowered by inbrou..cing zircon-'! 'J 1.0 m, ,
ium, yttrium, or gadolinium into consumable electrodes as dioxi-

dizing additives. The use of boron, which was proposed as a ti- titanium

tanium deoxidizer,(19)gave unsatisfactory results [108].
Ways to Reduce Production of Scrap form aev

.,gaepunsatisfactoryiresultsn(108).

Improved utilization of titanium scrap requires improvement ing to

of the technology by which it is processed. The number of tech- wrapper

nological operations must be reduced, ingots and blanks must be in the t
heated in neutral atmospheree, and rejection rates must be lowered. gether w

This will reduce the bnount of scrap that is generated and the an alkal
extent to wh~ch it is oxidized. This problem merits separate Use

attention; we shall limit ourselves here to only a few examples tion, bu
that indicate the scope of the possibilities open in this direc- cal expe

tion. tion rat

The firm ICI (Great Britain) has stopped roughing titanium By
ingots, with the result that the amount of scrap produced has ing, it
been cut by 5-6% [58). Curtiss-Wright presses certain jet-engine with a 0
parts directly from titanium-alloy ingots, bypassing the forging a layer
operation. This gives a substantially lower reject rate, and

costs are cut 25-40% [109). Devi
applying

Higher useful-product yields than those cited above have products
also boen reported in the manufacture of titanium products, e.g., turing t
53% (of ingot mass) for aircraft parts made from titanium sheet. highly p
Waste is produced in the following forms : initial material 9%, Footnote

blank trimmings 15%, stamped-sheet trimmings 211, small scrap

2% [110).

Footnotes (18) and (19) are on page 599.
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Development of technology and equipment for working titanium

and its alloys at elevated temperatures in inert atmospheres and
in vacuum is highly important from the standpoint of producing

substantially less scrap. For example, hydrocarbon vapors have

been proposed as protective atmospheres.(20)When a specimen of
technical titanium (0.025% 02) was heated for 30 min at 800 0C in
butane vapor and then held for 1 hour at 8500C in air, the

oxidized-layer thickness was 0.1 mm, as against 0.35 mm for an

untreated specimen. The oxidized-layer thicknesses were 0.1 and

1.0 mm, respectively, for specimens of Ti8Mn alloy. The protec-
tive effect is explained by the formation of a thin layer of
titanium carbide on the surfaces of the specimens. Recipes have

also been suggested for protective coatings - e.g., salts that

form a vitreous coating on heating to 8000C [111, 112). Accord-
ing to [113], coating the ingot with an acid aluminosilicate

wrapper before heating lowers the hydrogen and oxygen contents

in the titanium by a factor of 3-4. The ingots are rolled to-

ed. gether with the protective coating, which is then etched off in

an alkali bath.

Uso of these wrappers not only protects the ingot from oxida-
tion, but also retards its cooling during pressworking Practi-
cal experience indicates that the use of wrappers lowers rejec-

tion rates and simplifies the design of the heating furnaces.

By way of controlling titanium-ingot oxidation during heat-
ing, it has been proposed'2lhat they be coated prior to forging

e with a 0.005-0.025 am thickness of electrolytic nickel, on which

a layer of chromium 0.005-0.010 mm thick is overlaid.

Development of secondary titanium alloys (and fields for
applying them), not only in the form of semifinished pressworked
products, but also in the form of fancy castings, the manufac-

turing technology of which is continuously being improved, is

highly promising [114].

Footnotes (20) and (21) are on page 599.
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561 1For brevity, we shall use the term "titanium" irn the 59t
present section to imply both titanium and titanium-

based alloys.

568 2 Henceforth in this chapter, the term "scrap" will 597

refer to certified scrap.

579 3Patent (USA) No. 2,891.286, 1959.

580 4For brevity, we shall henceforth refer to a melt con-
sisting of a mixture of pyrophosphoric ar.d orthophos-

phoric acids simply as pyrophosphoric acid.

586 5patent (USA) No. 2,837,773, 1958.

587 6Patent (British) No. 786,525, 1957.

587 7patent (USA) No. 2,813,921, 1957.
587 8patent (USA) No. 2,792,621, 1957.

587 9Patent (USA) No. 2,886,883, 1959.

587 lOpatent (USA) No. 2,818,672, 1959.

587 llPatent (USA) No. 2,867,895, 1959; No. 2,893,113, 1959.

588 1 2Patent (British) No. 900,216, 1962; patent (USA) No.

2,992,094!; patent (West German) No. 1,131,891, 1962.

588 lPatent (USA) No. 2,753,262, 1956.

589 101azunov, S.0. et al. Author's certificate (USSR) No.

108,448, 1958.

590 1 511'ichev, N.V. et al. Author's certificate (USSR) No.
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111,102, 1957; Glazunov, S.G. et al. Author's certifi-

cate (USSR) No. 122,226, 1959.

16
592 Patent (USA) No. 3,079,451, 1963.

595 17Patent (USA) No. 2,819,158, 1958.

596 18Patent (West German) No. 1,030,036, 1958. Patent (USA)

No. 2,997,219, 1961.

in the 596 19Patent (West German) No. 1,081,237, 1961.

597 20 Patent (USA) No. 2,865,797, 1958.

ill 597 21Patent (USA) No. 2,900,715, 1959.

It con-
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1962.
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Chapter 22

FUNDAMENTALS OF TITANIUM POWDER METALLURGY

Titanium powder produced by the hydride-calcium and calcio-

thermic ,ethods is the most suitable material for powder metal-

lurgy, and is now acquIring steadily increasing importance.

As we know, titanium is used in the compositions of many

complex multicomponent alloys for various applications. These
alloys are usually produced by vacuum smelting or, much more

rarely, by smeltinG in inert-gas atmospheres. In view of the
difficulty of finding crucible materials that might be used in
smelting, such complex techniques a3 floating-charge smelting,

arc smelting in a water-cooled copper crystallizer, and even

submerged-arc smelting are currently in use.

These smelting methods produce metal with a minimum of con-

tamination, but it is difficult to use them to obtain alloys with

uniform composition. For example, in attempts to produce high

titanium-copper alloys, the basic mass of the titanium powder

floats to the surface of the molten copper (115). Moreover, a

substantial amount of the metal is wasted in roughing the result-

ing ingots.

Powder metallurgy makes it possible to obtain homogeneous

metallic alloys of a given composition from an extremely wide

variety of components in a broad range of component proportions.

There is practically no wastage of metal during the conversion

PTD-HC-23-352-69
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from powder to the pressformed blank. be used

uni f'3rnIn addition to the hydride-calcium and calciothermic proc- Introduc
esses used to make titanium powder, we might mention hydrogena-
tion of the compact metal with subsequent crushing and vacuum is

is due t,
evapoaaton of the hydrogen, fused metal spraying, fusion elec- are as
trolyss, and deposition of the powder from the gaseous phase. plastic
The last two methods, and especially the combined-oxide reduction

process [116, 117) are also at the same time useful in tne pro- o three,

duction of titanium-based alloys in powder form. o toe ii

The powders must have certain grain sizes in order to mini- wihi

mize porosity in the products. It may be assumed in first ap- pump 1.
proximation that powder grain sizes should not exceed 0.6 mm for to be pr
normal working conditions [118). water or

The London Ivon and Steel Institute reports [119) that blanks tored at
made from metal produced by the hydride-calcium method are of con-
siderably better quality than blanks made from coarser magnesia-

thermic metal.

The process of making finished products from titanium and

titanium alloys conrists of pressing and sintering of the rowdort.

There are currently three basic methods of pressing: hot

pressing in graphite molds, cold pressing with various t,pes of
hydraulic and mechanical presses, and hydrostatic pressing at

Figu
normal temperatures or isostatic pressing for high temperatures. hydro

The conviction that large billets of material could not be mach:

produced by powder metallurgy prevailed for a long time [120-
123). This impression had been gained in work with ordinary To
cold hydraulic presses, where pressing of large billets produced bag flr4
briquettes with vertical and sectional density nonuniformity, so 1rm or
that the molds were distorted even to the point of cracking during 125 show,

s3ntering. Thii

As long ago as 1955, however, the American firm Brat reported perforat4

that it had found a hot-pressing technique by which rather large of the s:

shaped titanium and titanium-alloy workpieces could be made. They In i

weighed up to 50 kg and had diameters up to 228 mm [1243. The conditioi

hydrostatic-pressing method proposed by Skaupy [125), which can

FTD-HC-23-352-69 PTD-HC-2:
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be used to produce very large blanks (100-250 k:g and more) with

uniform density in all sections, has recently been adapted andproec- introduced into the industry on a broad scale. The elaboration
gena- of this method that made its industrial use possible in the USSR
urn is due to B.A. Borok et al. £126). The essentials of the method

are as follows: the metal powders are tamped into a waterproof,
ase.
duction plastic (e.-., rutber) shell of the desired shape and subjected

to three-dimensional hydrostatic compression in special liquid-pro- or gas-filled prezses. Figure 124 presents a schematic drawing

of one such press. It consists of a thick-walled cylinder 2,
mini- which is made fromalloy steel, with cover 4 and high-pressure

ap- pump 1. The cover has an arrangement for suspending the piece 6
mm for to be pressed and an air valve 5. The cylinder is filled with

water or oil. The system pressure generated by pump 1 is moni-

t blanks tored at manometer 3.

of con-

neslo-

a and
., :der..

hot

)es of
-attures. Figure 124. Diagram of Figure 125. Extrusion

hydrostatic pressing container.
,ot be machine.

.20-,ry To impart a definite shape to the pressed blanks, a rubberroduced bag filled with the powder is enclosed in a rigid perforated

tY, 3 frame or sleeve of the appropriate shape and pressed. Figure

ig durinF 125 shows one device used for pressing cylindrical blanks.

This figures shows the ru..r bag 1, which is placed in the

reported perforated et.%lllc sleeve 2. Caps 3 are placed over the ends

large of the sleeve and secured with elastic bands 4.

de. They In all press types, the pressure applied depends on many

The conditions. Most important among these are the grain size of the

ch can
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powder, its component proportions, and the size of the blanks. Hor
It may be assumed as a point of departure that a pressure of 500- use.

1000 kgf/m 2 is sufficient for pressing pure titanium; the pres- To
ures for powder mixtures are adapted for each specific case. of large

Normal linear shrinkage for hydrostatic pressing of hydride-cal- ture gracium titanium is about 40%. which ma,

The pressed blanks are sintered at a residual pressure of impede d,
10-10- mm Hg. A hard vacuum is provided with two objectives: vacuum
the most thorough possible removal of such impurities as hydrogen thermal

T4 and magnesium from the titanium and protection of the metal from so that
oxygen and nitrogen. Many sets of conditions for sintering pure t .ansfor

titanium and its alloys have been proposed. Kroll [127) used a
stepped sintering process: first in a vacuum, and then in argon.

Dear. states that 16 hours of sintering in a vacuum at 950-10000C
is sufficient for 30-mesh powders [118). Sintering for 5-6 hours
at 1400-14500C should be regarded as the optimum for pure titan-
ium. The residual porosity in the blank after such sintering

does not usually exceed 2-3%.

As a rule, the sintering temperatures for titanium-based

alloys must constitute about 80% of the alloy's melting point.

Below we list optimum temperatures for sintering certain

titanium-based alloys in 0 C [128):

To%+C, ... I=0 T4+C, . . . ItS
TO%~+Mo ... 1300 TiH,+pe ... 1100
TiI+W ... law TA,+N ... I=
T%+YM ... Il0.

If sintering is done at the above optimum temperaturea, the

disagreement between the measured and theoretical densities of The
the resulting alloy specimens does not exceed ±0.15%. It is re- a workink

ported in published papers of the London Iron and Steel Institute ber cons
that the optimum temperature for production of Ti-Cr and Ti-Mo ing on il
alloys is 1300*C and that the sintering time is 8 hours. These i sealec
conditions produce blanks with a residual porosity <2.0%. line 11 1

Many different furnace designs are used to sinter powdered cooled ir

materials. encloses

are run I
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:S. Horizontal [129) and vertical [130) vacuum furnaces are in
500- use.

res- To eliminate the disadvantages associated with the sintering

of large blanks in resistance furnaces (the rather steep tempera-

cal- ture gradient between the heater and the blank being sintered,

which may cause a sinter crust to form in the surface layers and

of impede descrption of gases), recourse is taken to induction-heated

yes: vacuum furnaces (frequency 2500 Hz) [131]. In such furnaces,

roger. thermal energy is generated directly in the blank to be sintered,

from so that there is no temperature gradient resulting from heat

pure transfer from the heater to the blank.

d a

gon.

hours

tan-

d

n

Figure 126. Powder sintering machine.
the

of The sintering installation (Pig. 126) has three main parts:

re- a working chamber and vacuum and electrical systems. The cham-

itute ber consists of quartz tube 1, which bears through a rubber pack-

Mo ing on lower cover 2 with its adapter 3. The top of the pipe

ese is sealed by cover 4, which has an inspection window 5. Vacuum

line 11 to pump 12 is connected to the bottom cover. Water-

red cooled inductor 10, which is made of round-section copper tubing,

encloses the quartz tube. Busbars from the high-frequency unit

are run to the inductor.
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The blank 6 to be sintered is placed on graphite table 7,

which rests on the set of firebrick supports 8. Shield 9 is

placed between the blank and tt-) outer tube.

The quartz tube is hoisted out for loading of the blank.

Then the supports are installed and the hoist is again used to

lower the blank. The top end of the blank is covered with a

graphite shield. After insertion of the blank, the shield,

outer quartz tube, and cover are mounted. The pump is then

switched on, followed by the heating system when the desired

vacuum has been reached. After sintering, the reverse sequence

of operations is carried out. This furnace can be used success-

fully for sintering up to a temperature of 25000 C. It may be script

assumed that forging of the finished pieces is required after Page
No.

sintering in almost all cases.~606
Recently, much work has been done on the production 

of ti-

tanium sheet, ribbon, and foil by direct rolling of powirs (132, 606

1333.

Titanium and its alloys are used in powder metallurgy not

only for the production of compact billets, sheets, ribbons, and

foils, but also to produce various filtering elements with pre-

determined porosities and products that contain various passages

and internal cavities. In the latter case, appropriate templates

made from materials that evaporate during sintering are laid into

the titanium powders before pressing. Methods have been devised

for hardening of titanium products by introduction of various

disperse components, such as TiSi3, molybdenum fibers, etc. into

the titanium powder(lkl34]. In the latter case, the strength of

the sintered titanium is increased by a factor of 1.35 over that

of the pure metal.

In addition to titanium and its alloys, many titanium com-

pounds (TIC, TiO 2 , TiN) are prepared by powder-metallurgical

methods, both pure and in compositions with other materials~
l' 2)

[135, 136). These compounds are used in rocket and aircraft en-

gineering, as well as in radio electronics.

R Footnotes (1) and (2) are on page 607.
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WChapter 23

BASIC METHODS OF ELECTROLYSIS AND
PREPARATION OF THE STARTING MATERIALS

Technical-economic calculations indicate that electrolytic
:-theds car be moe economical for production of titanium than curve o

the metallothermic methods currently in use. For this reason: of resi

research on the electrolytic production of titanium Is being classif

expanded steadily. resisti

At the present writing, electrolytic titanium-producing minor d
methods are emerging from the stage of scaled-up laboratory ex- express

periment8 Pilot-plant and even" industrial-scale eletro'lyer purity)
designs are being te.ted, However, industrial use or eiectro- num.

!ytic methods. for prok,:;tiori of titanium is clocked by major df-

ficulties encountered in the development of electrolysis tech-

nology ind especially in attpmpts- to find h!ghly productive, U

economical, and operationally reliable elect,-' .yzer designs.

The broad scope of research on titanium electrolysis and the AV A

unrelItting search for new electrolyzer designs give reason to

hope that the electrolytic process for production and refining of

the real will come to occupy one of the dominant positions in Figure
curves

titanium metallugy. and ther

,Cetaln Clectrieal Properties of Titanium and Its Compounds A of pu

Titanium has four valance electrons: two 4s and two 3d.

Table 42 gives the inner-orbit structures, in ization Dotentla.;,,

£ FTD-HC-23-352-69 FTD-HC-2
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and atomic and ionic radii of titanium.TAMET 42

Ionizaticn Potentials and Ionic Radii of Titanium

u structure of I ionization Ionict'itan um :Lontou~t , .*1@Ct ro en'V t _nt ie , r di ,

~77~t raiiin. M . 1.0l
hia- ! M • I IS* .

TSW 14.6 0.76
Ti+s 3. - 0,0
Ti'+  

- 4.96 0.64

*The ionic radii are given for a coordination number
of 6.

Various sources give figures from 47.5 to 5 4.0 ufl*cm for the

10 resistivity of titanium at 0°C. Figure 127 shows the temperature

n curve of the resiutivity of pure (99.9%) titanium. On the basis

of resistivity and its temperature dependence, titanium would be

classified as a metaliic conductor. Many impurities increase the

resistivity of titanium, although they do so to a relatively

minor degree. For example, [2], the resistivity increase Ap/A W _

x- expressed in uflcm (where A is the atomic percentage of the im-

Ur.t. l, 1.8 for nob ui, 1.8 for zirconium, and 12 for alumi-

nu~m.

dif- The question as to the type of

conductivity and resistivity exhib-
ited by a number of titanium systems

and compounds used as materials for

the ' ,, soluble anodes is an interesting one.

0 CP., C Numerous studies have shown thn1.-

g of Most nonmetailic inclusions exist in

n Figure 127. Temperature the monatomic form in transitional
curves of resistivity p
and thermal conductivity metals. On the basis of many proper-
A-Of pure titanium. ties of the titanium-hydrogen, titan-

ium-nitrogen. and titanium-narnn

als, systems, a number of investigators [3-7] take the view that
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- ' i



1: -

M The
hydrogen, nitrogen, and carbon form interstitial phases in titan- titaium

lum, phases in which the nonmetallic inclusions form metalic oud

bond, i.e., yield some of their valence electrons to 
the d-shell tion ban

of the titanium. Thus, these elements exiet as positively charged the svst

particles in the crystal lattice. Oxy;.en does not yield electronsIito incre
to the d-shell, but, on the contrary, shifts part of the electron

I cloud toward itself and appears to exist as an anion. Silicon

should form covalent bonds preferentially with titanium, and the s±I-cfn

system may be nonconductive at a certain silicon content in the higher si
,Aanum and it beLI " hydrogznt.tar"um aystem h'z been studied only i. e an.A

V agF-fl~ hydroge 4oit.=rA3 Ith=ber hOWl Uti yo

to 1% (atomic) of H2 causds no marked change in the electrical increases

-v +-V n u ih u-fa"!', l.li1- h ee. T ! . T

studied by various authors [8, 9). Introduction of nitrogen into and TiCl 3

titiltu has no marked effect on its resistivity. Accordling to du.t.v.ty

O.V. Samsonov [93. titanium nitride has a resistivity of 86.5 zero elec

Afle at 25"C and a temperature coefficient of resistivity of the condu

0.375%/dog. The resistivity of titanium carbide is 59.5 Pcm Electroly

and its temperature coefficient 1.52%/deg.~Equi

The relationships in the titanium-oxygen system are consider- given In

ably more complex- At moderate oxygen cont fl , tihe 250C Vests-

Stivity of the metal rises by 12 PO.cm for each atomic percent of

oxygen 2]. Tituji .. monoxide has a resistivity of 0 •

0om rA0) AccordOing to (),* T1203 has a resistivity of 23.3

a4*cm, but this figure becomes smaller with rising temperature,

reachinc 4.35 • 10 o- cm at 7000C. The figures given in [11)

are . what on the high side. Verweys data [12) are available

for resistivity in the titanium-oxygen system: TIO2 10;

TI1. 9 9 5  10.0; TiO1 . 9 9 5 1.25; TiO1 .75 102 fer

r At the stoichlometric composition, which corresponds to the

formula TiO 2 , and at normal temperatures, titanium 
dioxide does

not conduct electricity. An oxygen deficiency cu,=etes electronic

e conductivity, which increases with temperature [13).

STD-C-23-352- 6 9 FTD-HC-2
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The natural explanation for the resistivity changes in the
tan- titanium-oxygen system as functions of component proportions

would be that incruasing numbers of electron- leave the conduc-

hell tion band to supply oxygen anions as the oxygen saturation of

arged the system increases, thus causing the resistivity of the system

trons
to increase.

*tron

-n At modecate silicon contents (up to 10-15%), the titanium-

the silicon system is a rather good conductor of electricity; at

1 hgn.r silicon content., aytem resistivity increases rapidly

and it becomes a virtual nonconductor.

Almost no quantitative study haa been ACV sted to the conduc-

up ~~~tivizy of, titanium chlorideu. Thc -. ort of coantbod

al increases and, consequently, conductivity declines in the series

%een . % -. . crystallizes in a CdI-type lattice,

into and TiC1 3 in one of the AsI 2 type. Both salts exhibit ionic con-

to ductivity preferentially. TiClj has a tetrahodral structure with

5 zero electrical conductivity. In the 825-9000C temperature range,

f the conductivity of K2TiF 6 varies from 2.480 to 3.350 A-l cm-l.

cm Electrolysis ,n Aqueous and Organic Media

Equilibrium potentiala of titanium in aqueous solutions are

sider- given in Table 43.

t of TABLE 43

10-j Equlibrium Potentials of Titanium in Aqueous SolutionsO

.3

- potential, V,' potential, V,
C. to seiei aco. to"

reoaction reaction "-

able [11 1151 1141 115____1

1n -T02 +* 1e.75 -. 9 lf 4 ~+-.6 41
i1+' T1++ -4.27 - .OTI4  I++ -0.16 -, 2!T"+:,. 4.16

rthe + I ,
loes "Tallki iO'+

tonic
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On the basis of these potential values, we might conclude very

that it is almost totally imoss hle to produce Litanium by.--- 1 ... in tl

electrolysis of aqueous solutions. Nevertheless, a great deal fre

of research is being dou un this subject. Iv n

The -first unsucA.ssf'ul atmp-Vt elcctrolyzt !.i-' anium chlo- dize

rides was made by Becque;'Pl [163. Junot [17) also took this mati

approach without success. Knecht [18] showed that titanium chIn-

rides are reduced only as far as the bivalent 6tate. Electroly- tita

sis of titanium sulfates in the presence of hydrogen peroxide

L"19-221 produces lower titanium oxides. Electrolys i of" titan- pound
ium hydroxide in sodium hydroxide solution also yields only thin

films of the lower oxides.(I) N.G. Kudryavtsev produced only thin tartr

; films of titanium (3-4 pm) at the cathode in alkaline and acidic less

solutions [24). Electrolysis of an acidic solution of titanium from

trichloride with a mercury cathode gives similar results (27, 28).

Experiments in the electrolysis of titanium salts diasolved 
ordin

1n thclr cor water of crystallsation''and in the psceof SU-beu
(3)

factants gave unsatisfactory results.

The entire body of experiments that have been carried out up organ

to the present tim? confirms the practical impossibility of pro- given

ducing titanium by electrolysis of aqueous media.

Use of organic nedia for the production of metals by elec- fused

trolysis attracted the attention of researchers long ago [29). 
elect

It was assumed that pure metallic deposits could be obtained 
in solubl

oxygen-free or reducing atmospheres. It is acknowledged that not e

the selection of organic media is severely limited from the stand- 
does

F; or the

point of their electrical conductivities.
...... u~d ained

Research hds been done using organic solvents that are liquid

at normal temperatures and with fused organic substances. Proc-

esses with insoluble and soluble anodes have been studied. 
becaus

ones,
In the former case, representatives of almost all organic-, , Electr

compound classes were tested as electrolytes (usually for elec-

trolysis of titanium chlorides): hydrocarbons, halogenated hydro- 
A

crborns, alcohols, ethers, ketones, acids, amines, amides, salts by ele

of organic acids, and others [30). However, all attempts to Pootno

pootnotes (1), (2) and (3) are on page 636. PTD-HC
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electrolyze titanium in these atmospheres failed because of the

I-lude
very low solubility or total insolubility of titanium chlorides

a in them, or because the organic media themselves underwent pre-|deal

ferential electrolvss, or because the system was n--t '-r^- -L- con-" i"- n a numb, - n-" ce. s th organ l.c substances oxi-
[um chlo- dized and poiymerized on the anode, and this resulted in the for-

is nation of electrically nonconductive gums.

Several studies have been devoted to the electrolysis of
rely- titanium borohydrides [30), again without success.

1, -- 'an- Interesting experiments on the .electrolysis of titanium com-

y thin pounds in aqueous solutions of sulfanilic acid [25) and titanium

y thin tartrate r12, 26] resulted in the formation of cathodic films

acidic less than a micron thick. Somewhat better results were obtained

anium from electrolysis of water-and-formalin solutions of Ti0_

27,, Recently prepared organotitanium compounds dissolve poorl,, in

solved ordinary solventn- almost all of them. are cova-lent anda can hardly
of sur- be used for electrolysis. :_

On the whole, it can be stated that electrolysis of liquid

out up organic compounds involves major difficulties and has not yei;

f pro- given hopeful results. I

Other media tested for electrolysis have included a number of

elec- fused organic-acid salts and fused amines that exhibit rather good
29]. electrical conducitivy. Tne compounds electrolyzed were TiCl4 or
ed in soluble anodes containing titanium compounds. The results were

lhat not encouraging. It was shown in [32) that, even though TiC14
e stand- does react with esters of monofunctional acids to -form compounds

of the type TiCl4-E that dissociate in melts, only TiCl 3 is ob-

e liquid tained at Lhe tishode when auch melts are electrolyzed.

Proc Electrolysis of fused organic media requires further research,

because organic melts have a number of advantages over inorganic

anic- ones, primarily in their lower melting points.

elec- Electrolysis in Fused Inorganic Media
hydro- At the present time, titanium is produced most successfully

salts by electrolysis of fused inorganic media. The electrolysis can
to Footnote (4) is on page 636.
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be carried out using insoluble or soluble anodes, Melts con-

taning titanium oxides, chlorides, and fluorides have been in- data

veatigated on a oroad scale in insoluble-anode work. Various 8000

compounds and alloys of titanium are used as soluble anodes.

Theoretical analysis and experimental data 133-361 5)ndi-
cate that electrolysis in fused salts of oxygen-containing acids,

in fued alkalies, oxides, azm other muelts cannot produce[~~ue medi fuae "lmaited ocidiefly
pure titanium. The selection of fused d- a iS j.,,ited chiefly

to metal halides. However, not even all of these are suitable

for electrolysis. Thus, metals of the 4th and later groups of

the periodic system are, as a rule, much more electropouitive

than. tit-lu; -many of .i haliUe are thermaily unstabie or

Texhibit low electrical conductivity [37, 38). The combination

of properties found in the chlorides and fluorides of alkali-

and alkal.ne-earh mls rend them .ost suitable for the

present purpose.

r NaCl [39, 40],uKCl, or various mixtures, usually of eutec-

tic composition, are usually used in electrolysis of titanium

chlorides: NaCl-KCl, NaCl-LiCl, KCI-LiCi, NaCl-MgCi2, NaCi-K 2Ti?,

NaCI-KCl-AICI 3 , NaCl-KCI-CaCl 2, NaCi-KCi-MgCl 2, KCI-MgCl 2-CaF,,

NaCl-KCl-BaCl 2 (33, 39, 4I-4531. 7) The multicomponent systems are

used to lower the electrolysis temperature or increase the solu-

bility of the titanium chlorides in thi melt, but they are seldom

Electrolytes used in the electrolysis of K2TiF 6 are Na!,

KCI-LiCl, NaCl-KCI (34, 35, 46, 47); those used in electrolyzing

titanium oxides include NaCl, CaC!2 , and NaCl-CaCl,, NaCl-K 2TiFr
[48-51), NaCl-CaCl2-BaCl2 [52] and CaC12"CaO soluble-anode work

is done with NaCl, NaCl-KCl, NaCl-SrCl2  
53-58], P

lithium chlorides, potassium, sodium, and magnesium chlorides,

sodium and barious chlorides, and 
NaCl-K2 TiF 6 [59J.(10 )

The assortment of salts used as electrolyte components in ti-

tsnium clcctrolysis i.a detormincd by a number of their properties.

An important one is the ability of the salts to dissolve the cor-

responding titanium compounds. The solubility of tita Pool.

f Footnotes (5), (6), (7), (8), (9) and (10) are on page 636.
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n- compounds in melts has not yet been adequately studied. Certain

n- data on the solubility of titanium compounds in fused salts at

8$ooUc are given in Table 44 [60-693."'

TABLE 44

Solubilities of Titanium Compounds in Certain Salts at

cids, 8o0° %

cpoundu jio NCI .. + 1 i1+1
le I

of -9 1lt )

e ;N ! I ,d I, , , I e IS, ! r!
u- 3= I S~ F- ! " -I I I ,1! I 2&= ..: ! I

OP 4 -'!  I" " I ~ I I 11A I " "71't .1.1 -I " ,-

T:; 13.6
---.. -r, I_ __

tec- TABLE 45

En Electrical Conductivities of Salts Encountered in Eleo-

1LJJ-- t~~olyt TiJiUm ProduUtU,

are J'trical. j i .i
olu- "ait j temp. conduct. ' temp. f oedctol-A 4W41"V. I ealt "1ity

-_ 1 1"i0... . .

I Y.I ,o ,in 614 Mt IXIC To .4 . I, W74 I Is1
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Table 45 lists the conduativities or set-in used in quad
the electrolytic production of titanium [381. other

The famill-nj r Poincara eqtialon
given

-- ( ) x-ray

can". be uzad to dtLermine the electrical cond-ctiv'tie. of two- (mole
component mixtures in cases approaching iaeal sclubility; here f' Ti-
p and q are the percentages (by mass) of the salts, '^hich have compc'

conductivities of X and X2 , respectively.

At system-component proportions correspondlnr . to the formra- compo,

-ion of solid phases in the form of chemical compounds, the elec- melti

trical conductivity of the melt will be quite for below the values 6050C,

computed by this equation.

The --t thoroughly studied system including itanium COM-

pounds are chloride systems. However, much remain. unclear even
concerning these systems. Little study has been devoted to salt

systems containing lower titanium chlorides in the presence of

TiC in the waaeous atmosphere. The presence of 7' in fou.r oxi-

dation stages (TiCl, TiCI2, TiCl3, TiClf,) is responsible for a

series of primary redox reactions, some of which have been evalu-

ated thermodynamically L69J. It has been established that when
TiCl4 reacts with titanium dichloride and titanium, the relative

I - amount of titanium chloride in the melt

AVI increases substantially, [C9, 72, 731.
4W , FStudies have been oublIshed on the fol-
'r -AIL .- .lowing systems: sodium chloride-ttanium

trl ihloride, potassium chloride-titanium
4 ffItrichloride, sodium chloride-potasslmnn

'- I chloride-titanium trichloride, potassium
zi chloride-titanium dichlorlde, sodium

* N chloride-titanium dichloride, magnesium
'47conient nMt ."c°";X@l')= chloride-titanium dichloride, and lithium

' ;' obtatnt
chloride-potassium chloride-titanium Lri-Figue 18. Paseskiy al

Figure 128. Phase chloride, and systems consisting of chlo-
diagram of KCI-TICl3  consist.... 3 i 5o GdUrj, potatssium and Di- and

FTD-HO-23-35e-69 FTrD-HC-
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Idi udiaetttnu iaimmtladsdusrnim n

qudivaen titanc f ium NItianiu symeta a sodim trtium atnd6

two-cmoeudro K TIC I metn at 553Can a eutectic at 40% (molecular)±

ere elTing C 3and8C a hl peri tc at the% imnTcgr eltingetn

values 605 0C, and a second eutectic at 50% (moi.) TiC' meltin,3 at 5350C.

even 

Asalt I~

, 11
evalu-/

at iv e
P Melt --

733.-

itaniuri 1.

itarium X it 0 N so 'V II N N W

ths~ium Figure 129. hnase diagram of KCl-NaCl-TiCl 3
i un system.

nesium

lithium M.V. Kamenetskiy [66) also investigated these two Systems,

lum tri- obtaining data in close agreement with the above. M.V. Kamenet-

,fchlo- skiy also studied the KM-NaCI.-TiC1l system (Pig. 129) A melt

and consisting of the chlorides of' sodium (4~05), potassium (4~8%), and

FTD-KC-2 3-352-69
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Stitanium [12% (mol.)] ha3 the lowest melting point in this system: 84% (b,

Figures 38, 56, and 130 present therefi

T phase diagrams for the NaC!-TiCI12, i1bria

M CI 2. and KCI-TiCl2 systems.

V: and titanium-potassium chloride complexes cir
In the respective systemns and the ab- compart

die,. sance of titanium comoiexes in tne ;Tag- not Ii

E .. nesium chloride-titanium chloride systen T)
may be regarded as nr on.- ~Figure 130. Phase.. .diagram of KCI-TiCI2  Interest attaches to certain data

I2

sse.on the sodium chloride-potassium ohio-
Sride-titanium dichloride-titanlum tri- di~I

R chl,, i-Ide-tianium systems and the sodium ohloride-strontium chlo- rM.l
~~ride-titanium dichlorida-titanium trichloride-titanium systems, 80C1which closely resemble thoe with which researchers deal in most

cases [63, 64, 67, '12]. 7he systems were prepared by different

exprl

~methods. The former was obtained by passing a mixture of argonepe,
E and titanium tetrachlorlde into a melt containing methllic titan- T

ium, and the latter by electrolytic reduction of tittnium tetra- slum cr
chloride in a catholyte consisting of sodium and ottrontlun chlo- 5 to 1;
rides (using an alundum diaphragm). ing cur

* ',,,Ob

T . modium, potassium, and titanu chlo- tre
rides and metallic titanium has been tudied for the most part at

7000C. Holding times ranging from I to 625 hours were used to layers,brina the system to equilibrium. It was shown that the equilib- other.
rium content of titanium dichloride at a molar ratio NaCc/KCp O,

1.0 is 87-91% of the total chloride content, which was varied thms,i

between 1.83 and 8.54% (by mass). Approximately equivalent re- At thesults were obtained in another study L723.

The second system was investigated in the 650-8500C tempera- oordinture range with titanium chloride concentrations from I to 5%. a numbe
It was shown that the amount of titanium dichloride in an equi- the [Ti

molacrmixture of sodium and strontium chlorides represents 81- formati

FTM-HC-2 3- 2352-69VT c
625



J0

system: 84f (by mass) of the total titnaium chloride content.

The system.s are three-phased, conslst of four components, and
ent therefore have three degrees of fr eedom; aecordiagly., their equi,-

,, ![bria must depend on comp~onent Droportions Pt constant tempera-

: s.ture and pressttre, it has in fact been foubnd that as the molar

dium ratio IN,,. 11 /'',= oS, ' I., is- vai-led from -4.0 to 0.25, the ritanium di-

omplexes chloride con~ent varies from 78 to 93% (by mass). Despite the

ab- comparatively low total titanium content in the systems, they are

ie mag- not ideal.

systen The equilibrium constant of the. rvaction

MMO+ TiI data EM. I-

ch io-
n tr- diminishes slightly with increasing total titnnuum condent. In
;m chlo- r673, K was found equal to 2 •n -2 in fused sodium chloride &t

terns, 850an.

n mos t T he exothermc nature of this reaction has been confirmed
erbnt experimentally [6 ].

-rgontitan- The yse consisting of 60 lithium chloride and 40 potas-

itetra- sum chloride has been investigated in consinderable detail with
Schlo- 5 to 12% of titanium trichlorde dissolved in it [42. The cool-

Ing curves of thi system have a plateau at 3430C for all concen-

trations.

part at nhe system decomposes above 4600, forming two immcible

Td to layers, one of which has a higher trechlornde content than the

ulib- other.

tKCt - One general remark is in order concerning the chloride Sys-
arled tems, which are far from being the only ones to which it applies.

it re- At the critical ratio between the titanium ind chlorine ionic

radii, i- and quadrivalent titanium ions may form complexes with

empera- coordination numbers of 4 and 6, respectively [74]. This explains

5%. a nuber of factors attesting to the existence of complexes of
t re- Atthe ii -2 and TiC6]-3 types in the melts. On the one hand,
eq ul - the (il 4 2ad(il)~tpsi h et. O h n ad

81- formation of such complexes helps increase the solubility of

rD-HAC=-?!!2- 5Q

626



itanium in the me t , hich i beneficial fo i electrolysis; on increa
,the othr hand, these complexes increase the resistivity and vis- miaso

cosity of the melts and result in poorer conditions for the forma- tial 0
tion of lar,,e, high-quality titanium deposits on the eathude.

It must be remembered in selecting systems for (electrolys-s

that the stability of these complexes depends. other cindItion e-uCiS

the same, on the electrostatic properties inherent to the ions

of the metals whose chlorides are used as solvents for the ti-

tanium chlorides. The higher the ratio between the charge and

radius of this cation, the greater is its ability to defeat the

titanium in its effort to attrac't " c n and aI

tural units with a definite coordination number. For example,

sodium and potassium ions have equal charges, but the radius of XK

the sodium Ion Is smaller and, consequently, It attracts chlorlne W-1

ions electrostatically with greater force. As a result, it is T i6

extremely difficult for the EtC l J 3 complex to exist in tne ti-

taniltm tetrachloride-sodium chloride system; on the other hand, ,]

this complex exists and is quite stable in the potassium chlcride-

titanium tetrachloride system, The existence of complexes has

been established in the sodium chloride-titaniur, dichloride sy!-

tem, but not in the magnesium chloride-titanium dicnloride system. shown t

The above considerations are a basis for rational selection 
slum he

of salt systems for electrolysis. Ti

Complexing is especially important for the quadrivalent ti- systems

tanium ion, which has a very low solubility in fused alkali and complex

alkaline-earth chlorides. L.A. Tsiovkina and M.V. Smirnov [75] Tht

found the following solubilities for titanium tetrachloride in given I

fused alkali-metal chlorides at 7000C: ,o0.014% in lithium chlo- Thl

ride, 0.3% in a mixture of sodium and potassium chlorides (1:1), rising

and 1.2% in potassium chloride (by mass). When the fluoride ion,

which has a considerably smaller radius than the chlorine ion, 
is A

added to the melt, the stability of the titanium complex ions 
is brium p(

~fused ci:

Aunhanced. Thus, it was established in this study that addition

of fluorides to the melt sharply increases the solubility of ti- M.,

tanium tetrachloride. For example, the addition of 15% (by mass) tential

of NaP to an equimolar melt of sodium and potassium chlorides equimolz

Footnot(
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ysis; on increases the solubility of titanium tetrachloride to 3.14% (by

y and vis- mass). It was shown that the change in the thermodynamic poten- ALU

the forma- tial o te r oac.,o- in the melt

thode. (T'I0,1- + 6F- ; ITIFJ' - + 6C1-

troly qs

nd1itons equals -32.2 kcal/mole.

he ions TABLE O46

the ti- Decomposition Voltage of Salts

rge and

feat the
,TI P. Decomposition Temp. Decomposition

truc- Salt 'C voltage V Salt *p voltage V
xample, W
adius of Wc 7W 1:58 XjiT&..;i=3~L WOef ne4 .41 2.00 ,

) it is TI'

cnlorle- _ ..in the -
.4Ta W 1

rIn fused KCI.
m chloride- **~In fused Car' 2
!xes has
ride syo- F Koorsitskiy-studied the K2TiF6-NaCl system. It was

ide s:ystem. shown that this system has a eutectic at 64% (by mass) of potas-

-election siun hexafluorotitanate with a melting point of 5300C.

Titanium dio:-ide is readily soluble in chloride-fluoride

alent ti- systems, probably as a result of the formation of oxyfluorlde

cali and o lexes. -

ov [75) The decomposition voltages of certain individual salts are _
ide in given in Table 46 138].
*m ohio-s (:i), The decomposition voltages of these salts decrease with

ride ion, rising temperature.

,e ion, is A certain amount or data has been obtained on the equili-

, ions is brium potentials of titanium and its common alloy components in

ddition fused chlorides (65, 76).

.y of ti- M.V.. Smirnov and N.A. Loginov measured the equilibrium po-
(by mass) tentials of titanium against a chlorocarbon electrode in a fused

)rides equimolar NaCl-KCl mixture with various titanium-ion

Footnote (12) is on page 
636.
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e conce!:i'ations: 5.64, 1.*0, 0.7, and 0.23% (by mass) at tempera- a seotures from 701 to 9750c [1263. The following potential valuesv we tained:

O -L '. - 2.3U + 4.a .rlO r v. w h o s eE76+3 -- 2.158 + 3.164. O-rT V. (3) -u( ) 
to. use

Y a.F. Markov and B.P. Podarza (80), who measu.red the poten- Intial o f titanium in the same system at 7000C, obtained a value of 41.80? V. The actIvity-coefticient ratio T±+ iT" was found
Tici I* equal to 0.0159. 
heater-It waz shown in [813 that the potential of titanjun 4n :i xe4 Thchlor de-fluode melts depends on the fluorine-Ion (r) concen- tetWation: 

a)ES---Z=--4. 10~-3-- .iO~ -. ,, in the

the ano(Experience has shown that when the titanium chloride concen-tratione in the electrolyte are low, they are practically absentin the chloride sublimates that settle on the cold parts of elec- cathodictrolysers. The vapor pressures of the chlorides and fluorides of c)other metals used in electrolysis (Ha, K, Ca, .Tg) are compara- Inert getively small and permit wrong-term electrolysis experiments with-eout any substantial loss of electrolyte. 
U hu

Preparation of Starting Materials for Electrolysis 
zone mus

Normal electrolyzer operation requires that the electrolyte
p rezentbe hold at d fn.e. o .e-il* to oe Ciec- Leatrolyzed. These materials can be prepared either in the bath or a generaoutside of it. Lover titanium chlorides are often used as the equlvaletitani um-containing compounds for titanium electrolysis. 
material,

Methods of preparing lower titanium chlorides outside the Dir,electrolyzer were examined above. 
not comej There are several methoda for preparing the lower chlorides usuallydirectly in the electrolyzer. The first consists in bubbling a tore stamixture of carbon tetrachloride and hydrogen through the melt or a certair

introd,cing this mixture into a hollow anode immersed in the the prepg.it. In this case, It is Principally titanium trichloride ticular Ithat is formed in the bath, along with some chlorotitanate. In ing higr)Footnote (13) is on page 637. 
Pootncez( TD-HC-23-352-69 
?TD-HC-2
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mpera-a second method, titanium tetrachloride is introduced into the

lues cathode space, where it is reduced by the sodium or other metal

whose chloride is used in the bath [45, 58, 87]. This method has

been Imp roved by in~z'oducing ai illai cathode into the bath

C4) for use In saturating the electrolyte with titanium ions, 
4'L

In the second method, a mixture of titanilum trichloride and
Joten- dichloride is obtained in the electrolyzer. In a third method,
lue of TiCI 4 is partially reduced in the electrolyzer on a vanadium

und heater-catalyst.()

|The first meathod does not Sive goo rccult3, and for a num-
Inmxdber of reasons. Most important among these:

concen-a) hydrogen chloride, which attacks the equipment, is formed

()in the reaction between the hydrogen and the chlorine evolved at

(5) the anode;

concen- b) introduction of hydrogen promotes the formation of small

absen cathodic crystals;

ridesof c) subsequent separation of the unreacted hydrogen from theI,

Par8- inert gases is very difficult.

ts with- The third method complicates the design of the bath and 13

unproductive. Reduction of titanium tetrachloride in the cathodic

zone must be regarded AS the most successful method in use at the

trolytepresent time.

,ele- Leaving aside soluble-anode electrolysis. it may be taken as

bath or a general rule that the purity of the cathodic deposit will be

Ls the equivalent to or slightly lower than the purity of the starting

materials.

le the Direct introduction of titanium fluorides into the bath has

not come into practice in the fluoride processes. The material

4orides usually used here is K2TiF6 , which Is injected into the melt 
be-

)ling afore starting the work and can be added during the process up to

mel ora certain limit. Although it calls for a series of operations,

melt orthe preparati-,o of potassium hexafluorotitanate presents no par-
thrie tcular technical difficulties. It is usually prepared by react-

re. Inng highly purified titanium dioxide with hydrofluoric and

eIn

Footnotes (14) and 5) are on page 637. to
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concentrated sulfuric acids. The resulting titanium fluoride Is tetrachlori
distilled off into a soda solution, where a hexafluorotitanate of reagent

precipitate is formed, suction-filtered out of the mother liquor, reaction
and passed through two repurifying stages, which consist in dis-
solving it in hot water (90-1000C), auctioning through a hot

f .lte ...d.oa. T water-salt proportions are 8 parts "by
mass) of salt to 100 parts (by mass) of water. The crystals thus added ,, 't~added to t
obtained are dried for 24-30 hours in a vacuum at 85-90oC andstored i.n hermetically sealed containers r Te TitaniL473. "Ile moisture and--,.

titanium dioxide con,.nt.- in his' -- ter il are usually a:ound-., -'..
0.01%. titanium tz

Titanium dioxide is used for the most part in oxide work. The quantit

Methods of preparing titanium dioxide will be examined below, reaction ml

Lower titanium chlorides can be obtained from TiCl by scv- cpent... .. ........ ji l ., co m p o n e n t s
eral methods. Titanium, sodium, magnesium, hydrogen, antimony, trolysis, I
arsenic, zinc, and lead are used as reducers [41, 55, 108]. For divalent ti
various reasons, the principal reducing agents used are hydrogen, conducted
sodium, and titanium. tair only t

Titanium tetrachloride is reduced by hydrogen at 1000-11330 C. contain mo
It is necessary to remove the products from the reaction zone im- chlorides
mediately (by chilling) to maintain a steady and adequate shift of Lower
the reduction-reaction equilibrium. The following method is ef- produced w!
fective [41]. A tungsten wire in a quartz sleeve (this heating process is
element may be replaced by an electric arc) is drawn axially ment standp
th.nugh a rical molybdentun-.stl flask: The T'T1( + H2 mix--- - 2 ... which is us
ture is passed through the flask at 1000-11000C. The reaction current den
product, titanium trichloride, is collected on the walls of the 750.850oc,
flask, from which some of it is washed by the stream of unreacted 750850a,,

titanium tetrachloride, for subsequent separation by distillation. 5-0 in th

In this reduction method, about 0.005% of metallic titanium is ing electro
formed as an impurity in the TiCl3. (Fig. 131).

TiCI4 is usually reduced by sodium to obtain titanium di- The ne
chloride [55, 108). The process is run at 650-7000C with a so- based on th
dium deficiency. The equipment that has been designed for this
process takes a wide variety of forms. In one version [108],
fused metallic sodium is dripped into a reaction tower. Titanium where Me is

7rD-HC-23-352-69 TD-HC-2 3-3
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de is tetrachloride is also fed continuously into the tower. The rate
of reagent inputs is controlled in such a way as to support the

lquor, reaction

dis- TiO,+ S -X%4 V40. (6)

The result of the reaction is a mixture of sodiium and titan-s (by tur chlorides containing about 50% Ti. Sodium chloride Is then
3 thus

added to the mixture to dilute it.
..d
e andi Titanium can be used as a redue-
nd ing agent for the preparation of both

titanium trichloride and dichloride.
The quantity of either chloride in the . i
reaction mixture depends on tempera- electrole

tuwe and the proportions of the initial
sev- components [108, 127, 128]. For elec-

ony, trolyals, it is more convonlnent to use
Par divalent titanium. The process can bercgen, conducted either in reactors that con-_.....

tain only titanium or in reactors that

Il oOC. contain molten or solid alkali metal Figure 131. Appuratus
le Im- cl-.orides (52, page 194). for production of

lover titanium chlo-lift of Lower titanium chlorides can be rides.
ef- produced with soluble anodes. This

ing process Is extrcely simple 1f1ro, both the technological and equip-

want stadpoints. it consists in electrolysis of titanium scrap,
2 mix- which is used as a soluble anode at the highest possible cathodic
on current densities (15-40A/cm 2 ). The process temperature range is
the 750-8500 C, and the anodic current densities are 1 A/cm2 or lover.
acted The titanium chloride concentration in the bath can be lowered to
ation. 5-10% in this process; concentration can be increased by anahin-

1tng electrolysis with delivery of dry HC1 or TiC14 into the bath

(ig. 131).

The next method of producing lower titanium chlorides is
so- based on the reaction

AlsT1 + W1s- Me+TO& (7)
anium where Me is a metal that is more electropositive than titanium.

PTD-HC-23-35 2-69
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Ferrous chloride is usually used. The process consists in when tt
introducing the ferrous chloride and titanium powder Into fused alums,anroucn the h agtaio.T tmerqures
alkali chlorides. The process ib usually conducted under an ar-
sc n at.. 3 ;h ar-4 wi h agita ton . The time equ red for comple-

tion of the reaction is 1.5-2 hours, after which th, electro2yte 2
Vcontaining the lower titanium chlorides Is separauted from a resi- for Ti2

due consisting of titanium with iron cemented to it (130). Ot

Treatment of titanium with dry easeou hydrogan chloride at
temperatures from 9030 to 950 0C produces a mixtitre of lower titan- tie m
ium chlorides and small amounts of titanium tetrachlorido, which tions;
is distilled off in the ccurse if th procs, tar, a m

Methods of Electrolyte Composition Analysis 
T hMethods or analyzing the electrolyte to deterin otal ti- though

tanium and its contnts of titanium ions of various valences are these n
of great interest for the theory and practice of electrolysis, in many
Fnding such methods took a 1geat deal of time, and the work has subchlo

not yet been completed, but there are now a number ,f developed bivalen
methods for analyzing the electrolyte to determint bi-, tri-, and _
quadrlvalent titanium when they are present in It together. found b

Several methods have been described for the ease in which In
the electrolyte may be assumed to contain no dissolved alkali air for
metals or their subchlorides. Two of these are almost identical
[131, 1323 and involve separating a small weighed sample of elec-~the corn
trolyte into two parts, one of which is dissolved directly In a effects
solution of Iron-ammonium alums, while the other is introduced fused e
into the alum after first dissolving it in sulfuric or hydro- one of
chloric acid. The two solutions are titrated with permanganate. chloride
In the former case, trivalent iron is reduced by either bi- or melt is
trivalent titanium; in the latter, it is reduced only by trivalent elabora
titanium, since the preliminary solution in acid has converted
all of the divalent titanium to trivalent. Knowing the content
of titanium in the weighed sample, the amounts of Ti 2 + , Ti 3+, and
Ti + can be found by a simple calculation.

However, both of these methods are approximate, since the
titanium dichloride may react with the acid in &oldie solutions

FTD-HC-23-352-69 7D-Hc-
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when the lower titanium chlorides are titrated with iron-ammonium

alums, releasing hydrogen:

Ti0,+ HCi - TC. + M. (8)

with the result that the analysis gives figures on the low side

for Ti''.

Other methods of determining Ti2+ and Ti + are based on

utilization of this last reaction. They consist in measuring

the amount of hydrogen evolved in this reaction in acidic solu-

tions; when all of the hydrogen has been released, trivalent ti-

tanium is determined in the same solutions r4,. 132. page 14151.

The original amount of Ti 3+ is found as the difference.

Thee i uthods are more accurate than rne preceding ones, al-
though the equipment required is more complex. However, none of

these methods takes account of the fact that the electrolyte may,

in many cases, contain alkali or alkaline-earth metals or their

subchlorides, which are capable of evolving hydrogen and reducing

bivalent iron. Dean et al. found that the amount of free metals

In the electrolyte and the average valence of the titanium can be

found by combining these. methods [58].

In analyzing electrolyte, it is necessary to work with it in

air for a certain time. This may result in oxidation and hydroly-

sis of lower titanium chlorides and shift the equilibrium between

the components of the melt. One recent study proposes that these

effects be praivented by an analytical procedure in which the

fused electrolyte is drawn into an L-shaped tube with K2 PeC14 in

one of its arms; after the iron has been reduced by the titanium
cLlorides in the fused state and without exposure to air, the

melt is cooled and titrated [134J. Other methods have also been

elaborated [23, 85).

PTD-HC-23-352-69
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Sverdlovsk, 1957.
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No. 5702, 1956.

631 14 Patent (British) No. 712,742. 1954; patent 'USA) No.

2,975,111, 1961; patent (USA) No. 3,302,965, 1961.

631 15Patent (Australian), No. 7633, )755; No. 7635. 1955;

No. 7636, 1955. 3
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lectrolysis of Titanium Chlorfdesr

the bt

The most suitable environment for electrolysis of titanium t

chlorides is sodium chloride, either alone or mixed with pota- rcs

~proces:

~slum hexafluorotttanate. These electrolytes. and the forn.er in
, particular, are least capable of dissolving oxygen, resist

~hydrolysis, and are comparatively cheap. Comre-grained de-

+-- posits can be obtained on the cathode when they are used. Their
Srelatively high melting points do not make these electrolytes

- They-

any leso valuable.is Vl

E ale

The salts used in electrolysis must be quite fre v of oxygen H

and elements that are more electropositive than titanium. Ho

The starting material now most commonly used for electroly- at the

sis is titanium tetrachloride. Since TiCI is a covalent com- these c
pound, direct electrolysis is Impossible. It can exist in fused of the

chlorides in the form of complexes of the [Ti 2ttype, which data in

are very slightly soluble and thermally unstable [82-84]. Else- turn is
trolysis of TitC, In fused media produces highly dispersed cath- Ch
odic deposits that ae not strongly bound to the cathode and have

a tendency to beome contaminated, especially by oxygen, at all bons
stages of the process. In this case, production of high-grade

metal in a single electrolysis run is extremely difficult. The Footno

PTD-HC-23-352-69 I:'D-HC-
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utilization of titanium tetrachloride in the electro ,ais varies

from 80 to 100%. The most complete utilization is obtained when
the titanium tetrachloride penetrates deep into the layer of
electrolyte and at a certain correspondence between the rate of

(1)ts delivery and the rate of oathodic-metal deposition. The

process improve when fluorides are present in the melt. )

Lower titanium chlorides are more suitable for electrolysis.

Tilley are easily obta,-ned from TiCI4, readily soluble in fused

salts, and quite stable at the electrolysis temperatures; they

have good electrical conductivity and comparatively low vola-

tili!y. An undezirable property in the lower chlorides is their

high chemical activity. Under the conditions of electrolysis,

they react with almost all conventional lining materials [42, 60,

86). The rate of reaction of the lower chlorides with the lining

.-.ate-ral pro.bably depends strongly on the presence of oxygen in
the bath.

It was generally believed until recently that the cathodic

process is preferentially a secondary one [39, 58, 88]:
ho*+ At- M' (9)

Ale + TO, - + T1. (10)

ir Aft± ,+ -LTiM. M4,+ T1(1)

where ;.'- is sodium, calcium, potassium, strontiuvq, etc., and x

is valence.
en However, research carried out in recent years has shown that

direct electrochemical discharging of titanium ions takes place

at the cathode under certain conditions. Motit important among

these conditions is an adequate concentration of titanium ions

ed of the lower valences in the layer at the cathode. There are

h data indicating a stepwise nature for the process in which titan-

ium is reduced at the cathode [89).
h- Chlorine ions are discharged at the anode with formation of

ave molecular chlorine and, in the case of carbon anodes, ohlorocar-

bons a- well. CO and COM2  re evolved simultaneously in the

e Footnotes (1) and (2) are on page 647.
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presence of oxides. At a high enough voltage and without dia- Grap
phragms on the anode, titanium tetrachloride may be released as a though th
result of oxidation of lower titanium chlorides present in the gradually

melt by the anodic chlorine. ire has

Titanium chlorides are electrolyzed in Inert-gas (argon or higher,
15, forms onhelium) atmospheres. The following procedures are usually en-gi01

ployed first to free the electrolyte of moistu:e and occluded L
.3mall am€

gases:
:4an.'

1) vacuumizing of the electrolyzer at 400-6500 C to a residual My n" ]' " molybdenL
pressure of 10-20 mm Hg [42];

The tita
2) preliminary electrolysis at an auxiliary cathode with a this met

M voltage of 1.8-2.0 V across the electrolyzer terminals. The l1qu

There are also other methods of purifying the electrolyte. will hare

One of them is used to remove moisture. It consists in repeated decompos

passage of dry hydrogen chloride through the melt. A second The
me..%thod n_-nt,, In passing carbon tetrachloride through the melt, terestin

and is used to clear it of oxygen [41). which, a

TABLE 47 lization

Optimum Process Indicators in Titanium Electroly:i!s employed

for the
4

"L cathode,

, , , I

• . 4 sui The
_ Electrolyte 30 for qaity
V. caurrt

N~aent(usrlan 160 . 266, 191 WeItha

L+ KCI M6 .12.0 6,0 0 6.0 41Ihat0.4 6 -1 M LSa + 7 :. 80 - 195 tion i
Na l+SIaen 7i 0 - 7 -36,09, sult in

SiC 650-7W :3.0 1.0 80-10 IL101451
C 7 _ 15 - 3 weakly I

process
.12lectrochemical current efficiency calculated for princip
quadrivalent titanium. W

02Patent (Australian) No. 1514,266, 1951 W

:3Patent (British) No. 678,807, 1951. the elet * 4patent (British) No. 7314,094, 1955. high co
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da- Graphite or tungsten are the usual anode materiels, even

ed as a though they do not fully satisfy all requirements: tungsten "-

the gradually corrodes and contaminates the electrolyte, while graph-

ite has an anodic effect at current densities of 0.8-1 A/cm2 and

higher, in which an envelope of gaseous chlorine or chlorocarboris

forms on the anode surface and interrupts the passage of current

'de- L9. The anodic effect _s usually eliminated by introducing a

arral aoun ofoxides into the anodic space.

resinual Many materials have been tested for the cathodes: tungsten,

molybdenum, nickel, silver, and a number of others [41-43, 44, 60].
The titanium deposits "bond best to a silver cathode. However,

.!h athis metal is expensive. Steel and nickel cathodes are used.

The liquid cathodes - zinc and lead - that have been investigated

!yte. will hardly be useful in view of the fact that they form hard-to-

'peated decompose Intermetallic compounds with titanium.
nd The separating diaphragms used in 45, 913 are highly in-

teresting. The former study used aluminum oxide diaphragms,

which, according to the authors, undergo practically no metal-

lization under proper conditions, while graphite diaphragms were

employed in the latter case. This case is further interesting

for the fact that the electrolysis was conducted with a contact

cathode, on which semisintered metal formed at 1305OC. It is

acknowledged that this process uses electric power at a high rate

(about 77 kW'h per kilogram of titanium).

The influence of the basic electrolysis parameters on the

quality of the cathode deposits, the course of the process, and

current efficiency has been studied in detail on many occasions.

It has been shown that low temperatures, low titanium concentra-

tions in the electrolyte, and high cathodic current densities re-

sult in the formation of a fine dendritic powder that clings

weakly to the cathode. Not all of the authors describe their

processes fully. Table 47 lists optimum data according to the

principal published works.

Work with titanium chlorides requires a high voltage across

the electrolyzer terminals (usually 9-12 V), which results in

high consumption of electric power per unit of production.
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Electrolysis of Titanium Fluorides The re

It Is known that potassium hexafluorotitanate K2 Ti 6 is the to mak

most suitable fluorine compound for electrolysis (92]. It acc

comparatively easily produced, Is a good conductor of electricity electr

and stable in air, and has a low vapor pressure. trouble
centrat

It is not advisable to electrolyze potassium hexafluoroti-

tanate alone. During electrolysis, it is reduced to the confound, troly Si
K2 TIF 5 , after which the electrodes begin to polarize, with the

resulting very low current efficiencies. For this reason, K2TiF 6  packed

is usually dissolved in fused salts for electrolysis. tures,

.o-nt of
Electrolysis of potassium hexafluorotitanate in fused media too -

requires that an inert atmosphere be provided. Sodium chloride not e

is the best and most thoroughly understood solvent electrolyte eutectl

147J. The bath material is usually graphite, which serves simul- At hi:;

taneously as the anode. It is almost Impossible to use any cf tion re

the other matertals, since potassium hexafluorotitanate reacts the equ

under the conditions of electrolysis with porcelain, re.ractory

olays, glass, and other materials used to line baths. The cathode

material is usually steel, which is secured to a nickel or graph-

ite holder above melt level.

I According to Drossbach (46, 98), the mechanism of the elec- 1h

trolysis of K2TiF6 can be represented In the Oorm of the :ver-a_" ticn=.

reaction 
the mel

, +F.-C 'Ti+ C+,., Th,

Obviously, this equation implies that the process will take Pr

place in an electrolyte that is very poor in chlorides. In a that a.

chloride-ri I electrolyte, the process will evidently take place 
- from

by the reaction 
bath vo

i KaT&W, + 4W T1 + 4.NF + 2KF + V-..(!)n
~T.+~?+4aF2K+~.(13) In

has exh.i
To eliminate the anodic effect, it is necessary to add small

highest
mounts of titanium dioxide in the anode zone. The cathodic proc- tion
ass involves discharging of Ti4+ ions formed by the reaction [ 7 is

TI- -T& " + W=- . (14) 0.04-0.(

pTD-HC-23-352-69 FTD-HC-2
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The reduction at the cathode is stepwise [93]. It is difficult

to make the process continuous, since potassiun fluoride gradual-

ly accumulates in the bath, raising the melting point of the

electrolyte [36, 41). Regeneration of the fluorine is very

troublesome. It requires treatment of the fluorides with con-

centrated sulfuric acid [94).

The 740-80OOC temperature range is the optimum for the elec-

trolysis process. At these temperatures, large laminar hexagonal-

packed crystals can be formed on the cathode. At higher tempera-

tures, fine crystals with distorted lattices predominate, and cur-

rent efficiency declines. Below 7000 C, the electrolyte becomes

too viscous. The potassium hexafluorotitanate concentration may
not be high, although it is highly soluble in sodium chloride [the

eutectic point corresponds to a 64% (by mass) content of X2TiF6].
At high potassium hexafluorotitatiate contents in the melt, ozida-

tion reactions occur; they can be represented in general form by

the equations
(I-T1*'+ + (15)

Ti' I* 4 +x~2 ~(16)
TiT Ti+ + e. (17)

The current efficiency decreases as a result of these reac-

tions. .be optimum potassium hexafluorotitanate concentration in

the melt is 15-17% (bj mass).

The optimum current densities at the cathode are 1-3 A/cm
2 .

Preliminary removal of moisture, occluded gases, and metals

that are more electropositive than titanium - iron in particular

- from the electrolyte is mandatory in all cases. The minimum

bath voltage is 2.6-3 V.

In occasional cases, the titanium produced by this method

has exhibited mechanical properties on a par with those of the

highest grades of magnesiothermic metal. The chemical composi-

tion of the cathodic metal produced in on* of the papers cited

[47) is characterized as follows: 99.5-99.8% Ti, 0.05-0.1% 020
0.04-0.017% N2 , 0.03-0.13% C. (
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In [351, 99,9% pure titanium was produced by electrolysis of

Na2TF 6 in fused sodium and potassium chlorides at 800
0C and a forr

cathodic current density of 0.4-1.6 A/cm 2.

Electrolysis of Titanium Oxides dio:
the

All oxides of titanium and alkali-metal titanates have been
tested as starting materials for the production of titanium b;

electrolysis of its oxygen-containing compounds in fused media.

Many fused media have been tested for solution of titanium oxides Ef

and their electrolysis, with emphasis on NaOH, Na4P207 +NaCl, the

Na4P207 + CaCl2, CaC 2, cryolite, CaO + CaCl2 , NaF + KF, alkali- batl
metal phosphates and borates, NaCl + CaCI2 , NaCl + K2TiF6. The satt

best results were obtained using NaCi + Ca1 2 (3and NaCl + K2TiF 6, lum

as well as CaCl2 + CaO (34; 48-50; 52, page 29; 95-104; 106). ager

Many studies have been devoted to the electrolysis of T102

in fused CaC1 + K2TiF 6 [48; 49; 52, page 29; 99-104; 1061. The pro,

physicochemical properties of the melts have been studied, and catt

some of the authors have attempsd to ascertain the mechanism of
the process. It was shown in [106) that the electrolysis mecha- is I

nism differs for different TiO 2 concentrations in the melt. At

high titanium dioxide concentrations, it is reduced at the cathode

to Ti203. Titanium dioxide and sesquioxide then envelop the

cathode with a mass resembling the cathodic deposit and not sus- lum
ceptible to further electrolysis. At low T1O 2 concentrations, pur

titanium is formed in the steady process at the cathode in ac- eitt
cordance with the net reaction witt

TIF1-+ Q-TI+" (18) catt

with formation of the intermediate complex TI2- + e TiF3-, + *

which is a source of titanium ions.
" turT2O2 +

At high titanium dioxide concentrations, Ti0 and Ti203  a ci
ions are discharged at the anode [107); low concentrations make

possible the formation of K2TiF4, whose anions are discharged in
the reaction

theg
2=0s' + V-4e- - + 3o. (19)

Footnote (3) is on page 647. Foo
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sis of The oxygen liberated here reacts with the anode graphite to

da form Co2.

Less study has been devoted to the electrolysis of titanium
dioxide in fused CaC 2 1100]. The authors of this paper consider

the cathodic process to be secondary in nature:
been

by CA"+2--C (20)

dia. 2CA + T%-,2CaO+ T. (21)

xides Effective conduct of this process requires low Ti0 2 contents in

the electrolyte, continuous introduction of this oxide into the
Cali- bath, and periodic changing of the electrolyte as it becomes

The saturated with CaO. Thorough removal of oxygen from the titan-

2 TiF6, lum is unlikely in this case. Not even so strong a reducing

agent as calcium can reduce the titanium completely,

-i02  In addition, oxygen-exchange reactions between the cathodic

The product and the titanium oxides in the melt are possible at the

nd cathode.

1. ofAn additional reaction that takes place in a chloride bath
cha- is that between TIO2 and the chlorine liberated at the anode:At2

athode TO% + 20, -T10 + O. (22)

The oxygen re.leased causes secondary oxidation of the titan-
SU3- ium. Ihis is why it has not yet been possible to produ-e the
s, pure metal by electrolyzing titanium oxygen compounds. Usually,
c- either comparatively pure titanium monoxide or metallic titanium

with lower oxides and titanates as impurities forms at the

(18) cathode. Better results are claimed in an American patent ,(4) ac-

cording to which 99.9% pure titanium was obtained uaing a CaO +

+ CaCl 2 electrolyte (1:6) containing up to 5% TiO 2 at tempera-
tures of 700-1100C, an anodic current density of 0.16A/cm2 , and

3 a cathodic current density of 4.5 A/cm2 .

in A number of measures might be projected by way of improving
the electrolysis of titanium oxygen compounds. Principal among

these are the following:
(19)

Footnote (4) is on page 647.
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1. Development of diarams that resist fused titanium chlo-

rides and chlorine.

2. Development of a process using a liquid cathode whose

material would dissolve titanium but not any of the other elec-

trolysis products. Titanium of 99.5% purity has been obtained

when sino, lead, or cadmium was used as the liquid cathode.

Currently, all cathodic deposits produced by electrolysis

of titanium oxides require subsequent removal of oxygen by one 3ar

method or another. Y,%r example, this might be done by electro- PagE

lytic refining. As other cases of electrolysis, that of ti-, No.

tanium oxides requires extremely pure etarting materials. Elec- 639

trolysis is caried out under a current of argon or helium to 639

protect the cathodic deposit and the electrolyte from oxidation.

645
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Ilec- 639 I)Patent (USA) No. 2,780,593, 1957.

to 639 2)Patent (Japanese) No. 5702, 1956.

tion. 644 3)See also patents (USA) No. 2,697,660, 1954; 2,707,168,

1955; 2,707,169, 1955; 2,722,508, 1955; patent (British)

No. 713,446, 1954; patent (S~edish) No. 724,198, 1955;

745,872, 1955.

645 4) Patent (USA) No. 3,003,934, 1961.
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ELECTROLYSIS OF TITANIUM WITH SOLUBLE ANODES The forme

Electrolytic Refining of Titanium Scrap Im

Research on the electrolytic production of titanium in

fused media with soluble anodes has been greatly expanded in
recent years. Before continuing with a discussion of this re-
search, it will be necessary to dwell briefly on the notion of mater
the soluble anode.

Any material with the following basic properties can be eatho -
1011ttal.used as a soluble anode [107:: electronic conductivity; the cathodic us

ability to react with the electrolyte without disolvinG in it. lnitial
cathodic a

As we have already noted, titanium forms a large number of initiaL ...
systems and compounds that exhibit these properties. The studieu cathodic a,
that have been made in the field of soluble-anode electrolysis

can be classified into the following groups: electrolytic refin- Volt-
ing of titanium scrap, titanium-based alloys, and "crude anodes" titanium i
-materials obtained by preliminary treatment of titanium ore form of b
concentrates with the object of endowing them with soluble-anode lytic refl
properties. anodic cu

The production of pure, highly ductile titanium by electro- valent Ioi
lytic refining of titanium scrap is now in the Industrial-testing lyte is w

ste 
A mc

the relat.

trolyte w
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The basic parameters of the process and conditions for the

production and storage of high-quality cathodic deposits have

been determined. However, as we nave noted, not all of the dif-

ficulties associated with the development of a simple, reliable,

and efficient electrolyzer design have been overcome.

The common Impurities that must be removed from titanium are

oxygen, nitrogen, hydrogen, carbon, and iron. As a rule, the

total content of these impurities is small, at 1-2% (by mass).

It has been established by numerous studies that the most

suitable electrolytes for electrolytic refining are sodium chlo-

ride, either alone or mixed with potassium or strontium chloride.

The former electrolyte is preferred [58, 107, 108-112].

TABLE 48
impurity Contents in Cathodic Deposits Obtained

by Electrolytic Refining of Titanium

I 1q~~urt7 contontsZI3illU~saterial Br - -y , e-

. ouraeo K . c re Na at gur
Initial....... . 17-4.16 O.66--.5 6..1I-0,0.-6,7" -
cathodic .etal.. .Uv--oso~ff-..o. ,, ,.- 4 o-4 40-75

itial 6.. . . . . . 0 4.. 8110 X4 i on
cathodiC mtal. . 1 0.1J 0. 0.O O.02 |.
initial ....... Is 0.2 8,012 0.05 - I "'- lio
cathodic metal . O$ 0.61 0. 1 0.1 - t oo

IsitiaL....... ., 6. ,.1 0 0i o, ! ,0 ,,
e s c a t h o d i c st l . * . 6 6 O .m .M 0 . 6 . 6 .0 _ .i n

Volt-ampere, chemical, and other analyses have shown that

titanium goes from the anode into the melt predominantly in the

form of bivalent Ions In the optimum temperature range of electro-
l lytic refining, i.e., 750-850*C. Increasing the temperature or

anodic current density tends to increse the percentage of tri-

valent ions. The average valence of the titanium in the electro-

Ing lyte it usually 2.0-2.3.

A major factor in the acquisition of high-grade deposits is

the relationship between the titanium concentration in the elec-

trolyte and cathodic current density. The optimum titanium

PTD-HC-23- 352-69
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concentration in the electrolyte is 3-6% (by mass). It may be show the

assumed that the best cathodic powders are obtained at a ratio of cathode

appreximately 2-3 between the electrolyte titanium concentration The

and the cathodic current density. The anodic current density 20-30% (t

should be 1/4-1/8 of the cathodic aensity in electrolytic refln- smaller I

Ing. fr ciency

Special attention is given the question of purifying the ti- Tab]

tanium of oxygen in research on electrolytic refining of thia the cathc

metal [108, 112-1151. When the process is conducted under meti,- No ni

ulously clean conditions, the only way in which oxygen can pass oi titani

from the anode to the cathode is by formation of the titanyl ion tric powe

TiO2 +. Thermodynamic calculations indicate that formation of

this ion Is highly improbable up to high oxygen concentrations Electroly

in the anodic material. The impossibility of oxygen transfer Elec

into the cathodic deposit in electrolytic refining of materials difficult

containing less than 1% 02 has been demonstrated with the aid of titanium.

the Isotope 0l [107, 116).
Ora hics Not Reproducible

nents (52

2. R
page 213)

The

anodic-s l
separate

Allo

as titani
Figure 133. Structure titani
of cathodic-deposit titanium
crystal. The ordin

Temperatu

Under the conditions de- of refini

scribed above, the product is a perient o

cathode deposit consisting for the aluminum

most part of sharply outlined loys with

Figure 132.pphexagonal or acicular crystals, gins to dFigure 132. Appearancegistd
of cathode vith titan- whose sizes reach 15-20 mm in

ium deposit on it. some cases. Figures 132 and 133 Footnote
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may be show the external appearance of the electrolytic deposit on tne

ratio of cathode and an isolated crystal.

ntration The electrolyte content in the cathodic deposit is usually

nsity 20-30% (by mass); the larger the crystals in the deposit, the

c refin- smaller the amount of electrolyte left in it. The current ef-

ficiency is 70-90% for the discharge of Ti2+.

ng the ti- Table 48 lists data on the purity of titanium obtained at

f this the cathode in electrolytic refining.
der metle- No more than 4-5 kW'h of electric power is used per kilogram

can pss of titanium directly in the electrolysis process. The total elec-

tanyl Ion tric power consumption ranges up to 10-11 kW-h/kg.
ion of

rations Electrolytic Refining of Alloys

nsfer Electrolytic refining of titanium-based alloys is a more

terials difficult problem than electrolytic refining of contaminated

e aid of titanium. This process may take either of two directions:

I. Separation of the titanium from the other alloy oompo-

nents [52, page 91; 107-109; 118-119].

2. Removal of nonmetallic components from the alloy [106,

page 213].

The first approach assumes subsequent regeneration of the

anodic-sidge components. The second is simpler, but requires

separate storage of the scrap and its classification.

Alloys are usually refined under the same process conditions

tas titanium scrap. The principal electrolyte used is NaCl. Thet ure

it titanium ion concentration in the electrolyte is 1-5% (by mass).

The ordinary anodic current densities range from 0.2 
to 0.4 A/cm .

Temperature varies from 800 to 850*C. During the initial stages

ns de- of refining of Ti-Al alloys, titanium containing hundredths of a

uct is a percent of aluminum Is at first deposited on the cathode, but then

Ing for the aluminum content in the cathode deposits increases rapidly. Al-

tlined loys with chromium and vanadium behave similarly. Manganese be-

rystals, gins to deposit on the cathode in the very first stages of

,mm in

2 and 133 Footnote (1) is on page 661.
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electro

anode.
TABLE 49

titaniu.

Ce

binary
Results of Experiments in Electrolytic Refining of Binary Alloys of pota

alectrolysis-product contents,% refinin

.Initial I can 'iuej anodic
-I " athode ,. distil

material deatmh posit 4. 0 a a w lation of thes
... . rolyt

- .!.~- --An

T0.on .2 9. 20.31,0 one found the fol
vL~n 01 Int I 4l found

:" ft 0,1 42. - t found the co

7+,0%F. tit -.-00.o.I0 US.?I At.$ 1.0 none
Iron 0,2 40.6 41.0 40,4 0.2 -found ponents

-" + tO . I.?a - constan:

iron . 840 1  at~ces traces
t+2 i., I 87.1 U.) I It"1 ..... on tse s

ilicoq 1O trce22,5 13.1 10 -c on the I

Ti+ 6% O I:st 3i -, 98.4 79:01 79 1. o up to
ij.,:o* ;rae o 0, M,, 1'+ 56" trac..esi,"l, n.. I$,1 t8Ceo° form ed.

71+10%t SI ti 0.O '78.0 ? 8.0 74.0 .0 esse: in

• •Ifuod, : poeuia

Pts Ioiei e0 * 22, 2 2,.4 -- WS traces T

. IOO~tm 0,II I M, I n';.10 -. IAn. on es" 'found traces frwom th

Tt noIbIliti. 5__ .~ 533 ie1 0.3 nned anodi c-n
~i 34 am. poteiltia

T2+0%K 1011Aa- ~ fon ceases

T+ 1 9.0 $70.6 - another2,81049.5 t. E.S traces

T.1$ A. 0.3lu n7,3ne1+ 10%l A :tlm" s, o 00 alO : 0.2 Dolt Belt
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i alloys.

activitif

peratures
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Mn/P
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electrolysis in amounts that exceed its content in the original

anode. Good removal of Fe, Cu, Mo, Si, N2, C, and 02 from the

titanium has been reported.

Certain problems In the electrolytic refining of a series of

binary titanium-based alloys are discussed in EllS. A mixture

Alloys of potassium and sodium chlorides (1:1 by mass) was used for the

refining process. The process temperature was 760-8000C. The

anodic material was depleted to a depth of 5-10 mm. The results

of these experiments are assembled in Table 49.

Analysis of the results of these experiments leads us to

the following conclusions: firstly, electrolysis of titanium-

iron, titanium-silicon, and titanium-niobium alloys separates

the components well; secondly, the proportions between the com-

ponents in all layers of the anodic sludge remains approximately

constant after a certain anode-depletion depth has been reached,

and, thirdly, the composition of the anodic sludge depends only

on the initial proportions of the components in the alloy right

up to the point at which the first intermetallic compounds are

formed. These last two circumstances suggest that diffusion proc-

essvz in the original alloy are not a major factor in electroly-

sis. The process mechanism consists in release of the titanium

from the first superficial layer into the melt for each initial

anodic-material composition, a process that continues until its

potential is so high that liberation of titanium from this layer

ceases and the next layer of the original composition begins to

dissolve, and so forth; simultaneous solution of titanium from

two successive layers and diffusion of titanium from one layer to

another are improbable.

Below we present equilibrium-potential values for titanium

and metals commonly encountered as components of titanium-based

alloys. The figures pertain to chloride electrolytes, near-unity

activities of the corresponding metal ions in the melt, and tem-

peratures of 850-9006C [65, 76):

Anodic reaction -EAV Anodic reaction = /

Mn M 2+. . . . . . .  1.967 Al/Al 3+ . . i. . . .  . 1.55
2+Mn/Mn ....... 1.766 Al/Al 3 . . . . . . . 1.4
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Anodic reaction Anodic reaction -E. V Electrol
T./Ti 1.........826 V/V2  . . . . . . . . ..5 An

2+
Ti/Ti3+.. . . . . .. 1.793 Fe/Fe. ......... .1.293 that of
Cr/Cr2 ......... .. 1.523 Si/Si... ....... .. 1.28 methods

Cr/Cr ........ .. 1.307 1/Nb3 . . . . . . 1.1 - 1.2 which th

These data suggest the possibility of separating titanium the foilC

from most of these metals (except Mn) under nearly rever.ible i. F

conditions. When we consider that the usual content of a given 2. N

single impurity in titanium varies from .to 10%, this Fossitll- 3. C

ties even further enhanced. However, application of an eleztric

current causes considerable polarization, which Is determined 
" ed)

basically by the titanium-Ion concentration gradient in the pores hca
which are

of the steadily growing sludge layer as titanium is depleted fron nents and
the anodic material. The decrease in titanium concentration in step., .Wi

the surface layers of the anode and shielding of the anode sur-

face by the sludge layer are also of some importance here. At ad c it

certain degrees of anode depletion, therefore, more electroposi- taoe t

tive impurities begin to dissolve in the electrolyte along with "lie

the titanium and settle on the cathode. The extent to which tte metal

titanium is separated from these impurtes can be increa.2eJ tv 
ref

lowering the anodic current density, accelerating diffusion prcc- The

eases in the rludge-laye" res, removal of this layer, work with of the co

bipolar electrodes, changing electrolyte composition, and a nun- [!iaJ.

bar of other measures.
C.1

In considering the electrolysis of binary and other alloys,

it is necessary to remember that the alloy components may influ-

ence one another strongly and that third components are also im-

portant. Here we refer not to'the appearance of new phases,

which is also possible, but to the fact that even very small

additives of third components may change the potential of the

principal component in the alloy.

Major factors in the electrolytic refining of alloys are The

complexing in the melts, the volatilitiis of the chlorides that tainers.

are formed, the surface-energy change of the anode as it dis- optimu r

solves, and a number of other circumstances.

Footnotes
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=Electrolytic Refining with Crude Anodes

* 1.5 An extremely interesting but rather neglected process is

* 1.293 that of electrolytic refining of crude anodes. Thire are many

• 1.28 methods for converting ores and ore concentrates to a state in
1.1 - 1.2 which they can be used as soluble anodes. Among these methods,

itanium the following deserve mention:

r ible 1. Reduction of the raw material, complete or partial;

a given 2. Nitridizing of the raw material;

possibili- 3. Carbidizing of the raw material.
ielectric(2

ermlied Reducln~i agents used include: carbon (55, 123),(2 magnesium

the pores 81P)-auminu,- (58), and calcium hydride or calcium (118],

leted from which are the strongest reducing agents, as well as other ele-

ation in ments and compounds. The reduction process is run either in

ode sur- stepc, with formatior of titanium mon.xide in the first stage

re. At and conversion of a number of other components to the metallic

ctroposi- state with the object of subsequent separation, or straight

ong with through to the conversion of all raw-material components to the

which the metallic state and formation of an alloy suitable for electro-

ea .eI by lytic refining. The latter process is preferred at present.

sion proc- The reduction of ilmenite slags and titanium concentrates
work with of the compositions indicated in Table 50 was investigated in

nd a num- [118).

TABLE 50
Chemical Compositions of Ilmenite Concentrates and

r alloys, '"lags "'.-d for Reduction by Calcium Hydride
ay influ-

also in- _ _ - -o

I 0hthemateria VON 2O, AlA * I& 1MOO M&O oxides
small slag aS0 .6$1 1~~0.? tsIi.e Ms~ 1100

of the 2.6jn.-cen~ 1.0 0.8 1 40-,

ys are The reduction was carried out in closed stainless-steel con-

des that tainers. The reducing agent was calcium hydride. The following

t lis- optimum reduction conditions were established:

Footnotes (2), (3) and (4) are on page 661.
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a) for slag: temperature 11000C, time 2 hours, calcium hy- arred oidride consumption 1.8-2.0 kg/kg of Ti; 
Thre

b) for concentrate: temperature 12000C, time 2 hours, cal- 1250-1300,
cium hydride consumption 2.2-2.4 kg/kg of Ti.

The result was extraction of 85-95% of the Ti in the form of 2. Methe solid solutions whose compositions are given in Table 51. 3. Me

TABLE 51 
TheChemical Compositions of Products Obtained After Reduction of easily byTitanium Concentrates and Slags with Calcium Hydride

reduction contents o f components(by uss) whose cor

piilr out of e 1a-$ C M telectrolytittaimloyrinnpodcdndrer

slahd epis cnin 99.61 Ti 0.0 S ," containing

t h e s s or t h e m e t a oa s .10 0 ,b y s e c o n d a.
A con

troctrolyr

Electrolytic refining of these materials under conditions rltoxy carb onisimilar to those of electrolytic tltanlum-alloy refining produced adpeacathodic deposits containing 99.6% Ti, 0.05% Si, 0.07% Al, 0.2% and repaFe, 0.04T Mn, the hardness of the metal" was ' I00 HB. ickmly
Comparatively pure titanium nitride and carbide can be pro- work was d

duced by nttridizng and carbidiizn& the raw material with subse- work wa
quent concentration of the product. thorie ;

TABLE 52 chloride cTemperature Conditions of Nitridizing Process and product wac,Stability of the Nitrides

Nitride SubstanceNitridizing Process. decompositior decomiposing An Amfprocess temp. C tmp. ^C the nitride,cO-,Fe, Nsuits for
POO-*fs 450-ft >of 

first beenK: , P >. Cold water Initial caz
give >i a 0lectnolysiS>1*0 Highly stable A/cm 2 , catt75% in the

[;The temperature ranges of nitridizing and the stabilities
- of the nitrides obtained from the oxides In slags of the composi-
~tions given in Table 50 are given in Table 52 (nitridizing wasFotoe
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carried out with nitrogen in the presence of carbon).

Three groups of substances are obtained by nitriding in the

1250-1300 0C temperature range:

1. Metals (iron, manganese).

2. Metal nitrides (titanium and magnesium nitrides).

3. Metal oxides.

The resulting multiphase system is separated comparatively

easily by clarification and treatment with nttric acid. The re-

sult is a material that contains up to 9CX titanium nitride and

whose composition renders it suitable for use as a soluble anode.

Electrolytic refining of this material produced a cathodic metal

containing 98-99% Ti; it could be converted into high-grade metal

by secondary refining.

A considerable amount of work has now been done on the elec-

trolytic refining of titanium nitrides, carbides, oxycarbides,

oxycarbonitrides, and lower oxides of titanium obtained for ores
d and prepared synthetically 156, 57, 59, 107, 118, 121-1253.(5 )

Hickman and Willes [124] found that the best material for

electrolytic refining is a carbide containing 11-13% C. Their

work was done with the following electrolysis parameters: elec-

trolyte composition, an equimolar mixture of potassium and sodium

chlorides with a small lithium-chloride additive; titanium di-

chloride concentration, 2-3.5%; temperature, 675-750
0 C. The

product was highly purified titanium with a hardness of 90-110 HB

units.

An American patent(6 ) gives the following conditions and re-

sults for electrolytic refining of titanium carbide that had

first been briquetted with pitch and coked at 10000C for 2 hours.

Initial carbides: ,69% Ti, 31.0% C, 0.12% Fe, 79.2% Ti, 20.2% Fe.

Electrolysis temperature 8500C, anodic current density 0.23-0.3
2 2

A/cm , cathodic density 2.1-2.4 A/cm . Titanium extraction 72-

75% in the best experiments; hardness 196 HB.

Footnotes (5) and (6) are on page 661.

FTD-HC-23-352-69

656



I

TABLE 53 monoxide

Process Data for Titanium Carbide Electrolysis electrol
ium diox

jImpurity 0.30 of
4 - contots The

0 t~" In cathodicInc, Z electrolyte motalZ and mono:

compositilo &OV 1 . than the
, + in a sod

primary carbide anodic c
0191.. UC1 + 2C 1 3 41 0.2 10.4 O0s I 3le
Of a1. I a..a .1, 05 higher et7 aG+ 1.0, 22 5e 0.610.12 I5 in

S4? 0,1 0.3 0,S IN1 evolved I

iiIsmoke.
trodi ta ter Processi

?. 116 1* co I * 0 :1 $i * 0.02 611 Elec

strongly

*Calculated for trivalent titanium. degree ce

rated aft

The authors of [121) refined porous sintered TIC briquettes baic t

in various electrolytes (chloride and chloride-fluoride) at 850
0 C. rating thi

The electrolyte contained from 3 to 5% of titanium ions. It was • In ti

shown that the titanium is released from the anode predominantly ground ano
in the form of trivalent ions. The authors subjected the product solution.

obtained by the TIC electrolysis to secondary refining. The re- all liquic
sults of these experiments are given in Table 53. proportior

Electrolytic refining of titanium nitride must be carried acid treat

out in a current of inert gas to remove the nitrogen; as a result, out eithei

titanium nitrides containing more nitrogen than the mononitride water on t

do not form under the conditions of electrolysis, and the nitro- be detecte

gen is evolved into the gaseous phase as the titanium dissolves, drying res

In the best experiments, metil containing 0.03% of N2 was obtained cabinets a

by a single electrolytic refining of synthetic titanium nitride If th
(1183. (50% or n

Several stages are required for the electrolytic refining the deposi

of titanium monoxide. In the first stage, refining produces ti- cruLshing A

tanium sesquloxide Ti203 at the anode. When all of the titanium rent of ni

C - PD-HC-2 3-
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monoxide has been converted into this product, it 'egins to refine

electrolytically, with formation of almost stoichiometric titan-

ium dioxide at the anode. The cathodic metal then contains 0.2-

0.3% of 02.

The electrolytic refining of titanium nitrides, carbides,

and monoxide proceeds at voltages somewhat higher (by 0.5-0.8 V)

than the refining of titanium scrap. Good refining is obtained

in a sodium-chloride or mixed sodium-potassium-chloride melt. The

anodic current densities should not exceed 0.2-0.5 A/cm
2 ; at

higher current densities, titanium tetrachloride is formed and

evolved from the electrolyzer in the form of puffs of white

smoke.

Processing the Cathode Deposits

Electrolysis results in titanium crystals that are usually

strongly bonded to the cathode and to one another and are to some

degree cemented together by salts. This material must be sepa-

rated after extraction from the electrolyzer. There are now two

iquettes basic methods - hydrometallurgical and distillation - for sepa-

) at 8506C. rating the salt and the metallic deposit.

It was In the former method, the cathodic deposit is crushed and

binantly ground and then treated with dilute (0.5-1%) hydrochloric acid

ie product solution. Three such treatments are the optimum, with an over-

The re- all liquid:solid ratio ranging from 9 to 12 (depending on the

proportions of salt and metal in the deposit). The hydrochloric-

zarried acid treatment is followed by water washing, which can be carried

a result, out either in mixers or directly on the filters. Treatment with

nitride water on the filters is broken off when no more chlorine ion can

e nitro- be detected in the filtrate; then the material is washed with a

3solves. drying reagent (e.g., ethyl alcohol) and dried in vacuum drying

s obtained cabinets at 50-606C.

nitride If the cathode deposit contains large amounts of electrolyte

(50% or more), it is advisable to melt the electrolyte out of
!fning the deposit prior to hydrometallurgical treatment or (after

uces ti- crushing and grinding) to separate the salt and metal in a cur-

titanium rent of nitrogen, an operation for which any aeration equipment

VTLD-W-2 3-352-69
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can bti used. This reduces substantially the amount of hydrochlo-
ric acid that must be used to wash the deposits.

The salt is separated from the metal by distillation under

conditions and in apparatus similar to those used to purify
metailothermic reaction mass.

'the hydrometallurgical treatment is more advantageous for

a coarse-grained titanium deposit. Manu-
script
Page
No.

651

655

655

655

657

657
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651 1 )See also patents (USA) No. 2,920,022, 1960;

2,913,380, 1959.

655 2 )Patents (USA) No. 2,917,440, 1959; 2,813,069, 1957.

655 3)See also patents (USA) No. 2,904,428, 1959; 2,909,473,

1959.

655 4) Patent (Japanese) No. 3705, 1957.

657 5)See also patents (British) No. 791,151, 1958; 791,153,
1958; 792,716, 1958; 778,218, 1957; 786,460, 1957; pat-
ent (USA) No. 2,861,030, 1958.

657 6 )Patent (USA) No. 2,920,021, 1960.
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Chapter 26

ELECTROLYZERS FOR PRODUCTION AND REFINING

OF TITANIUM

The process In which titanium is produced by electrolysis of

fused media has a number of peculiarities, which impose certain
requirements on electrolyzer designs. Principal among these are

the following:

1. Because of the high reactivity of titanium and its com-
pounds of lower valence, electrolysis must be conducted in equip-

ment that works in an inert-gas atmosphere.

2. The aggressiveness of the lower titanium chlorides and

fluorides with respect to a broad range of materials makes it
necessary to use structural materials that ae highly resistant

to corrosion and difficult to reduce.

3. High-quality titanium crystals form in a relatively nar-

row range of ratios of titanium concentration in the electro.yte

to cathodic current density.

These factors and a number of others make it necessary to

conduct the electrolysis under conditions such that the process

becomes nearly continuous.

Insoluble-anode work involves a number of specific diffi-
culties and disadvantages:

PTD-HC-23-352-69

662



I. Electrolysis of chlorides and fluorides proceeds with

liberation of chlorine; this necessitates thorough protection anod

not only of the parts of the equipment that come into contact last

with the electrolyte, but also those situated above it.

2. The evolution of chlorine or chlorocarbons increases the the c

danger of secondary oxidation or chlorination of the cathodic plest

deposits and the lower titanium chlorides present in tiie melt. curre
is no

The process most be carried out at relatively low volume current

densities. deten
(meth

3. Insoluble-anode electrolysis requires a higher voltage~other
on the electrolyzer's terminals." rent

The soluble-anode process can be conducted at very low elec-

trolyzer terminal voltages and without the evolution of chlorine. curre

at the anode. High volume current densities are used, so that work.

the work can be done in small baths. However, this process is

characterized by a specific difficulty consisting inihe need to

replace the anod~c material, of the

stabil
Special difficulties are encountered in the storage, pruifi- a

rcathod
cation, and transfer of the electrolyte, for which special equip-! mert is required. t e sis the st

These basic peculiarities and difficulties of electrolysis the el

technology must be taken into account in selecting electrolyzer Some o

designs. repres

Bath material and lining. Numerous studies concerned with p

selection of bath materials and linings for work with insoluble sis col

anodes indicated that it is advisable to use stainless steel for cathodi

the shell of the bath; its inner surface is protected with dense electr

graphite or by creating a slag lining of electrolyte on the cooled an effi

walls of the bath. The conditions under which the liner is formed tion oj

are selected individually for each bath. This gives rise to an- to enc:

other difficulty: control of temperature inside the bath. It higher

has been reported that type 18/8 steel with 5% Mo may be quite

stable in Insoluble-anode work [41. However, use of this mate-

rial will require additional research. In rare cases, electro- tions

lyzers are lined with some of the most stable ceramic materials.

FTD-HC-23-352-69 
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s with Type 18/8 steel can be used as a bath material in soluble-

ection anode work. A pressure-tight bath made from this material may

ontact last for up to one year.

Bath shape. This is determined basically by the shape of

eases the the cathode. Ircular-section baths may be regarded as the sim-

thodic plest and more convenient types for electrolyzers working with

e melt. currents up to 10 kA. However, use of rectangular-section baths

e current is not excluded for specific cathode types. Bath dimensions are
determined on the one hand by the design features of the bath

(method of extracting the cathode deposit, etc.) and, on the
voltage other, by technological technological parameters, chiefly cur-

rent density.

low elec- It may be assumed as a first approximation that an anodic

chlorine current density of 0.-0.4 A/cm 2 is adequate for soluble-anode

so that work.
cess is

need to Mutual positioning and shape of electrodes. The influence

of the relative positions of the electrodes on the course and

pruifi- stability of the electrolysis process and the quality of the

cathode deposits has been determined as a result of numerous ex-
ial equip- perments. Various electrode shapes that were acceptable from

the standpoint of design convenience and optimum retention of
rolysis the electrolytic deposits on the cathodes were investigated.

rolyzer Some of the simplest electrode position and shape options are

represented schematically in Fig. 134.

ed with Practical experience has shown that if the optimum electroly-

soluble sis conditions are observed, it becomes unnecessary to use shaped

teel for cathodes, since the cathode deposits are bonded strongly to smooth

th dense electrodes. During electrolysis (especially with soluble anodes),

the cooled an effort must always be made to obtain the most uniform distribu-

is formed tion of the electric field over the surface of the electrode and

e to an- to enclose the cathode in the anode to the extent possible, since

h. It higher cathodic current densities require heavy ion influxes.
quite ,is mate- Thus, it can be stated that the electrode shapes and posi-

lectro- tions shown in Fig. 134, c, f, and g, will be most efficient.

terials.
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Fig. 134. Electrode shapes and relative positions. a) 
tolysi

plate anode, plate or rod cathode, square-section bath; U,
b) plate anode, plate cathode, square-section bath; c)
plate anode, plate or rod cathode, square-section bath; produce

d) plate anode, plate or rod cathode, square-section cathode
bath; e) cylindrical anode, annular cathode, circular-
section bath; f) hollow-cylinder anode, rod cathode, sludge

round- or square-section bath; g) hexagonal anode, rod metal ]
cathode, circular- or square-section bath; h) hexago-
nal anode, spherical cathode, circular- or square-sec- can be

tion bath; i) anve at bottom, cathode at top; k) con- cuttin.
tainer-type cathode; 1) needle cathode circular-section
bath; a) comb cathode; n) cup anode; o) hollow-cylinder electrc
anode, shaped cathode.

i llusts
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Figure 134 indicates electrode relative positions for com-

pact anodes. However, blocks of pressed metal (rods, plates)

and loose material (sponge, fragments, brique'tes), which are

placed In perforated baskets made from iron, graphite or nickel,

may also be used as soluble anodes. A very wide variety of rela-

tive electrode arrangements may be used in work with insoluble

anodes.

Delivery of material into electrolyzer. Delivery of the

material for electrolysis is comparatively simple in insoluble-

anode work. The carbon tetrachloride is fed directly into the

tath through pipes. Lower titanium chlorides can be poured into

the melt together with the alkali- or alkaline-earth chlorides

from the container in which the electrolyte is prepared in ad-

vance and stored.

It is convenient to load solid titanium oxides and hexa-

fluorotitanate into the electrolyzer both at the beginning of

electrolysis and during the process, using hermetic feeders; the

same applies for the case of loose solid anodes.

Work with compact soluble anodes requires special devices

for their introduction into the electrolyzer and extraction of

the depleted material. The anode may be either endless (ribbon,

ro) or handled with various types of special clamping mechanisms.

Extraction of the anodic sludge is a difficualt problem in elec-

trolysis with bulk soluble anodes.

Unloading the cathodic product. It is most desirable to

produce cathodic deposits that are quite strongly bound to the

cathode, since these deposits may be contaminated by the anodic

sludge if they drop off the electrode of themselves; additional

metal losses are also possible. A deposit bound to the cathode

can be unloaded either by dropping it into special hoppers (using

cutting devices or vibrators) or by changing cathodes during

electrolysis.

Some of the methods used to unload the cathodic product are

illustrated schematically in Fig. 135.
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Figure 135. Schematic diagrams showing re- urI

moval of cathode deposit em electrolyzer. urin
mi a) Cathode deposit cut off inside electrofy- tion

set by knives 1 and removed wth air-lock
Stabreceivec 2; b) cathode sealed off from elec-

ntrolyzer 1 and chamber 2, which is filled~with inert gas or evacuated; c) cathodic
i deposit out off by knives I In melt 2 and

teoved fiom electrolyzer with receiver 3
land lock .

~Temperature control. Experiments have shown that tempera-

ture may be self-rebulating in the electrolytic process. However,
furnaces or electrode heaters are necessary to preheat the bath

and montan temperature with minimum expenditure of direct cur-
rent. Resistance and gas-fired furnaces can be used.

Stabilization of concentration In the cathode layer of elec-

trolyt. In soluble-anode work, concentration is stabilized inD

Sthe electrolyte basically by adjusting the distance between the is mar
Velectrodes and their relative positions. In work with insoluble tep

,anodes, concentration is maintained by regular infeed of material. this r

Method of-establishinr, contact between current lead-ins and for me

electrodes. This question is of particular importance in view of W
the fact that the electrodes must be moved during the process provid

i ' (clipping the cathode deposit, extracting cathodes, etc.). There
: M,

. are two possible approaches. In the first, flexible current leadr
~~~(ribbons, woven straps* etc.) are permanently cbnnected, whiletema

the second uses liquid contacts through molten metals and alloys66Schema

iFTI)-Wr 23-352-69 FTD-HC-
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(soft solder, Wood'. alloy).

Both contacting metnods have acquitted tnemselves well;

either may therefore be selected on the basis of the electroly-

zer's design features. In moet cases, the anode voltage can

be applIed to the shell of the bath.

Process control. A single thermocouple and temperature

controller are adequate for temperature control. The most im-

portant control needed in the electrolysis process is measurement

of the concentration of the titanium-containing compound in the

electrolyte. This can be done by tapping during the process for

chemical analysis or, in the case of a stable process, by meas-

uring back emf's, which reflect quite accurately any concentra-

tion changes that take place in the bath.

tempera-

However,

the bath

rect cur- Figure 136. Electro- Figure 137. Electro-

lyzer for production lyzer for production
of titanium from TiC14. of titanium from its

r of elec- oxides.

lized in Monitoring of the inert-gas pressure in the electrolyzer

ween the is mandatory to prevent penetration of air into it and to secure

insoluble the process. Electrolyte level changes during electrolysis, and

f material, this requires periodic replenishment and, consequently, devicos

d-ins and for monitoring electrolyte level.

in view if When titaniumtetrachloride is used, special devices must be

rocess provided to monitor its flow rate.
.). Thererent leads Many different bath designs have now been proposed. Some of
rentileads them are laboratory types, some have been built as semi-Industrial

d alloys installations, and some have been designed as industrial versions.
Schematic diagrams of intermittent-type electrolyzer designs are

FTD-HC-2?-352-69
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given in Figs. 136-138.

The first design (Fig. 136) is in-

ater tended for electrolysis of lower titanium
chlorides. It consists of a ceramic bath

Water that receives anode 1, which is surrounded

by ceramic diaphragm 4, and two cathodes
- cathode 2 for preliminary reduction of

2- TIC14, which is enclosed in diaphragm 4,

and cathode 3, on which electrolytic ti-

tanium powder is formed.

Titanium oxides are electrolyzed in
tory electrlyzer the second electrolyzer (Fig. 137). Bath

for production of 1 is made of graphite and has a graphite Fig
tiaimfrom solu- app,

titanium partition 2. Loose titanLum dioxide is aipi
ble anodes. placed on the floor of the bath on one

side of the partition, ad anode 3 is introduced through hermetic-

ally sealed plug into the electrolyte above it. Cathode 4 is anode. th

introduced into the cathode sp&ce. The bath is heated by heating into tCathode3
elements 5.

All
ally seal

Graphic N:ot Reprodu ' l o, entrances

water F igu:
tent semi-

4k The
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of~r lined wit]

Figure 140. 10,000- led oit!
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Graphics Not Reproducible

n-

ni un

bath

unded

des

of

ti- Figure 142. Externalappearance of 10,000-
amper 2lectrolyzer.

iin
Bath The third electrolyzer (Fig.

.ite Figure 141. External 138) is designed for electrolysis
is appearance of 5000- with soluble anodes. A perforated
se arpere electrolyzer. cylinder or cup 2 is placed in

tic- graphite cup 1, which serves as the
anode. The material to be electrolytically refined is sprinkled

ting Into the space between the cylinder walls and the graphite cup.
Cathode 3 is introduced into the perforated cylinder.

All three types of electrolyzers are enclosed in hermetic-

ally sealable metal cases with pressure-tight covers and packed

entrances for the electrodes.

Figures 139-142 show diagrams and photographs of intermit-
tent semi-industrial electrolyzers for work with soluble anodes.

The firsc electrolyzer (Fig. 139) consists of stainless-steel
bath 1 and cover 2, which seals it hermetically. Cover 2 has
holes at the bottom for insertion of' anode 4 and cathode 3. Two

dishes, 6 and 7, whiih are filled with soft solder and connected
to the dc source, are placed on the floor of the cover, which is

lined wtth asbestoz cement. Anodes 4 in the form of compact speci-

mens or loose material between the walls of a cylindrical perfor-

ated basket are passed through the hole in the base of cover 2.

Cathode 3 is fitted with a plate that covers the hole in the

bottom of cover 2. The shank of blade 5, which is used to out

off the cathode deposit, passes through a hole in this plate.
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The anode and cathode have lugs that fit into dishes 6 and 7. W
A container with a sliding floor for collection of the cathode design
deposit is fitted at the side of cover 2. As the cathode is includ
lifted, cutter 5 bears against the top of cover 2 and shears off an ele
the deposit, which drops onto sliding floor 8. The work of the moltenp bath is done when all of the anode material has been depleted. extrac
The electrolyte is then displaced by argon pressure through the titani
drainpipe into an auxiliary container and the electrolyzer is Ing el
reloaded. This electrolyzer works with 500 amperes of current. trolyz

do notThe second electrolyzer (Fig. I0), a 1,000-A version, is d r
based on low-carbon-steel tank 1, which is e'Aclosed in liner 2 fus

ments.
[109]. Two water-cooled cylindrical cathcA, chambers 3, each a nwith two cam-type vacuum slides, two anode chambers 4 with cam Pue i
slides and hoppers, and a central chamber for introduction of the Pure t

F hea.ter are welded into the top of the tank. compart

FE The bath heater consists of a steel spiral and four steel

electrodes.

Before starting work, the bath is filled with the anodic
material and granulated sodium chloride through the central . '.le;
then the heater is bolted on, a certain part of the electrolyte
is premelted with the steel starter spiral, and melting is com-
pleted with the electrodes. Temperature is controlled by raising
and lowering the electrodes. After melting and cooling, lump
electrolyte (NaCl + TiCl 2) is added to the bath and the melting
process is repeated.

Then the cathode-chamber slides are opened, the cathode is
lowered into the bath, and the negative terminal is connected to

i it. The positive terminal is connected directly to the tank.
During electrolysis, the lower vacuum slide covers almost the

entire cz-as section of the cathode chamber.

During the work, anodic material and electrolyte are fed
into the bath through the previously evacuated and helium-filled

anode-chamber hoppers with the vacuum slide open.

The cathode deposits are extracted into the cathode chamber

and cut off the cathode with a cylindrical cutter. Footnot
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7 Work on the design and construction of various electrolyzer

h.*)de designs is continuing without letup. The proposed electrolyzers

is include highly original models. One American patent (1)describes

rs off an electrolyzer that works at temperatures >16000C to produce

the molten titanium; the author of [91)(
2)proposes a continuously

td. extracted cathode on which a semisinterad deposit of metallic

Sthe titanium is formed at very high current densities. An interest-
is ing electrolyzer is proposed in the British patent.(2 ) The elec-

rent. trolyzer consists of three compartments separated by walls that

do not reach up to the surface of the anode. The anode is a
is fused metal (Sn, Pb, etc.), which circulates through all compart-

r 2 ments. Scrap is loaded into the anode in the first compartment;

ch an anxiliary cathode is also used here to collect impurities.
cam Pure titanium is deposited on the working cathode in the second

of the compartment. The third compartment serves for removal of sludge.
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Footnotes (1) and (2) are on page 674.
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Chapter 27

DEVELOPMENT OF TITAfIUM" DIOXIDE PMODUCTION
AND ITS PROPERTIES

The chloride metallurgy that made it possible to produce

titanium tetrachloride after dressing titanium-containing raw

materials has opened broad prospects for large-scale industrial

production not only of metallic ttuarium, ut also Or titanium
dioxide, production of Which has been developing rapidly in re-

cent years

The production of pia ent titanium dioxide in the capitalist

countries, which was only about 1 thousand tons per year in 1920,

had increased to about 10 thousand tons by 1930 and reached 102
thousand tons in 1939 [l].

The influx of investment into the production of titanium

dxespped tempora zily during the Second World War,

resumed at the end of the war and grew to substantial dimensions.
T" 142 hecpciyo the C~nltzlist c~ ~ o ~ -

tanium dioxide was estimated at about 1100 thousand tons, and

more than half of it was American capacity Ell. 'the actual

amounts of titanium dioxide produced in the USA during recent

years have been as follows: 413 thousand tons in 1960, 456 thou-

sand tons in 1961, about 479 thousand tons in 1962 and 1963, 508

thousand tons in 1964, and 520 thousand ton., in 1965. The ex-

pected 1966 production of titanium dioxide i.- the USA Is 5 thou-
sand tons [2, 3).
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Substantial further expansion cf titanium dioxide production
capacity has been reported; the figure for tht- capitalist world
is put at about 1.5 million tons per year. The production capa- built
city of the USA, which was 420 thousand tons in 1957, had risen tries
to 640 thousand tons In 1962 [4], and it was estimated at about certa.
700 thousand tons in mid-19 3, I.e., it had already reached the
level that American experts had predicted only for 1970 (2). '

The Japanese are also giving a great deal of attention to of gi.
the development of titanium dioxide production capacity. The
total productive capacity of Japanese firms, which was 61 thou- Natio?
sand tons at the end of 1960, was to increase to 113 thousand
tons in 1965 [5]. 

to prc

TABLE 511
"Principal Producers of itaniu: :)oxide in i,. I an-u.: Dio ide i

the Capitalist Countries Ill

Capacity menittV- FiCountries In which the at end of this
firm's plants are located 1961, thou-inapp

sands of
tons per year with tNational Lead USA, Canada, West Germany, Belgium 379 leucosDupont de Nemours USA, Mexico 168British Titan Pro- England, Australia, UAR; plant and ccducts under construction in Canada 130 chart-American Cyanamid USA 81Farbenfabriken Bayer West Germany needeGiden USA 51 of tit

New Jersey Zinc USA 44Laporte England; under construction in convexAustralia 41 side.
monte'Atin T+. I%,t Itaniisihara Japan 37deThann et de .1ul- 

the rEhouse, et a. .rance 31 calledVuorikelana Finland 16".Other firms Wor r,3- v , ,oOerfrsWestern Europe, Japan, India, UJISA, pou
Canada, Latin America ru

procesel TOTAL. 1133 for oh

----- has re
dioxide, which was 31 thousand tons at the end of !961 [1), had
increased by 18 thousand tons by the end of 10,62 TD1  production n
capacity was to be doubled in this country during the next few
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'etion years Y6].

rid A number of titanium dioxide production plants have been

apa- built or planned in recent years in West Germany and other coun-

sen tries of western Europe, as well as in Canada, Argentina, ard

out certain Asian and Afr:can countries r5-13).

=the Most of the titanium dioxide production capacity of the

capitalist world is con3entrated in thp hands oef a all nu.n1cr _

of giant monopolies (Table 54). I
e As we see from Table 54, only three large corporations -

ou- National Lead, Dupont de Nemours, and British Titan Products -

d account for about 60% of the capacity of the capitalist countries

to produce this material.

Until very recently, the industrial production of titanium

dioxide was uased on the sulfuric-acid process for refining il-

hmente concentrates, which will be discussed below. However,

.d of this method has very serious technological shortcomings and is

Khau-inapplicable to many types of raw materials, e.g., concentratesSof
(per year with higher contonts of chromium and other coloring impurities,

7) leucosene- an! ratie-containing concentrates, which dress poorly,
68 and certain other forms of raw material. Technological flow

J) charts that are free of these deficiencies are therefore urgently

neede., -n . .. nis met by a method based on dressing

[a. of t1tanium-contalning concentrates by the chloride method, with

conversion of the resulting titanium tatrachloride into the dio-

41 side. We shall show below that among the possible variants of
41 Litanium-dioxide production, the greatest advantages accrue to37 -

the reaction of titanium tetrachloride with oxygen in the so-

16 called "combustion" of TiC 14 , which permits the design of a highly

productive closed-cycle continuous titanium dioxide production
53 process with return of the chlorine that is evolved into the cycle

for chlorination of the titanium-containing 5tarting material.

The method in which titanium dioxide is produced from TiC14
ncnl ns-^aYtpd "e--as attention in vuriouu countries,

had and in the USA in particular.
ction

FTD-HC-23-352-69

684

-I



Dupont, which has spent, according to reports that have ap- chloi

peared in the periodical literature, 15 million dollars co de-f

vopieen of a technology for this process [14j, has set up the

production of titanium dioxide by this method at several plants. tenti

This company's plant at New Johnsonville, Tennessee, which manu- Germ

facti'res titanium dioxide from TICl4, has a production capacity and c

of about 60 thousand tons per year. At the Edgemoor, Delaware the b

plant, which has an annual capacity of 85 thousand tons of titan-

ium dioxide, some of the product is also made from TiCl. A new house

plant was recently constructed at Antioch, California for produc- hosi

tion of titanium dioxide by the same method [43. A

At the end of 196A, the Cabot Corporation Degan chloride- this

method operations at a plant at Ashtabula, Ohio, which has a duce

capacity of 18 thousand tons of titanium dioxide per year [43). new t

Cabot purchased a license from the French firm de Thann et de over

Mulhouse for production of titanium dioxide by this method in

the USA, Canada, and Mexico.
from

American Potash, which originally planned the construction porte

of a pla7dt for the production of titanium dioxide by an Improved has Ji

sulfuric-acid method [15), subsequently decided to convert to the chior1

chloride ethod, w.hich ylelds T102 of higher quality [2, 16).

According to recently published data (43), this firm bas a closel

plant with a capacity of 22.7 thousand tons of TiO 2 per year in Drinci

the shakedown phase. American Cyanamid had plans to complete

construction in 1965 on a plant with the same capacity at S~van puriti

nih, Georgia. Two more firms - National Lead and Pittsburgh ductic

Plate Glass are adzpting a chloride method for production of S

titanitn dioxide at their own pilot plants. National Lead plans and ti

to construct a plant with a capacity of 18 thousand tons of ti-

tanium dioxide per year at Sayreville, New Jersey 143)- Thus,

literature data indicate that recent American expansion 
of capa- Having

city and erection of new titanium-dioxide plants 
have beer, the se

orientd practically exclusively to the chloride method, whose 
veted

conomy indicators are on a par with those of 
the sulfuric-acid conseq

method and which yields a higher-grade product. Published re- ani be

ports (68] indicate that the capital outlay required to build 
bility
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. .. ap- chloride-method plants is 20% lower than that required for sul-

n de- furic-acid installations.

- Outside the USA, the chloride method has also attracted at-
plants. tention in other foreign countries - France, Great Britain, West

h manu- Germany, and others, which are engaged in pilot-plant testing

pacity and organization of industrial titanium dioxide production on

ware the basis of this method.

f titan-

A new Thus, as we noted above, the French firm de Thann et de Mul-

produc- house, which developed a technology for production of titaniumdioxide from TIC1 at its Thann p1 .ant ,r sol d a license to the

American firm Cabot for the production of titaniur dioxide by
ride- this method. Plans call for use of the chloride method to pro-
s"a duce about half (20 thousand tons) of the 45 thousand tons of

1431.new titanium dioxide productton capacity to be developed in France
t de over the next few years (6].

,in
In Great Britain, a patent for the production of the dioxide

from titanium tetrachloride has been taken out by the firm La-
torte Industries, which, to Ju--- _cran. . por,, Lt, &V.J,

proved has joined forces with American Potash In the construction of a

L£ th chloride-process plant at Mojave, California.

The problem of producing titanium dioxide from TiC14 is
nas a closely related to that of producing metallic titanium, since the
ar i.n principal technological steps, including the acquisition of ti-

Lete tanium-rich concentrates or slag smelting and the production and
Savan- Purtifican'l f t itw4u terchlriue ar th Sfin the Pro-

gn duction of both metallic titanium and its dioxide. Where neces-
of sary, this makes it possible to combine production of the metal
'lans and titanium dioxide at the same plant.

.us, This structuring of the plant may afford certain advantages.

capa- Having two products instead of one permits a sharp increase in

the scale on which the titanium-containing ra" material is con-

hose verted to T!CX', from which either product can be made, with the

-.acu ConSequent lowzring o,.,- the net cost of th'- titanium tetrachloride

re- and both of :ie final products. It also gives the plants flexi-

ild bility for response to variations in demand, in that the
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_..._.

V IPercentage of the ti!tanium tetrachl oride Used to pake eit!)er of
these final products can be regul&a,%,d, increasing the output of'
one of them at the expense of the other.

Puetiaiu ixieisawit owe;on heating, it ac- Stru

Titanium doieichmclyietadpa ialyimmune to
atakby raet -diuemnrlaishy ognsulfide, sul- Enth,

fur trioxide, organic acids. Its solubility in alkalies is negli-
gible. Below we list the solubilities of titanium dioxide Inl Mole(
aqueous solutions of alkalies [20], in mg/100 ml of' zolvant: ca'

NaOH:

10% ........ 20-2r55tr

36%. .. . . . ... . . . . ..... 60-
ICOH: Entr

MaCO 3  saturated.... .. .. .. . . . 7000bmolc

N, ,saturated ..... ......... e c

0 sa urat d . . . . . . . . . .t.re30

Appreciable amounts of' titanium dioxide dissolve in fused borax
fort

__ and phosphates [21). It can be dissolved by prolonged heating

_iiwith concentrated sulfuric acid (the solubility of' 4a.,dcreases

- _with rising calcining temperature), by reaction with hydrof'luoric in th

&ad ck by mreltinig it with potassium Disulfate. TID is~ a lv-

mo rphous oxide that is encountered in nature in three mineraloi-vrt
-aimcal forms vith distinctive crystalline habits: rutile, anatase,

and brookit.. Of these three modifications of TiO 2  brookite is ing i
* unstable and practically never used. perat

The characteristics of rutile and anatase are given in ue

Tables 29 and 55. titan

nitra

?rrJ-HC-23-352-69 FTD-H
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1 TABLE 55

Characteristics of Rutile and Anatase Modifications
ut of of Titanium Dioxide [18, lQ)

Characteristics
RUTILE

t ac- Structure, lattice constants, Tetragonal; a - 4.58, c

t cools. 2.95
l co Ertr-opy, cal/(mole'deg) 12.0 ± 0.05 I

sUl- Enthalpy, cal/mole (.0--(. My . - .On
negli - xT'-6--

in Molecular heat capacity, fW-IKO"K) C, 7.2,+1,.X
cal/(nole deg) xI0--..5.W' - '

ANATASE
Structure, lattice constantsi Tetragonal; a f 3.78, c -

Entropy, cal/(mole'deg) 11.93 ± 0.01 RW

Enthapy, cal/mole e. --.. - .

j7,83? +0.2.'0-3 T+ 4.2$X

Molecular h at capacity, x r- ) s174+ .Ux

cal/(molcdcg) xIS 7-3.3.IoT

A product of anatase or rutile structure is usually produced

in the manufacture of titanium dioxide. As we see from Table 55,

both of these modifications have the same crystallographic struc-

ture, but different lattice parameters; the latter are responsible
for their property differences.

teases Roastlnir to metatitanic ac , the basic Intermediate product

luoric in toe production of titanium dioxide, which is produced by hydro-

Poly-o lyzing titanium solution. first produces a,,. t. , which is eOr-

1ioF verted to rutile as the temperature In raised further.

tse, The structural change undergone by titanium dioxide on heat-
le in Ing is of exceptional importance for its practical use. The tem-

perature range and rate of the transformation depend on the method

used to make the product and its impurity content. Thus, meta-

titanic acid produced by hydrolysis of titanium chlorides and

nitrates, I.e., compounds with a univalent anion (Cl-, NO). is

FTD-HC-23-352-69 688
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d

converted to rutile much more easily than acid produced by hy- For ex

anion. Wh le metatitanic acid obtained by hydrolysis of aqueoun lwr

even at, around 100°0, a temperature about 300 degrees higher is T
required for the same intermediate product when it is produced were s
hyhydrolysis of sulfate so-lutio-s- j .... -2. Te rutile-transiticn an-alys,,

temperature of metatitanic acid prepared by hydrolysis of titan-I

um a Utz - " .L Venergy
acid formed. Thus, metatitanic aci b e -_~ o tihut san

I _ ___activ

obtained fro.m concentrated solutions uJndergoes the transformatien
only at 950C [22]. For pure metatitanic acid with no Impurities, T
.the anatase-rutile transition temperature lies in the 610-730°C cently

~range, and the conversion is very rapid at the upper limit (231;
on the oher han as we noted above, metatitanc acid prd by of the
by sulfate hydrolysis undergoes the transition only In the 850- proper
950 C range, apparently because of the presence of basic sulfates eoxd

or sulfate ions that have been trapped btiyeo an stn. ad

envi rot When certain impurities are present, the anatase-ritile

Stransition may not take place even at higher temperatures. For T
iu--..-, not only SO3, but also the presence of a small amount beeginy
of impurity SiO 2 in anatase inhibits its transformation to ru- The k

tile, as the presence of HCl in the srrounding atmosphere equata

o2n1. However. it would be advantaeous to lower the temnerature of the

range of the anaase-rutile transition in view of the detrimental kca/

influence of high roasting temperature on the pigment properties modif

of the titanium dioxide. This can be done by using titanium di- unde

oxide with additives of alkali vanadates, X2Cr2 0., oxides of kcal/A

aluminum, magnesium, zinc, bimuth, antimony, calcium, or barium, ium dI

or even water vapor and deposits having the structure of futile kcal/P,
[22, 25. Some of these additives, such as aluminum oxide, no

only promote rutilization, but also substantially increase the phase
weathering ability of the pigment; this makes i adofbntagcou to [291.

* introduce about ta of Av0b on the weight of the TiO as an add- smal

2n ro2

t Wve [2]. The physicotechnical properties of rutile arc also matio:

strongly affected by modifying its surface with certain compound

P TD-HC-23- 352-69 FTD-H1
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For example, It has been shown that application of aluminum and

ueous 1',wer.'* Lu photochemical activity, and improves its resistance

pidly to sunlight and weather.

I r is Testructural chances of titanium dioxide during heating[ced weestudied in (271 by electron diffraction. differential thermal
tion analysis, x-ray structural analysis, and electron microscopy.

litan-

Iti was established in this investigation that the activationthe ener-v of the anatase-rutile transition deen- on the Sizse of
Clu- the anatase Dart.kcles: the smaller the particles; the smaller the

acid

acid act1vation energy necessary to convert- anatase to rutile.
IPmati cn
rities, " kiL~ua oWI : istL-~uie -

300C cently studied in detail by Japanese investigators (28), who

£23); measured dielectric constants for the purpose (in consideration

ared of the fact that anatase and rutile differ substantially in this
property). The studies were made on specimens of pure titanium

It'ates dioxide and zipecimens containing lithium and potassium chloride
additives; they were heated at various temperatures in various
environments~.

e

For The authors report that the converaxon of anatase to rutile

unt begins in the 750-800 0 C range in pure titanium dioxide specimens.

The kinetic indicators of the process correspond to a first-order

here equation. As determined by the authors, the activation energy

rature of the conversion for pure titanium dioxide in air is 110-116

I t-tental et e of co nve stigation to the actiation

rties modification is higher in an atmosphere of oxygen than in air;
m di- under these conditions, the process activation energy is 92

Sal/mole. When 1% of lithium chloride is introduced into titan-

arium, ium dioxide, the activation energy of the conversion is 150
tile kca./mole.

rot Other studies have also been devoted to grain growth and
the phase transformations daring calcination of titanium dioxide. In
us to £29, for example, the influence of calcining temperature and

addi- small amounts of various oxide additives on the phase transfor-
ISO mations was determined for titanium dioxide prepared by

pounds.

?PD-HC-23- 352-69
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E4and p hdecomposing titanium-ammonium sulfate, titanium oxalate, and th-

tanium hydroxide. 
W

When titanium dioxide is heated in an oxidizing atmosphere power

Z_ to moderately high temperatures (to approximately 60OC), it ac-

t" quires a yellowish-brown color, which vanishes on cooling. How- on mat

ever, calcining at excessively high temperatures (above 9500C) the hA

should be avoided, since partial thpmal diso ation o f the 41 u,

TiO 2 and the appearance of the colored low,:r oxides 
of titanium T

may cause an irreversible change in the colorf the rut-le - bus

yelwi- o arein '22_2]_Ueofecesv temperatures duatiol* -- yel.: . .... . O____

in calcining rutile should also be avoided because of the danger contenI of sintering and rectstallization of the dioxide particles thec

result of which iS a pigment of Inferior quality -30]. 5 pre
titani*

TABLE 56

Comparison of the Basic Physicotechnical Properties
of Titanium Dioxide &nd Other White Pigments

,- ; I,., o., -

anatasn .... " - Is:$ ,

zin witn 02 - 0:2A 9

hitng. 1:4 - - 97: O.
lead whiting' I,,
(basic ! ...... I1.,4-.0o - ,0.-21 - 3.1

z carbonate)

Note. Covering power for painting over black strip.

is lowq
Titanium dioxide is used in a number of industrial branches."--" rutile

However, one of the principal users of commercial titanium dioxide= !Imprit

is the paint industry; which abhorbes no less than half Of the

total amount produced. consent
this I

As Table 56 indicates, the extensive use of titanium dioxide of the

in the paint industry results from the superiority of the basic to oxid

physlcotechnical properties of rutile and anatase over those of in most

other white pigments (25), its lack of toxic effects, its chemi- Thus, f

cal inertia, and its high resistance to atmospheric. 
chemical,

" FTD-.HC-
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Ph n t iand Photochemica) factors. A

We see from the data given in Table 56 that the covering

phere power of titanium dioxide is several times greater than those of

a - other white pigments; this mak.es it possible to economize greatly

How- on materials and labor. The high covering power is a result of

the high refraction coeificient and optimum particle size of ti-

he tanium dioxide.

anium The color of titanium dioxide is trongly influenced by var-

ious impurities, and this must be taken into account In its pro-
aures duction. Certain impurities are effective even at very small"_

canger ontents; this is not only benue of mechanical mixing, but also -

athe ue of the c-ystal-lattice distortion that they cause. Table ___MM

57 presents data on the influence of impurities on the color of

titanium dioxide [221.

TABLE 57f

influence of Impurities on the color of Titanium Dioxide

Smallest amount of
- - - !=.purity to produce

Oxide Color .'mparted ;visually discernible -.."
-. color, g/l Of TO ,, 2-

bownish-yellow . ~ 5Q
Xreylsh yellow ..... 7.10"eo vryish ellow .. 3.1o .

60A yellowish grey 3.-1 l-aary ............ 34-a
WV reylhbu ..... 710

As we see from Table 57, the whiteness of titanium dioxide

iches. is lowpred most sharply by the chromium impurity. Anatase and

dioxide rutlle have different sensitivities to contamination b. coloring

the impurities. Thus, while anatase remains white at a 0.009% Fe203

content, rutIle becomes yellowish even at a 0.003% content of

this imprity [311. -This is explained by the different responses
loxide of the crystal lattices of the two titanium dioxide modifications

Isic to oxides of impurity elements, which are isomorphout; with rutile

Sof in most cases and are incorporated into its crystal lattice.

iemi- Thus, for example, an Fe,,0 impurity gives rutile the yellowish

FTD-HC-23-352-69
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TABLE 58 coll
T e c h n i c a l S n a e P .t 1 n n q I ,r , P h .r , " e^ m -. a l P r o r. ..... o r ....

Pigment Titanium Dioxide in Anatase and Rutile Forms r-c

Property IStandard foz tpes Id sl

Whteneset arbitrary untc, no 
whLessthn(in range) .0 I"-'7I 16.0 N 9.0 24 a.. 941nITitanium dioxide content, %, i o fn o t I I I 2-I R u t i l e -f o r m £ o n t e n t , . ., . .. . . .n o t l o. ., o I . I w I I

-
i... . ! o r, e inea ! 96 I 46 I 

-. ".
.. .. .......-.. .. . 0.5 0 05 0.3 0.3 0.

Water-soluble salt content, , expc
not above 0,5 o's 0.3 .5 J 0.3 01 oxie
pH of water etract 6 1 .-8 0 .5-8 IS." I.-
Oil number, g o oil to 100 g of I
pigment, not above ot (.ae ,tle 'o 4 , drWhitening power, arbitrary units, darnot below aritar I=00 Is = InO som ing

--- -. - " ' O fortdry pigment, g/m2, not above 10 a 40 40 40 40

IResidue after wet screening on
No. 0045K screen, X, not above 45 0.1 0.6 G.S 0.** . treaContent of particles smaller withthan 1 um, %, not below 0.2 . t defir.ed

trea

with

must

cate

its

adva

t I VI
pain
oxid

and
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coloration characteristic for an isomorphous mixture, while it

fturns atiaase the characteristic light pink associated with fer-
ric oxide [22). The sensitivity of rutile to contamination by

ox es of iron and other coloring elements (chromium, copper,

vanadium, manganese, and others) also results in part from its

distinct (by comparison with anatase) phototropism - its ability

01 IR-u4 to turn dark and yellow In sunlight and recover its original

9.0 N.0 |whiteness in the dark [32, 333. Phototropism is observed only

4.0 '@ I in titanium dioxide specimens that are contaminated with oxides

I of coloring elements, and does not occur inDpure TiO2 , According
U t -_ t 1 e.tur. data [321, this effect is due -to a reverel b proc-

I Iez- in which scme of the oxygen is released from the TiO 2 (under

I .exposure to sunlight) and cunverts the impurity elements to higher

0.3 f.* oxides.

* -~ 4 I Titanium dioxide is currently being produced in both modifi-
U cations - anatase and rutile. In conformity to the approved stan-

o dard (GOST 9808-65), the Soviet induatry is producing the follow-

_ mIng grades of pigment dioxide: A-l, AV, and A-O in the anatase

rorm and R-l, R-O, and R-02 in the rutile form.

The firzt two types of anatase titanium dioxide are un-

O.N treated, while the third type is subjected to surface treatment

with al m ,,u and silicon compounds.

Grade R-1 rutile titanium dioxide is untreated, R-0l is

treated with aluminum and silicon compounds, a.d R-02 i- treated

with compounds of aluminum, silicon, and zinc.

The principal physicochemical properties of these grades

must conform-to the specifications and norms given in Table 58.

A comparison of the properties of rutile and anatase indi-

cates the superiority of rutile, which has been responsible for

its pieferential use by the pigment industry. Te nost important

advantage of rutile over anatase is its lower photochemical ac-

tivity. The current view [22) is that the chaiking and fading of

paints is due to their photochemical activity, which stimulates

oxidation of the surface layer of che coat under exposure to light

and moisture. For this reqson, rutile whtbes are mcre color-fast

69



than anatase White, when tne coatings av.cxposed to the atmos- (th

[ -- phere [25). Rutile is quite comparable with all types of ve- h

hicles. The effects of rutile whitings on the paint film are up
riTsuch weaker than thoGe of armtaue whi rtInS, and this red"ces 1
chalking (a process in which vehicle is released from the film TiO

tder exposure to light, chiefly in the ultraviolet) and peeling a nl

of the coat.

Alo:ig with its superiority over anatase as regards resistance a ma

to weathering, rutile also has disadvantages, including a definite enri

if slight yellowish tint in the coatings; this is due to its amoT

lesser ability to reflect light in the violet and blue parts of fol.

the spectrum [25). This is because of the previously noted more try

compact arrangement of the atoms in the crystal lattice of rutile weld

and its higher density and refractive index. This deficiency can

be eliminated by addition of tinting colors. va-

L -t h.a* been established that various tynee of seurface treat- the

ment applied to titanium dioxide - using white or colorless duct

oxides, silicates, silicones and other compounds, have selective ber

effects on specific properties of the pigment [34]. For example, weld

treatment with aluminum hydroxide and silicon improves the resis-

tance of the coatings to light and weather, treatment with sill- try

cones waterproofs the coatings and improves their resistance to in t

humidity, and so forth. The treated pigments are much easier to

disperse in the vehicle and rub free of 
lumps. In view of the oll

high hardness of rutile, this is of substantial importance in cove

reducing wear and increasing productivity in paint-grinding grap!
_mach .ne-s.atI

cat 1.
Amde fro tho paint industry, which is, as we noted above,

one of the principal users of titanium dioxide, it is also applId

in a number of other branches where its use offers substantial

advantages. Thus, titanium dioxide is used in the metallurgical

industry to produce titanium-contalning hard alloys. In the syn-

thetic-fiber industry, TiO2 is used to matte-finish artificial

silk. In the paper industry, titanium dioxide makes paper white

and opaque, thus permitting the manufacture of thinner and lighter
paprs.In he las ndt - "2 A, used to produce special,+.+,+napers'. In the la: .... ........ ' "2,

FTD-HC-2 3 352-69 FTD-
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atmos- (thermostable and ultraviolet-transparent) types of glass. The

fe- high dielectric constant of titanium dioxide (78 for anatase and

are up to 180 for rutile) makes possible Its use for the manufacture

cesof high-grade dielectrics for capacitors and radio apparatus [22].r TP 2 is also used in electric welding to coat welding wires and in

peeling a number of other engineering branches.

It is reported that the paint industry of the USA, which is

lesistance a major producer of ttaniun dioxide, used as much as 60% of the

definite entire output in 1960 [1J. The approximate figures for the

ts amounts of titanium dioxide used by other branches were as

ts of follows: paper industry 14%, rubber industry 5%, plastics indus-

Ld more try 6%, leather industry 2%, textile industry 3.5%, electric

f utile welding (welding-wire coating) 1.5%, others 8%.

Iency can The following distribution of titanium dioxide use among the

various fields of application was reported In West Germany for

e treat- the zame year [353: paint industry more than 40%, plastics pro-

ss duction 11%, paper industry 9%, pcrcelain 8%, textiles 7%, rub- _ _

leetive ber 6.5%, leather, synthetic fibers, and other materials 6%,

example, welding electrodes 3.5%, other fields of application about 9%. 1

e ress- A. in to ree iy published data [69, the paint Indus-

h sili- try remained the largest field of application for'titanium dioxide

nce to in the USA in 1965, consuming 55% of the total amount used in that

sler to country. In that year, titanium dioxide use was distributed as

f the follows among the other fields of application: paper 20.7%, floor
e in coverings (linoleum, etc.) 4.7%, rubber 4.2%, plastics 2.6%,

g graphic arts 2.1%, remainder divided among other fields of appl--

cation.
above;

Da~oli ed
tial

Agical

the syn-

cial
white

lighter

eci al
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Chapter ,,,,o

BASIC METHODS OF TITANIUM DIOXIDE PRODUCTION

The Sulfuric-Acid Method

A number of chemical methods have been pr'oposed for process-

ing titanium-containing raw materials into titanium dioxide. With-

out dwelling here on a description of these methods, which are

set forth In a number of literature sources [20, 36, 37, 67, and

others] and are not part of the subject matter of this book, we

note only that the most widespread wthod of TiO 2 production, and

the one on which the Industrial technology of this compound was

based almost excl mzvely unti qu ite recently both. in the 113SR

and abroad is the sulfuric aci d method. it car. be used to refine
ilmenite concentrates and the titanium slags obtained on reductive

electric-arc melting of these concentrates.

For comparative evaluation of the method in which titanium

dioxide is produced directly from TiC14 with the sulfuric-acid

method, let us briefly discuss the basic features of the latter

method.

The sulfu -ic-acid method is a complex multistage process.

However, the numerous technological operations "MgI. 143) can, in-

principle, be reduced to three basic stages: dressing of the raw

" ,material to produce titanium sulfate solutions and purification

of these solutions; hydrolysis of the solutions to produce titan-

= ium hydrates; roasting of the hydrates ti convert them to

" FTD-HC-23-352-69 PTD-Hi
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Yo the first atage of the process - the production of ti-
tanium sulfate solutions - the titanium-containing raw material sh4
(ilmenite concentrates, ."ags) are ground fine and treated, with
heating and vlt.goroiiS 6gttow.t "''" ~A ~
of the titanium and iron oxides results in formation of the sul- lea

Wfates of these elements in accordance with the, following thermo- fac

ahemical equations: eq

NO + HS4 . FeI + HO + 29.0 kcal. (2) CO1

LU .... A un n(2)ilTFeOa + 3HsOa - Fet (SOA + 3HO + .S kcal. (3) per

The exothermic heat of all of these reactions and the heat liber-
ated on addition of water to the concentrated sulfuric acid help
the acid break the raw material down. il1

Depending on their acidity, which is characterized by ihe g
acid factor,U1 ) the titanium sulfate solutions may vary in sta-
bility. The so-called unstable solutions become turbid and form tur

a sediment even on standing for a short time, while stable solu-
tions can be stored for a long time without undergoing changes.
Thus, for example, titanium sulfate solutions containing 120
/liter of Ti0 2 are unstable at acid factors below 1.7-1.8 and pro

stable when the factor exceeds 1.8-2.0 [22). iun

There are three known versions of the periodic process in raw
ve$1

which ilmenite is decomposed by sulfuric acid: liquid-phase, thi,

intermediate-phase, and solid-phase; they differ in the concen-

tration of the sulfuric acid used and the nature of the decomposi-
tion products formed (36).

edHowever, the solid-phase process is most commonly used in
-ME,4--.1-_ ni _ e since it ho ek_ the conlevtrae- nown m in
quickly and completely and produces solutions of higher basicity, for
thus promoting hydrolysis and making it easier to obtain a final b(

product of higher quality.
con(Concentrated sulfuric acid is used in this ilmenite-decom- thi(

posing process, so that the temperature of the reaction mixture coIN
leac

Footnote (i) is on page 740. Foot
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ti- may be raised quickly to 190-2200 C (it is possible to obtain a

rial sharp temperature rise by adding water or hydrolysis acid to the
with concentrated acid); this gives a fast process and a high degree

of concentrate decomposltion, of the order of 96-97% After

sul- leaching, the resulting titanium sulfate solutions have low acid

ermo- factors (around 1.8). Without dwelling on the technology and

ca*sodn icaur. r,,, 42 In' wc note tJht cnuo8us.IM..

(2) ilmenite-decomposition processes have been proposed along with
(3) periodic ones.

liber- One of these methods was developed in Canada by N. Solodukha

help (Continental Titanium Corporation). in the Solodukha process [40,
ilmenite is decomposed with 40-45% sulfuric acid produced by mix-

ing hydrolysis and fresh acids. The process is run at 2540C andthe

ta- tor. To prevent a crust from forming inside the reactor, the

form _i"il,rin-_noi,_ treatment Inz _e o.mnmie y vi roIm Mmn M..niMI-

Solu- tion.

es.

20 This method has advantages over the prevailing sulfuric-acid

and process. Since the acid can be dilute, acid formed in the titan-
ium sulfate hydrolyzing operation can be used to break down the

raw material. The continuity of the process lowers capital in-
in vestment and labor costs. As is noted in the literature [41], U
e' this opens the way to lowering the cost of titanium dioxide by

ncen- 25-30% as cou-pard with the existing sulfuric-acid pocess.composi-

The principle of another method (22, 39], which is illustrat-

ed schematically in Fig. 14, consists in decomposing the ilmenite
d in in a twin-screw mixer, to which it flows through a pipe in the

most(P
form of a controllable stream or ruming-acid suspension'- that has

sicity, been prepared in a water-cooled drum with a stirrer. Heat is

final liberated by diluting the fming acid with water to a 90% H2S o4
concentration, and this stimulates the decomposition reaction,

ecom- thickening the suspension. The melt obtained as a result of de-

xture composition solidifies in the worm, and is ground up and sent for

leaching.

Footnote (2) is on page 740.
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I

The titanium sulfate olu- solu

- on--- oide0 ;ions obtained after leaching of hani

,- ;ne melt also contain ferrous and the
ferric sulfates. To prevent pre- oO

cipitation oftrivalent Io pr
salts into the deposit together resu
with the etatitanic acld during 2 to

hydrolysis, they are reduced to hydro
the divalent form, and much of titai

Au+ I j ".W"-1_r 4- a--. -- WQh
LP P fr om the solution by crystalliza-

2eP ion. The trIvalanIt 4' --n......... .... acid,
st g in the solution Is reduced with

Ct"O V * iron filings or electrolytically comb
until the solution Is turned hydrc

Figuve 144. Diapra of con- violet by the trivalent titanium conf
tInuous decomposition of - ions that form (until it contains fatil

~~Mnte concentrate [22]. 1)fat

Titanium concentrate hopper; t'e equivalent of 2-3 g/liter of refit2) antimony oxide honn. - 2) .
batching worm; 4) antlonj thu ,Viole can appear
oxide batcher; 5) fuming only when all of the Iron has
sulfuric acid reservoir; 6) gone over to the divalent form. stemsubmerged puqp; 7) mdxer for w~
fuming sulfuric acid and Then the PeSO4 is removed from withconcentrate; 8) air lift; the solution by using the sharp c
9) batcher for mixture of
fuming sulturlc acid and drop In its solubility with tem-
concentrate, 10) water perature. The solution Is cooled, hydro
batche; 11 fuming sulfuric
acid batcher; 12) equipment e.g., to -20C (with a cooling stant
for continuous decomposition; brine) to freeze out green vitriol dried13) gas-trapping scrubber;
i) fan. FeSO4'TH20. At this temperature, water

20-22 g/liter of ferrous oxide re- forma
mains in the solution, but this is not enough to Interfere with about
subsequent hydrolysis. The titanium sulfate solutions obtained
after crystllization of the green vitriol, which contain the -Is
equivalent of about 140-150 g/liter of T102, are concentrated and

sent for hydrolysis. 
produ

To accelerate the operation and improve the quality (diaper- tratei
sion) of the resulting hydrates, hydrolysis is carried out by --boiling in the presence of seed crystals from titanium sulfate Pooth
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3olutions containing no less than 190-200 g/liter of TiO 2 and

h--ng acild Tactors greater than 2. Without dwelling here on

and the technological conditlon3 or hydrolysis [22) or the highly
.re- coplex mechanism of the process [42), we note only that this

operation, whose net equation is TiOSO4 + 2H20 - H2Ti0 3 + H2S04

r results in formation of a large amount (the equivalent of about
2 tons of the monohydrate to one ton of TIe2 ) of dilute, 20-22%

hydrolysis sulfuric acid c, ntaminated by ion sulfate, 1-2% of
titanil sulfate, and a fei percent of other sulfates; this is a

waste Product for whose reevallng moxt n1At it e e "revif ) .i .

za- From the standpoint of utilizing the hydrolysis sulfuric

en Ai, 4 , ---- -- - a @IA41V8

h lum-containing materials in a vertical fluidized-bed furnace,
ly combining breakdown of the raw material with concentration of the

hydrolysis acid by evaporatlon.( 3 ) This would permit breaking the
concentrates down in a continuous process and produce the nul-

ins fatization product in granular form, thus making its subsequent

or refinement easier.

One possible way to utilize the hydrolysis acid might be

steaming down in a Nordak-type apparatus to 55% concentration

with subsequent utilization of the product in superphosphate pro-

duction.

M_ Up to 95-96% of the V_ goes into the precipitate during

led, hydrolysis, and the metatitanic acid that Is formed sorbeas a sub-

stantial amount of SO3 . The metatitanic acid is then washed,

riol dried, and roasted, which results in elimination first of the

re, water (at 200-300 0C) and then of the 503 (at 500-800*C), with

re- formation of the neutral (pH w 7) product, titanium dioxide, at

h about 850-900 0 C.

The byproduct of the process - ferrous sulfate heptahydrate

- is roasted to produce the monohydrate Ve30 N 20 and ground.
and The approximate amounts of the base materials uased in the

production of one ton of tittnum dioxide from iluenite concen-

or- trates by the sulfuric-acid process are as follows [22J, in tons:

Footnote (3) is on page 740.
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Ilmenite concentrate (containing 42% T02 .... 3-1 Sphene is

Sulfuric acid (monohydrate) .n......... boilin 
Iron filings ......... .................... 24 goe inlo

crd sulhfriAs w. noted above, t'andu,, Slags produced by ore-reduction s de....
a ameliang or ilmenite concentrates may also serve as a source for

Tio this raisc
TiO 2 production. Slags are used, for example, at the rather large the result
Canadian plant (20, tons of ttanalu dioxide per year) recently mnt (fine

z placed in operation near Sorel in Quebec [5. Rskin et

Data Available in the literature permit a comparative tech- crease the

" nical evaluation of the processes in which the dioxide is pro- of normal
duced from titanium slegs and ilmenite concentrates [443. When cated by s
titanium dioxide is produced from slags by the sulfuri.-acid mately 2.5

I . method, the solutions obtained after leaching out the titanium Proce
sulfate, which contain about 190 g/liter of TiO 2 with low Iron ally feasi

I o, contents, are more easily hydrolyzed than in the case of ilmenite-O" . u ti li z.a t i o

W : concentrate processing. The resulting hydrolysis acid contains a number oonly about 9 a/lit^l' nf W;. wh!-h mmLew.- it c.-icr to rcgnrat .- -processing
Moreover, in addition to the high-titanium slags (80-85% TO 2),4-23
it has been found possible to.convert 42-55% (TiO2 equivalent) lhat w
slags into titanium dioxide. This opens the way to the use of and adapts
slags obtained by electrosmeiting of titanomagnetites - a highly

important prospect, since the USSR has large reserves of ores of while of s
this type, complex p rocessing of which should permit extractionWC use becaus
of Iron, titafium, and other valuable components from them simul- processing
taneously.

In addition to ilmenite, the USSR also has a number of other 
Among

I ffo-,trates areforms of titnium-containing ores, chiefly composite types, that thd A
might become important sources for titanium dioxide production. exiccing ij
Thes ,enaaia .d iari-lrvkie2dz'la h e from ilmen.'
serves of which are very large. However, the conditions of dress- from ilaeb:
ing of perovslcite and sphene concentrates with sulfuric acid dif- fl or th4
fer substantially from those for ilmenite or slags, since the
process generates a large amount of sludge in ihe form of calcium> 'amounts of
sulfate or a mixture of this sulfate with silica:

hydrate fo
C .TIM + -O TOSO+CaSO4 + HO. (4') hydrolysis

COO TAOS+ 20,-TIOSO,+ CasO, + 54+2V. (5)
ii' '~ PTD-HC-23-
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Sphene is broken down comparatively easily with sulfuric acid [463.!3.1
On boiling for 12-16 hours in 50% H2SO4, up to 90% of the TiO 2

•04. goes into solution, and as much as 95% is dissolved in concentrat-

ed sulfuric acid, Perovkite is much harder to break down, and

l-duction it, decompositlon requires excesses of sulfuric acid; however,

irce for this raises the acidity of the titenium sulfate solutions, with
Iher large the result that thew beom -nutle for the production of pig-

recently ment (finely dispersed) grades of titanium dioxide [22). I.V.

Riskin et al. established conditions that make it possible to in-

e tech- crease the degree of decomposition of perovskite with solutions

pro- of norm'Al acidity, but conduct of the process is greatly compli-

When cated )y sludge, which is formed in large quantities - approxi-

eld m-ately 2.5-3 tons per ton of TiO 2 [22).

anium Processing of these raw-material types can be made economic-

iron ally feasible only with a technology that provides for complex

Ilmenite- utilization of all valuable components. The literature describes
ntains a number of basic Droces floiw cha--- that ha- ban poX pOc !or

SI
n

It1I
a = "  processing these types of titanium-containing raw materials (44,

TiO2), 47-52). Without dwelling here on these processes, we note only

lent) that few of them hnve been elaborated to the industrial-testing

se of and adaptation stages. And, until recently, othelr forms of ore

highly material, such as rutile- and leucoxene-containing concentrates,

ores os while of substantial practical interest, have not yet been put to

action use because of the diffLiculty of preparing them for aulfuric-acid
m simul- processing.

Among the ore raw materials, therefore, the ilmenite concen-
of other trates are now most suitable for processing by the sulfuric-acid

s, that method. At the same time, it follows from the above that the
:tion. existinm_ industrial p o eetL% in Which tit-2-iU MN dixl da is Obtalfed

ra" from ilmenite by sulfuric-acid treatment has a numbe' of impor-
f dress- tant drawbacks, principal among which are the compl.x multistage

c., dif- flow of the process and the large amount of sulfuvic acid consumed,

the much of which goes unproductively into the formation of large
alcium amounts of wastes - iron sulfate (more than 3 tons of the hepta-

hydrate for each ton of TiO2) and dilute (20-22%) and contaminated

(4) hydrolysis sulfuric acid.

(5)
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It Is also necessary to note that the development of large- compC

C4 X----d" --

scale industrial titanium dioxide productionn by the s,,lfuric â   AU Sold
process requires major capital investfients in additional sulfuric-sou

aed Production .....city. hydro

that
Thus, along with improvement of the existing sulfuric-acid qi

process for titanium dioxide production from ilmenite concentrates vr

or titanium sla- , seri.... at tention must be given to new and... .. .. turbi
advanced technologies, most important among which are method for in
direct production of this compound from titanium tetrachloride. to

Production of the Dioxide from Titanium Tetrachloride

The following basic processes are possibil-Ittes for produc- .qtant_

tion or titanium dioxide from TICl 4: Ing i

1. Hydrolysis of titanium tetrachloride in aqueous solutions. perat

2. Hydrolysis of titanium tetrachloride In steam (vapor- 
reach

iphase proess). equiv

i3. Reectton of titanium tetrachloride with oxygen or anown

I ~oxygsen-containing gas (the "combustion" process). zt

SMethods other than the above have also been proposed. For chlor

example, one of then suggests that the use of water, steam, or plain:

oxygen-containing gas be eliminated and that the titanium dioxide from

be obtained by reacting titanium tetrachloride with sulfates by

the reactions in pri

TK %+ MNWO - T* + 4*a( + ZOe  (6) lute I

or water

However, neither the degree of titanium tetrachloride utilization the r

nor the quality of the titanium dioxide product obtained in these smallf

processes has been satisfactory. local

Prdgt!n of Titanti= Dioxide by Hydrolysis of Titanium Tetra- 
tie,

chloride in. ALueous Solutions f h

The chemical mechanism of titanium tetrachloride hydrolysis 
lentI

In aqueous solutions makes it a .ihly complex process, in which,

depending on conditions and the completeness of the reactions, lysis

titanium oxychlorides and hydroxychlorides of variable sever

PTD-HC-23-352-69 FDH
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large- composition may be formed [42, 53-56]. To produce titanium dio-

*uric acid xide by this method, it is first necessary to prepare aqueous

I sulfurie- solutions of the titanium ehloride, wnich are then subjected to
hydrolysis. in preparing these solutions, it must be remembered

c-acid that on dissolving in water, titanium tetrachloride is converted

centrates quickly to chloroxides and hydroxides with more or less water of

hydration, and that these compounds make the solution initially
hod a or turbid. However, then can be redissolved by introducing addi-
;hod for tional amounts of anhydrous titanium tetrachloride inta the solu-
Loride. tion ['L2].

Research has shown that precipitation is promoted by a sub-

produc- stantial tempat-'e inc--c ' during 1sydration. Tnus, if no cool-

ing is provided during solution of the TiC 14, the solution tem-

olutions. perature rises above 1000 C until the titanium concentration has
kpor- reached the equivalent of 130 g/liter of the dioxide and the

equivalent of 250 g/liter of hydrochloric acid.

As dissolution continues, solution temperature decreases

owing to the evolution of hydrogen chloride, whose heat of vapor-

ization exceeds the heat of solution of anhydrous titanium tetra-
. For chloride. Partial elimination of the hydrogen chloride also ex-

, or plains why the molar ratio Ti:Cl in the solution usually differs

dioxide from theory.
tes by

The literature [42] notes that better results are obtained

in preparation of the aqueous titanium chloride solutions if di-
(6) lute hydrochloric acid is used as the primary sulvent instead of

water. In this case, the hydrogen chloride begins to evolve at
a lower temperature as the titanium tetrachloride dissolves, with

lization the result that overheating of the solution is not as severe and

in these smaller amounts of hydrated deposits settle out. To eliminate

local hot spots during prepaxation of the titanium chloride solu-

Tetra- tion, it is necessary to agitate vigorously. The concentration

of the resulting clear titanium chloride solutions is the equiva-

olysis lent of about 350 g of TiO 2 per liter.

which, The principal production operation in this process - hydro-

ons, lysis of the aqueous titanium chlorlde solutions -proceeds in
several stages, as in the case of titanium sulfates, and is

FTD-HC-23-352-69
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chemically quite complex. Polytitanium hydrates and oxides with

various space lattices, which sometimes aontain chlorine residues atiln

in the molecule, form during hydrolysis. This hypothesis is chloi

.N.rmd, or example, by the fact that when TICi dissolves in hydr(

water, the viscosity of the solutions rises sharply in a manner

not consistent with the actual solubility (42). has r

Hydrolysis can be carried out in two ways - in the presence prop,

of* seed crystals or by dilution of the concentrated solutions. In $It

In the former method, seed crystals are started in a small 
in i

portion of the titanium chloride solution after lowering its

acidity to pH = 2-3 by neutralization or dilution, and then the nism

rest of the Oolution is added; hydrolysis proceeds quite rapidly quite

on heating. In the latter method (without use of the seed crys- posl

ls); hyd i nitiated by Introducing the concente.d.. inIO

titanium chloride solution into hot water, followed by boiling. titr

In the final analysis, hydrolysis results in formation of 
dioxi

metatitanic acid, which is then roasted to obtain titanium 
dio- Ya.Yiture

xide. 
trxtde.of t!

Titanium dioxide produced by hydrolysis 
of titanium tetra- 

ide,

chloride from aqueous solutions is of high purity If a purified

starting material is sed. Production of pigment dioxide by this 
tanie

process requires less purity ol the TIC14 tha oer methodsthes

(paraphase* or combustlon in oxygen-containing by tl

gas), since most of the harmful impurities remain in the is it

hydrolysis hydrochloric acid solutions. However, it must be re- ally

membered that liquid-phase hydrolysis of titanium tetrachloride tempt

is greatly complicated by partial suspension of the precipitated

hydrate; it is quite difficult to wash the chlorine out of this

suspension and filter it. Moreover, the titanium dioxide pro- 
to W1

duced by this method hAs cowparatively poor pigment properties, 
gas,

It has been reported [22] that the pigment properties 
of the pro- graii

duct can be Improved by hydrolyzing titanium chloride 
solutions To pi

to which sulfuric acid or sodium sulfate has been 
added (in comp(

-Counts representing 20-30% of the TiO2 ) and by roasting 
the pro- size

duct with potassium or sodium carbonate. high

*Trtnslafors Note: This may also possibly mean vapor phase. 
aturi

FTD-HC-23-352- 6 9 FTD-)
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des with In addition to the above, it must be borne in mind in evalu-
residues atig daqueous-solution hydrolytic decomposition of titanium tetra-

.chlori.de that i .nvolves waste in the form of dilute hydrolysis

olve i- hydrochloric acid.I UM
manner Hydrolysis of titanium tetrachloride in aqueous solutions -

has not come into practical use; it may be found useful only for
preence proparetion of titanium dioxide of high purity on a small scale.

Production of the Dioxide by HYdrolysts of Titanium Tetrachloride _

in Steam (Vapor-Phase Method)
z small

its Like that of aqueous-solution hydrolysis, the chemical mecha-
.cn the nism of titanium tetrachloride hiydrolys s in the vapor phase is

rapidly quite complex. According to literature data, hydrolytic decom- I
d crys- position of TiCl4 begins i.mmedatel ..-.- its vapor i brought
rated into contact with steam; oxy- and hydroxychlorides of tetravalent

iling. titanium form first and are subsequently converted to titanium

dixcida as the Lemperature rises [57, 5B]. L.N. Shchegrov and

m dio- Ya.Ye Vil'nyanskiy [59, 60) showed that in the 125-4500C tempera-
ture range, vapor-phase hydrolysis of TICl4 results in formation

of titanium oxychlorldes and hydroxychlorides and also the diox-
tetra- ide, the content of which in the products increases with rising
rified hydrolysis temperature. Complete hydrolytic decomposition of ti-by this

tanium tetrachloride occurs at temperatures above 5000 C. Under

these conditions, however, the titanium dioxide initially formed
by the reaction between the titanium tetrachioride and the steam

is in the anatase rather than the rutile form; this form is grad-be re-

loride ally converted to rutile only on holding in the reaction space at

pitated temperatures of 900
0 C or higher.

..t... in addition to temperature and the steam excess, the degree

pro- to which the titanium tetrachloride vapor is diluted with neutral

rties. gas, such as nitrogen, is a factor with a strong influence on the

the pro- grain size of titanium dioxide produced by the vapor-phase method.

utions To produce pigment titanium dioxide of the required granulometric

in composition (with a majority of the grains in the approximate

the pro- size range from 0.2 to 0.3 Vm), it is recommended that rather

high dilutions (e.g., 5-6-fold) be employed. However, the liter-

se. ature indicates that it is not possible even then to prevent the
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formation of a certain amount of coarse-grained product (up to tetrac

10%) that is unsuitable for use as a pigment; this material is cubic
mix iz

a waste product of the process.
chlori

The patent literature indicates the possibility of using to a t

various technologies to produce pigment titanium dioxide by vapor- tion o

phase hydrolysis of TiC,14. These processes can be reduced to the The hy

following three basic variants on the basis of their temperature ber.

conditions:

a) a low-temperature process, in which the Til 4 is hydro- port t

lyzed and the reaction products are subsequently held at compara- none o

tively low temperatures (of the order of 300-40°0) most s

b) a combined, or two-stage, process in which the TiCl 4 is roasti

hydrolyzed at a temperature below the holding temperture of the from s

product, e.g., 4000C (the holding temperature is at least 900- T

10000c); the ch

c) a high-temperature process in which the TiCI, is hydro- i.,m te

lyzed and the products are held at the same comparatively high two-st

temperature (not below 9000 C). withou

A number of patents have been issued for processes in which cannot

titanium tetrachloride is vapor-phase hydrolyzed at low tempera- HCI an
tures.( 4) We present the following process flow to illustrate the this d

low-temperature hydrolysis. In whi
" oxychl,

Two streams of air bubbled through separate liquid containers

become saturated with vapor: one with titanium tetrachloride (at A

1200C) and the other with water vapor (at 80
0 C). The volume two-st

proportions of TiCl and H20 in the vapor-air mixture are about recomm
chlori

1:1. The two vapor-gas mixtures are heated separately to the sltsi

process temperature (4000C) before they are fed into the reaction salts,

space in order to prevent undesirable reactions; they flow simul- ample,

taneously into a vertical cylindrical vessel -- the hydrolyzer, with 2

which has been heated externally to the same temperature. One form a
~from 3

liter of the mixture of air with water vapor (0.5 liters of H20 for 3

vapor) and 0.1 liter of the mixture of air with titanium

Footnote (4) is on page 740. Footno
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tetrachloride vapor (0.05 liter of TiCl. vapor) are supplied per
!up to
I- cubic decimeter of reaction slpte per minute. The two streams. is" "

mix in the reaction zone, form titanium dioxide and hydrogen

chloride, anz! descend into a dust chamber, which has been heated
sing to a temperature from 200 to 400 0C in order to prevent condensa-

by vapor- tion or adsorption of HCl on the precipitated TiO 2 particles.

d to the The hydrogen chloride recovered after it Lves the dust chain-
erature ber.

The originators of the low-temperature vapor-hydrolysis re-

nydro- port that the resulting titanium dioxide contains practically

compara- none of the oxy- and hydroxychlorides. and that the yield is al-
most stoichiometric; the product does not require supplementary

C14 is roasting, and its covering power equals that of pigment prcduced

of the from sulfate solution and calcined at 9000C.
t 900- This claim stands in contradiction to the above remarks on

the chemical mechanism of the hydrolytic decomposition of titan-

hydro- ium tetrachlorid and to statements made by the authors of the
high two-stage version, who report that the products obtained at 400°C

without high-temperature calcining have the anatase structure and

n which cannot be used directiy as a pigment because they contain 2-3%empera- HC1 and undecomposed titanium oxychloride. It is reported that

rate the this disadvantage can be avoided by using the two-stage process,

in which the product can be purified of bnth HCl and titanium

oxychloride by high-temperature holding.
ontainers

ide (at A number of practical variants have been proposed for the

ume two-stage process. For example, the authors of certain patents
(5 )

about recommend that titanium dioxide be produced by reacting the tetra-

the chloride withsteam in the presence of inert solid water-soluble

reaction salts, such as alkali-metal chlorides or sulfates. Thus, for ex-

w simul- ample, 100 parts (by mass) of titanium tetrachloride are mixed

.yer, with 200 parts (by mass) of f1ely divided potassium sulfate to

One form a thick plastic mass. This mass is heated to a temperature

of H20 from 300 to 400 0C, at which a current of steam is passed over it

for 1 hour. The temperature is then brought up to 800-9000 C and

Footnote (5) is on page 740.
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that

htLd for 15 to 30 minutes, after which the mass i:. cooled to ronm wtht
temzerature and leached out with water to remove the potassium with

sultate. The titanium dioxide left in the residue is washed,

dried, and ground.

The two-stage process for steam hydrolysis of titanium tetra- ratic
chloride in the presence of inert water-soluble salts is more tainl
ctubersome and complex than the twc-stage process in which these
salts are not used. One recent American proposal(6) for such a vapox
two-stage process calls for running it sequentially in tVo reac- hyd.-c
tion zones. In the first, low-temperature (343 0C) zone, the ti- throt
tanium tetrachloride reacts with oxygen and hydrogen-:containing hydrc
gases, with titanium dioxide and hydrogen chloride as the hydroly-

ais products. In the second zone, whose temperature must be above mar650C, most of the titanium tetrachloride reacts with an oxygen- ire
containing gas in the presence of the dioxide produced by hydro-
lytic decomposition of TiC14 in the first zone. proc

s tror
Fully satisfactory results would appear to be unlikely in ber,

the two-stage variant, especially when inert water-soluble salts ride
are used. The product obtained from the two-stage process is not
completely free of HCi (containing 0.2-0.4% of this acid). More-
over, the titanium oxychloride formed during the low-temperature up th

stage of the process gives a coarse-grained product when it de- howe
composes during high-temperature holding; acquisition of high- the

grade titanium dioxide by the secondary reaction of the chloroxide produ

with water vapor is also difficult. As a result, such titanium into

dioxide is unsuitable for use as a high-grade pigment. tainl

this
The most satisfactory results are obtained in the high-tem- scribperature variart of steam hydrolysis of titanium tetrachloride, titar

in which the process is run at temperatures in excess of 900 0C. Prodt
The literature indicates that hydrolysis proceeds rapidly under in
these conditions, yielding finely divided titanium dioxide in the
rutile modification with satisfactory pigment properties,

ietr4
To make it easier to supply the reaction equipment with the titan

heat needed for high-temperature hydrolysis, it is recommended

Footnote (6) ib on page 740. Foot
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that the titanium tetrachloride be reacted not with steam, but
with an oxyhydrogen mixture:

TA + 2H, + O, - Tio + 4Ha. (8)

It has been reported [61] that when a 2:1 hydrogen-to-air

tetra- ratio is used, it is possible to obtain a high-grade product con-

e taining 99.72% TiO2 in particle sizes from 0.2 to 0.4 um.

hese Rather high process productivity must be ensured in the
a vapor-phase hydrolysis of titanium tetrachloride, since large

ac- hydrolyzers are required when the vapor-gas mixture moves slowly

ti- through the reaction space; this complicates heating of the
ing hydrolyzers and requires more production floorspace.

droly- Proposals have therefore been submitted with the object of

above

er.- increasing the productivity of the vapor-phase titanium-dioxide

dro- production process by improving the design of the production

process. Special attention has been given to the provision of

strong circulation of the vapor-gas mixture in the reaction cham-
in ber, 7 ) since this helps raise the rate of the titanium-tetrachlo-

alts ride hydrolysis.

s not

More- There is no doubt that other ways will also be found to step

ture up the vapor hydrolysis of titanium tetrachloride. Even then,

de- however, we ahall be left with a highly important disadvantage of

the vapor-phase method: the impossibility of devising a closed

roxide production cycle for the chlorine in which it is returned directly

into the process for chlorination of the starting titanium-con-
taining raw material to produce titanium tetrachloride. Prom

this standpoint, substantial interest attaches to the method de-
tem- scribed below for the production of titanium dioxide by "burning"

de, titanium tetrchloride in an oxygen-containing gas.

OC.
Production of the Dioxide by Reactirx Titanium Tetrachloride with

der an OxYaen- ontan na Uas (the "Combustion" Method)
n the

When oxygen or an oxygen-containing gas reacts with titanium

teteachloride, the products include gaseous chlorine as well as
the titanium dioxide. The chlorine can be recycled, either directly

ed

Footnote (7) is on page 740.
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It
or after regeneration from the diluted gas mixture, for chlorina- with bo

tion of the titanium-containing raw material. This is why the

"combustion" of titanium tetrachloride has attracted so much at-

tention, As we mentioned above, pilot plants and full-scale plants It

have recently been built in a number of developed industrial coun- these r

tries for production of titanium dioxide by this method. tion ad
tures 0

However, despite the strong practical interest in producing 
tempo
tempera

titanium dioxide by reacting titanium tetrachloride with oxygen,
no information on the problem appeared in the technical litera- Th

ture until quite recently, and patent applications were the only titaniu

source of data on the process. of an a

It has been established by tensimetric analysis [62] that It was
tempera

the reaction of titanium tetrachloride with oxygen is described
tanium

quite accurately by the equation the pro
TM v"+O6- T% + S10. (9) To

This conclusion is in full agreement with the data of L.N the rut

Shohegpov [63), who showed that no titanium oxychlordes are tetrach

formed in the -eaction of titanium tetrachloridu vapor with dried for one

oxygen and that the products of this reaction are titanium diox- of the

ide and molecular chlorine. case.

It was established by thermodynamic analysis of the reaction assumes
In [62] that the temperature curve of the 1sobaric.potential of . Sil

the "combustion" of titanium tetrachloride corresponds in the of Scie

case of titanium dioxide of the rutile structure to the equation chlorid

(10) ly preh

and in the case of the anatue dioxide to the equation the cofture of

S-3- 2,1T I l T -- 0 .'r1 T+2 r. ( 11 ) of titai

Below we give values of -AZ0 for the two titanium dioxide moditfi- the titi

cations at various temperatures. sive it4
~this tij

tow., 0C rutile anataee tamp., C* riutle aatase All

,,.41219 '17M ISIS..........3u M can be
. ......... IM, 2,,, 1. ....... 3,,.101 acting

M .... I.. ... WM 230 lIne ..... . 3" IG141
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It follows from these AZ
0 that formation of titanium dioxido

ha- with both the rutile and anatase structures is thermodynamically

possible when titanium tetrachloride 
reacts with oxygen.

larts It was shown in £623 that no titanium dioxide is formed when

ofteore f700 ,an t at nresswthrsnoun- these reactants interact at t,!mperat
ures below 700 0C. The reac-

tion advances at an appreciable 
rate only beginning at tempera-

tures of the order of 700*C , and its rate increases with rising

Xng temperature (especially sharply around 10004C).

,I, The structure and granularity 
of Ti02 obtained by burning

'ly titanium tetrachloride in oxygen 
has been studied with the aid 

of

of an automatic-recording x-ray unit 
and an electron microscope,

It was established that when 
titanium tetrachloride is burned 

at

ed temperatures below 10000C, 
the product is the anatase 

form of ti-

tanium dioxide. The rutile content in the product 
increases as

the process temperature is raised 
above 10000C.

(9) To ascertain the eonditions for conversion of the anatase to

N the rutile form in titanium dioxide produced by burning titanium

tetrachloride, anatase that 
had been formed at 700

°C was heated

Iried for one hour at 1000 and 11006C. It was found that a small amount

ox- of the anatase form still remined in the product in the former

case. In the latter case (110060C), 
all of the titanium dioxide

~ti on assumes the rutile form, but 
the grains are coarsened considerably.

of Since 1959, the Instivute of 
Metallrgy of the UB3S Academy

of Sciences has also been 
studying the reaction of titanium tetra-

ion chloride with oxygen t64]. The studies were made in an external-

(10) ly preheated quartz laboratory reactor of small capacity. When

the combustion process was 
run at 11500C, the product 

was a mix-

ture of the rutile (50-60%) 
and anotese (40-50%) modifications

(11) of titanium dioxide. It was estavished that the time 
spent by

dfif- the titanium dioxide in the 
hot zone of the reactor is of dec-

sive imortance in determning 
grain sii** it is recommended 

that

this time be limited at 
all costs to 15-20 sec.

Although, as we noted above, 
titanium tetrachloride vapor

can be converted quicklY 
and completely into the dioxide 

by re-

acting it with oxygen or air at high temperature, major technical

FTD-HC-23-35
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difficulties are encountered in attempts to produce material that

meets the requirements of the pigment industry. sion,
as ri

The basic difficulties that mrst be overcome to ensure a for

normally functioning process include: sign

a) obstruction of the pipes by the solid product as it forms;
this interferes with smooth delivery of the reactants into the

reacl
unit and continuity in the titanium-dioxide production process; sist.

b) deposition of titanium dioxide in the reaction chamber in dric,

substantial thicknesses and its stubborn adhesion to the walls of has

the apparatus. Such deposits upset the gas dynamics of the process and

and are detrimental to the quality of the product; they also cause thatImajor difficulties in supplying heat to the reaction zone (when the

the unit is externally heated); rest

c) the need to supply enough heat to the reaction zone to elect

"oxidize" the titanium tetrachloride at a high rate; burnt
tWO,

d) the complex task of selecting structural materials for 
fo,
form

industrial apparatus that are chemically stable at the high tem- of tf
peratures and in the aggressive media (titanium tetrachloride, posh

chlorine) that are used; (Fig,

e) the need to eliminate or control recrystallization and

grain growth of the titanium dioxide particles. innel

Below we examine a number of methods that have been proposed comb,

for production of titanium dioxide by combustion of TiC1 4 . tubei

Although the reaction between titanium tetrachloride and

oxygen is exothermic, the heat released is not enough to keep titas

the reaction going spontaneously. For normal combustion of the ber,

titanium tetrachloride, therefore, it is necessary to supply a that

certain amount of heat - depending on scale - to the reaction this

apparatus from the outside [65). As the literature notes, this

can be done in any of the following three ways (or a combination

thereof): external heating of the apparatus; preheating of the thot' thai
reactants to the necessary temperature before they are introduced, gist

into the reaction space; introduction of a combustible gas or

vapor into the vapor-gas mixture. Foot
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iterial that A number of patents have been issued for each of these ver-
sions. Dispite the fact that some of them differ considerably

as regards the form of the process equipment, many of the patents
nsure a for titanium-tetrachloride combustion propose reactors whose de-

signs are essentially similar.
ab It forms-, A schematic diagram of one of these
into the reactors appears in Fig. 145. It con-

process.'; sists of a vertically posit'ned cylin- ._(- Q)-
chamber in drical reaction chamber (tube) 2, which

he walls of has a tapered bottom 4 for collection

the process and unloading of the titanium dioxide

y also cause that settles and an exit orifice 3 for

one (when the dust-gas mixture, from which the 0

rest of the Ti 2 is separated (on an

zone to electrostatic or sleeve filter). The

burner (nozzle) 1, which may consist of Figure 145. Diagram

two, three, or concentric tubes that of reactor for burn-
ials for form annular passages for introduction ing titanium tetra-
high tem- chloride in an oxy-

of the reagents Into the chamber, is gen-containing gas.positioned at the top of the reactor

(Fig. 145 shows a horizontal section through these tubes).
tion and The titanium tetrachloride is usually irtroduced through the

inner passage, and the oxygen and auxiliary gases (neutral or
en proposed combustible) through the passages between the inner and out(

C14 " tubes.

ide and With external heating of the unit, it is proposed that the
to keep titanium tetrachloride be burned after heating the reaction cham,
on of the ber, usually to temperatures from 800 to 11000 C. It is reported
supply a that fine-grained pigment titanium dioxide can be obtained in

action this way.tes, this(8
ombination Thus, according to one of the patents8) with this orienta-
g of the tion, nitrogen is run into a container with titanium tetrachloride
gon tued that has been heated to 1200 C, forming a vapor-gas mixture con-
gas or sisting of approximately equal parts of the two components. This

Footnote (8) is on page 740.
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mixture and preheated air are passed simultaneously through a AS

vertical reaction tube that has been heated externally to 11000C. a paratu

The process is regulated so that the reactor will be supplied some covi

with 1500 ml per cubic decimeter per minute of a vapor-gas mix- gen, etc

ture containing 5O0 ril of TiC 14 vapor to 1000 ml of air. reactant
ing is r

As they pas. Uwn through the reaction tube, the injected 
gas n

reagents interact with one another, forming titanium dioxide and g 11 t
!• fully to

chlorine. The titanium-dioxide product is used as a pigment haust ga

without subsequent processing. etrachl

The patent literature contains references to the possibility nozzle.

of producing pigment titanium dioxide by reacting titanium tetra- For

chloride with oxygen or air in other temperature ranges as well. in a ,isc

Thus, patent(9 ) refers to the possibility of obtaining titan- sult Is

ium dioxide that reets pigment-industry specifications by heating carried

a mixture of TiCih vapor and oxygen at temperatures from 400 to of appra

800oc. Patent(l) also recommends that the process be carried out 4he

in about the same temperature range. Before injection into the

reactor, the reagents are preheated so that the reaction-chamber4 lower.
temperature will be 400-925C when they are mixed. 

loer.

the comt
The reagents are introduced in two parallel stream through combinir

concentric passages; the titanium chloride enters through a ien- fered tc
tral passage 1-10 mm shorter than the outside passag. The ratio apparatu

of the oxygen and titanium tetrAchloride stream velocities should the inne

be about 0.15:1. and the

In another patent
(

,
1 ) the titanium tetrachloride and oxygen, 149). (

which have first-been heated separately to temperatures from 1000 logical

to 11000C are admitted into a roaction chamber whose temperature 
with 1.1

is hold at the 750°0 level by use of an external cooling jacket. through

The TiC14-oxygen ratio recommended is 1:4. A combustion torch ing to 3

form during the process where the preheated reagents emerge, through

and the titanium-dioxide smoke is released at the opposite end 
volume ,C

of the reaction apparatus. that the

conditic

ium dio)

Footnotes (9), (10) and (11) are on page 740. Footnote
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a As we noted previously, heat c,. supplied to the reaction
0oC. apparatus not only by external heating, but also by including

d some combustible gas (carbon monoxide, illuminating gas, hydro-

X- gen, etc.) in the vapor-gas reaction mixture. In this case, the

reactant-preheating temperature is lowered sharply or no nreheat-

ing is required at all. However, the amount of the combustible

and gas injected into the reaction mixture must be monitored care-

fully to prevent overdilution of the chlorine present in the ex-

haust gases. When combustible gases are injected, the titanium

tetrachloride usually "burns" in a torch at tne exit from the

ility nozzle.
etra-
ell.- For example, titanium tetrachloride can be burned directly

in a mixture of air with purified illuminating gas.(12) The re-

itan- sult is formation of a finely dispersed titanium dioxide that is

ating carried away with the gas stream and separated from it by means

to of appropriate filtering materials or electrostatic filters.

d out
the When carbon monoxide is used as the combustible gas, the re-

aer quired reactant-preheat temperature can be reduced to 3000C or
lower. According to patent(1 3, ) all reaction components, including

the combustible gas, are introduced through a nozzle formed by
ough combining three concentric tubes, the outermost of which is cham-

cen- fered toward the nozzle axis at the end that extends into the

ratio apparatus. The reagent mixture (TiCl14 and oxygen) is fed through

hould the inner tube, the combustible gas through tle intermediate tube,

and the oxygen-containing gas through the outer tube (see Fig.

ygen, 149). Good results have been reported for the following techno-

1000 logical regime. A mixture of 1 part by volume of TiCl4 vapor

ture with 1.3 parts by volume of oxygen is admitted to the reactor

ket. through the central tube at an exit velocity of 20 m/s after heat-

ch ing to 120 0 C. One part by volume of coabon monoxide is admitted

through the intermediate tube at a speed of 4 m/s, and 0.5 part by

nd volume of oxygen through the outer tube at 5 m/s. It is reported

that the flame forms at about 1 cm from the nozzle under these

conditions and that the reaction produces finely dispersed titan-

ium dioxide; the yield is of the order of 999.

Footnotes (12) and (13) are on page 741.
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There are also other proposals for production of the dioxide temp
by burning T iC4 in the flame of a combustible gas;(14)In some of'ethem, water vapor or hydrogen, which combines with oxygen to form

water, is introduced into the reaction mixture.(15 ) The compo- high
nents of the vapor-gas reaction mixture also enter the reactor betwi
through three concentric tubes, as follows: titanium tetrachloride abou
vapor through the inner tube, combustible gases through the middle tech
tube, and oxygen with the water-vapor additive (0.005% by volume)
through the outer tube. A mixture of equal volumes of carbon centf

monoxide and hydrogen is used as the combustible gas. According a fiE
to the patents, the titanium dioxide is formed as a finely dis- out t
persed product.

An American patent(16 ) recommends introducing the oxygen into presc

the reactor in two streams - through a separate nozzle passage and of hy
in combination with titanium tetrachloride - to obtain high dis- the
persion of the titanium dioxide product. The total amount of oxy- but r
gen must be enough to convert all of the TiC1 4 to the dioxide and sign
burn all of the carbon monoxide. It is recommended that the lat- sion

ter be taken in amounts of 0.25-1 mole per mole of titanium tetra- ated
chloride. It is also reported that formation of a finely divided prefe

product is helped by diluting the vapor-gas mixture with a neutral chlor
gas (such as nitrogen) and by adding small amounts of water to
the gases that are injected into the reactor separately from the propo
titanium tetrachloride (oxygen, carbon monoxide, neutral gases). produ

However, it must be noted that inclusion of water in the titan
initial vapor-gas mixture (above a certain critical content) ina

causes difficulty in maintaining the process because of the rapid rials
formation of titanium-dioxide buildups formed at the exit from turez
the nozzle on contact between the water vapor and titanium tetra- con,

chloride. These buildups may block the nozzle orifices partly or 4 to

even completely and, consequently, stop the process. as an

The permissible moisture content in the starting mixture for range
fraedom from buildups on the nozzle depends on the velocity at
which the gas streams leave the nozzle and on their preheat gen I

Footnotes (14, (15) and (16) are on page 741. Fot
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(17)
xide temperature. It has been reported that the permissible mois-

ne of ture content must be below 0.2% by volume even when the compo-

form nents of the starting vapor-gas mixture leave the nozzle at veryhigh velocities, e.g., above 50 m/s. At lower velocities, e.g.,

between 5 and 20 m/s, the maximum moisture content should be

ir about 0.05% by volume. These figures apply to the concentriciriddle technique for injecting the reagents and reagent temperaturesiume) from 100 to 300 0 C. At higher preheat temperatures, the moisture

content in the vapor-gas mixture must not exceed 0.01% by volume,

ing a figure at which the process can continue for a long time with-

out buildup formation.

It must also be remembered that when water additives are

into present inthe vapor-gas mixture, and when hydrogen or a mixture

e and of hydrogen with carbon monoxide is used as the combustible gas,

is- the reaction will produce HC1 as well as chlorine, which cannotbut make the use of these gases difficult and complicate the de-arnd sign of the process equipment (by narrowing the choice of corro-

lat- sion-resistant materials). Among the combustible gases enumer-

etra- ated as inert with respect to titanium tetrachloride, thereforeD

ided preference must be given to carbon monoxide, since no hydrogen

tral chloride is formed as a byproduct.

o Along with the above versions of the process, a number of
the proposals call for combustion of TiCI4 in a "fluidized bed" to

produce titanium dioxide. The principle is as follows: the
titanium tetrachloride is reacted with an oxygen-containing gas

in a continuous process in a fluidized bed of inert solid mate-

pid rials that resist attack by TiCl4 and chlorine at high tempera-

tures. Such materials might include, for example, oxides of sili-

ra- con, aluminum, zirconium, or titanium with particle sizes from

or 40 to 1000 pm, and the temperature of the bed, which also acts

as an intermediate heat carrier, should be held in the 700-13000C

range (900-11000 C is preferred).
Even though the reaction of titanium tetrachloride with oxy-

gen is exothermic, additional heat must be supplied to the bed

Footnotes (17) and (18) are on page 741.
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tT

from the outside f the process is run on a small scale. This

can be done in several ways: external heating (which is, however, ,fi|
complicated in practice), introduction of a certin amount of a

combustible gas (carbon monoxide) into the reaction mixture, pre- equi

liminary heating of one or both reagents. i
S ary

The amount of heat to be supplied externally depends on the the

scale of the process, decreasing with increasing pt-oductl.vity. set

In the actual process, the titanium tetrachloride vapor and the

the oxygen-containing gas - either separately or after prelimi- tion

nary mixing (at a temperature below 500°C, so that the rate of ensu

their interaction will be practically negligible) - are passed reac

through a set of inlets in the bottom of the reactor into a "flui- ium
dized bed," which must be deep enough to permit a practically "flu
complete reaction. The dust-gas mixture produced as a result mati

of the reaction is ducted out at the top of the reactor. The

solid phase, which is composed of pigment titanium dioxide, is pater

separated from it (in cyclones, sleeve or electrostatic filters), the

while the chlorine (usually after preliminary concentration) is tanit

recycled for chlorination of the starting titanium-containing raw few ;

material. this

When titanium tetrachloride is "burned" in a "fluidized busti

bed," some grain-size classification of the titanium-dioxide pro- ride

duct takes place. While the fiber titanium dioxide, which is a mix

entrained by the accqnding gas current, yields a product suitable rutil

for pigment applications, the coarser part of the dioxide is dioxi

trapped in the "fluidized bed," where it usually adneres to the Richm

inert "bed" material. If this adhesion is too strong, it will acted

not only lower the yield of pigment product substantially, but the p

also make the "fluidizing" process itself much more difficult. of th,

Thus the patent literature indicates that this adhesion may not contei

Is allowed to exceed 20% of the mass of the inert solid material, when

which mlst be replenished periodically. However, the used solid at hil

material may be recycled ifter regeneration (removal of the titan- ever,

ium dioxide from it by chlorination), duct

Footn(
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This It is not particularly dif-
hlcult to obtain a homogeneous

however, "fluldized bed" in small units.(19) I
tot a

ure, pre- However, as the size of the ,
equipment increases, it is neces-

sary to feed the reactants into
on the the "fluidized bed" through a. -.

Lvity. set of inlets distributed around - -

ipor and the lower horizontal cross sea-

relimi- tion of the reactor in order to ,,.

te of ensure uniformity of the bed. A 1 "

assed reactor for production of titan-.1

a "flui- ium dioxide by burning TiCl4 in a

ally "fluildized bed" ( 2 0 ) is shown ache- M i

sult matically in Fig. 146. " F
The The overwhelming majority of "

a, is patents give no information on

ilters), the crystal structure of the ti- Figure 146. Reactor for ti-

on) is ttanium dioxide production by

ningr tanium dioxide formed. Only a burning titanium tetrachlo-
few patents make reference to ride in a "fluidized bed."

1) Shaft chamber lined with
this question, noting that com- chlorine-resistant brick 2;

zed bustion of titanium tetrachlo- 3) insulating brick; 4) steel

ide pro- ride In oxygen usually produces shell; 5) ceramic block with
passages for admission of

h is a mixture of the anatase and titanium tetrachloride 6 and
oxygen-containing gas 7 andsuitable futile modifications of titanium 8 (which arrive via gas

is dioxide. Thus, according to linec 9 and 10); 11) ceramic
to ths"plug" with passage for

to the Richmond, 21 )when TiC14 Is re charging furnace with inert

will acted with oxygen at 10000 C, solid material, which arrives
through pipe 12 from steel

but the product contains about 40% feeder 13 (to which compress-
cult. of the rutile form. The rutile ed air is fed through pipe
aay not content in the 14); 15) pipe for "decant-

product increases ing" inert solid material of

terial, when the process is conducted "fluidized bed" into steel
solid at higher temperatures; (22' container 16 with water Jack-

s how- et 17 and "overflow" pipe 18;
e titan- ever, the grain size of the pro- 19) gas line for tapping dust

tis then Increased, and gaseous reaction products
duct tfrom unit.

Footnotes (19), (20), (21) and (22) are on page 741.

FTD-HC-23-352-69
722



~may
The occasional references made in the patent literature mn-

dicate that certain additives must be introduced 
into the reac-

tlon chamber together with the principal components in order to

guarantee the formation of pigment titanium dioxide with the ru- addi

tile structure when TiCI 4 is burned. It is reuorted that this will

also increases the rate of the process by forming crystallization Sic 2

n zlei in the vapor-gas mixture. According to available patent with

information, a considerable increase in the rate of reaction be- aroul

tween the titanium tetrachloride and the oxygen-containing gas whicl

and production of titanium dioxide in the rutile form result when cont

lower titanium chlorides(2 3 ) or aluninum chloride (24 is introduced aro

into the reaction mixture. the

When aluminum chloride additives are used in the combustion 
oxyg

of titanium tetrachloride to obtain a product with the 
rutile auth

structure, it is recommended that they be added to the 
reaction sill(

mixture in amounts such that the product will contain 
0.5-5% (by and

mass) of A1203 (25) 
is a

To obtain pigment titanium dioxide in the form of a rutile

product, Frey )recommends that combined additives - mixtures of react

aluminum and silicon chlorides - be added to the vapor-gas mix- conta

taniu
pure just before combustion.oft

The expediency of adding volatile aluminum and silicon com-

pounds in combination can be explained as follows. Aluminum chlo-
rie, although it has a rutilizing effect, 

i.e., contributes to ix
burne

the formation of titanium dioxide of the rutile structure during

combustion of the TiC1 4 , does not help improve particle-size

uniformity. Additives of silicon tetrachloride, on the other prehe

hand, while exerting an antirutilizing influence during TiCl4 cor- ium t

bustion (i.e., tending to form dioxide of the anatase structure), water

simultaneously improve the particle-size uniformity of the pro-

duct. Aluminum chloride is superior to silicon chloride as re- gen

gards the effect on the structure of the titanium dioxide pro- the i

duced. Thus the introduction of combined aluminum-chloride-sili- along

con-chloride additives in combustion of titanium tetrachloride

F~ootn
Footnotes (23), (24), (25) and (26) are on page 741.
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r

re in- may help produce a material with the rutile structure and uniform-

reac- ly fine particle sizes.

er to In this particular case, 27 ) it is recommended that these

he ru- additives be introduced in amounts such that the final product

this will contain 0.5-3% (by mass) of A1203 and 0.5-2% (by mass) of

ization SiO 2. The process has the reaction zone supplied continuously

atent with titanium tetrachloride vapor and oxygen-containing gas,

on be- around which an annular gas stream is formed by auxiliary gases,

gas which consist of separately injected carbon monoxide and oxygen-

It when containing gas. The auxiliary gases, forming an annular flame

roduced around the reaction mixture as the carbon monoxide burns, raise

the temperature to the level necessary for the reaction between

stion oxygen and titanium tetrachloride, which burns in a torch. The

le author of the patent claims that when the above aluminum- and

,tlon silicon-chloride additives are included in the reaction mixture

5% (by and the corbustion-process temperature is 1000-1300
0 C, the result

is a finely dispersed product that contains 90% of rutile.

tile If, however, silicon chloride alone is introduced into the

res of reaction mixture [in amounts such that the final product will

mix- contain 0.5-2% (by mass) of SiO2 I and the temperature of the ti-

tanium tetrachloride combustion reaction is 900-10000C, dioxide

of the anatase structure is formed.
com-

chlo- It has also been proposed that titanium tetrachloride be

s to burned in the presence of water vapor in order to obtain titanium

uring dioxide with the rutile structure.(2
8 )

e Parallel streams of two vapor-gas mixtures that have been

er preheated to 800-9000C are fed into the reaction chamber: titan-

4 om- lum tetrachloride diluted with an inert gas and air mixed with

ture), water vapor (from 2 to 70% referred to the oxygen content).

pro- Proposals for simultaneous introduction of a mixture of oxy-

re- gen and water vapor (or hydrogen) into the reaction mixture have

PC- the important shortcoming mentioned earlier: formation of HCl
-siiLl- along with the chlorine, with the resulting undesirable chlorine

de

Footnotes (27) and (28) are on page 741.
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losses, difficulty of recycling the chlorine, and restriction of ra

the choice of structural materials. br

These disadvantages resulting from partial formation of HCl to

can be eliminated by using aluminum chloride and lower titani;Am co

chlorides instead of water vapor as additives in the combust ion po

oV titanium tetrachloride. ti

To obtain high-grade, finely dispersed titanium dioxide by 
in

burning TICI4, a great deal of attention must be given to elimi- 
on

nating or reducing factors that promote recrystallization 
of the

dioxide and enlargement of its particles. Ensuring that the re-

action will take place at a high rate and eliminating contact be- th

tween the vapor-gas mixture and the reactor walls are of prime no

importance here, since titanium dioxide deposited on the walls top

has a coarse-grained structure and is not suitable for production

of high-grade pigments. let

nozzle designs a s

The

ste

pas

C tub

a age

* -i ex i
rota

is n

Fig.

by ti

the 2

Fig. 147. Certain proposed nozzle designs for rapid Foot]
mixing of starting components injected into reactor.
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To obtain a high rate of reaction between the titanium tet-tion of
rachloride and the oxygen-containing gas, it is necessary to

bring the vapor-gas components (which are usually preheated) up
of HCl to the reaction temperature quickly. At the same time, process

tanium conditions must provide for the fastest and most complete mixing

ustion possible, so that the time spent by the reactants in the reac-

tion zone will be minimized. Some proposals call for high-speed

ide by injection of the reactants at right anglen to one another or head-

elimi- on, and that a rotary motion be imparted to one of the components

of the at exit from the nozzle.

the re- Certain nozzle designs that have been proposed for rapid and

,tact be- thorough reactant mixing(29 )are shown in Fig. 147. All of these
prime nozzles can be used in the ordinary typical reactor shown at the
walls top of the figure.
oduction

Figure 147a shows a nozzle with twei concentric reactant in-
lets, the outer one of which is partitioned by spiral walls into
a set of passages inclined to the central axis of the nozzle.

These passages are connected by an annular pipe parallel to the

central axis. A swirling motion, which will be faster the ste
steeper the spiral (helical) surfaet, is iLmparted to the gas

passing through the outer inlet.

The partitions may be extended to the walls of the central

tube, thus leaving no intermedia*e space through which the pass-

ages communicate. They can also be cut off short of the nozzle

exit orifice, i.e., the gas already in rotary motion may pass

through an unpartitioned length of the supply tube, so that the

rotational motion becomes more uniform.

Figure 147b shows a nozzle with an outer supply tube that

is not partitioned at the end.

Figures 147c and d show a nozzle design that differs from

Fig. 147a in that the central cylindrical passage is surrounded

by two conical surfaces with the vertex of the cone in front of

the nozzle exit orifice (Fig. 147d). The rate of reactant mixing

Footnote (29) is on page 741.
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can be regulated by varying the angles a and 8 of the conical 500-i
surface (they may also be equal to one another). In addition, benze
with the proper geometrical dimensions (angles a and 8, distance chlor
a; see Fig. 147d), the gas streams can be detached from the noz- conce
zle to inpinge at a distance b from its end plare. terna

Figure 147e shows a nozzle in which the .cral delivery
tube is partitioned by spiral walls into a set of passages that ence
are out of parallel with the nozzle central axis. The partitions in th
do not extend as far as the central axis, so that the common pass- of cr
age has a spiral configuration. 

taniu:
Figure 147f shows a helical element that can be inserted in combu

the central orifice of the nozzle to divide its walls into a set aroma
of spiral passages.

Figure 147g shows a nozzle in which the passages are parti- doxi
tioned by several spiral walls into passages that do not run clog
parallel to the nozzle central axis. throuares

The duplex nozzles shown in Fig. 147 are designed for proc- when
esses run without use of an inert gas. If, on the other hand,
the titanium Letrachloride is t, be burned in the presence of an
inert gas, triplex nozzles based on the same principle can be a coa

used.sary
walls

Other authors have also recommended the use of special tech-
nological devices in order to obtain a finely dispersed product nozzl
by burning titanium tetrachloride. Thus, it is recommended in the t:
patent(30) on the basis of small-scale laboratory experiments,
that the titanium tetrachloride first be mixed with a small of ox,
amount of an aromatic organic compound such as benzene before it large
is admitted to the reactor. As usual, the patent formula is vague growtl
when it comes to details of the process. It is stated only that paten
finely dispersed titanium dioxide can be obtained by reacting a the T
mixture of titanium tetrachloride and 0.01-20% (mol.) of benzene
with an oxygen-containing gas taken in molar ratios from 1:1 to
1:10 (usually below 1:3) at 700-15000C after preheating it to titan

Footnote (30) is on page 741. ---t'Footn
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500-1000*C. It is recommended that the mixture of TiC1 4 with

benzene or a chlorinated derivative thereof (mono-, di-, or tri-

ce chlorobenzol) be introduced through the internal passage of a

Z-. concentric burner and the oxygen-containing gas through its ex-
ternal passage in the actual process.

The mechanism by which these additives exert their influ-

ence has not been studied. It may be assumed that or. decomposing

ns in the reaction zone, the armoatic organic compounds form centers

2s- of crystallization that help reduce the particle size of the ti-

tanium dioxide product. The chlorine obtained as a result of

In combustion contains HCI (the amount depending on the size of the

aromatic additive), and this is undesirable.

A number of patent references indicate that the titanium
dioxide that forms on combustion of titanium tetrachloride may

clog the reaction chamber and obstruct the orifices of the nozzle
through which the components of the starting vapor-gas mixture
are supplied. The danger of buildups becomes particularly acute

when the reagents go into strongly turbulent flow.

an To eliminate this effect and the possibility of formation of

a coarse-grained product during combustion of TiC14, it is neces-

sary to move the reaction zone farther from the nozzle and the

walls of the apparatus. For these purposes, most patents recom-
h- mend that the reagents be injected into the apparatus through a

nozzle with concentric tubes, using the central nozzle tube for

the titanium-tetrachloride vapor, as we have already noted, the

vapor is insulated from the reaction-chamber walls by a curtain

of oxygen-containing gas or an auxiliary inert gas, of which a
t large excess is supplied. To reduce the danger of deposition and
gue growth of titanium dioxide crystals at the tetrachloride inlet,

t patent(31)proposes that a nitrogen atmosphere be 3et up around

the TiCl4 as it is introduced through the central nozzle orifice.
me

If the apparatus is large enough, contact between unreacted

titanium tetrachloride and the reaction-chamber walls and,

Footnote (31) is on page 741.
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consequently, deposition Of titanium dioxide on the walls can be reactJ
eliminated. (32)  centri

is mac
The same result can be obtained by admitting the TiC14 vapor rial z

and oxygen into a vertical cylindrical reactor on the counterflow forms
principle, in such a way that the chlorine formed as a result of contal
the reaction will envelop the zone into which the titanium tetra- cblori

chloride is admitted6 
thro

The use of chlorine to protect the walls of the reaction tectiv
chamber from deposition of the reaction product is also recom- throug
mended in one of the later patents awarded to DuPont.(34) In this sure,
patent, the reaction-chamber walls are protected from contact throug
with the reagents and the reaction product by a protective en- Ing fr
velope of a chlorine-containing gas, which is formed by slow, partic
steady diffusion of the gas from an external source into the re- result
action zone through a porous wall made from a refractory material
(such as graphite) and held at a temperature of 500 to 8000C. tered
This wall must be capable of reacting in the presence of chlorine glazed
with the TiC2 film that forms on It and do so in such a way as to to mak
regenerate titanium tetrachloride. It is recommended that the action
ratio of the mass of chlorine passed through this porous parti- of its
tion to the chlorine formed as a result of TiCM oxidation be ntico:
held in the range from 0.1 to 1. rial I

The apparatus used by the authors of the patent is shown in proces
Fig. 148. A tubular reactor 3 made from a corrosion-resistant the ti,
material and provided with inlet and outlet holes 4 and 5 Is walls
placed in a vertical furnace 1 with heated chamber 2. The reac- gen, cl
tion zone 6, whose walls 7 (porous graphite) represent an exten- W
sion of the walls 8 and 9 of reactor 3, lies at about mid-length oxygen
of the tubular reactor. A second tubular element 10 made from the su
a corrosion-resistant metal or some other material (the patent refrac!
does not indicate which other material) is placed directly above into w)
the porous wall of reaction zmne 6; it has an inlet 11 in com- sure t(
munication with the concentric passage 12, which terminates in
the circumferential-slot inlet nozzle 13. The porous wall 7 or equipm~with o:

Footnotes (32), (33) and (34) are on pae 742. Footnol

F"TD-HIC-
FID-HC-23-352-69

729



reaction zone 6 is enclosed by a con-can be

centric cylindrical element 14, which

is made from corrosion-resistant mate-

4ig vapor rial and has an inlet orifice 16 and

nterflow forms passage 15. Oxygen (or oxygen- No

sult of containing gas) and titanium tetra-

Im tetra- chloride are admitted to reaction zone

6 through inlets 4 and 11, and a pro- 0 Is

.tion tective gas (such as chlorine) enters

recom- through orifice 16 at elevated pres- Er,

In this sure, entering the reaction zone

tact through the porous walls and dislodg- Figure 148. Apparatus
for production of ti-

e en- ing from them any titanium dioxide tanium dioxide from

low, particles that have been formed as a titanium tetrachlo-
the re- result of the reaction, ride (with dioxide

particles blown awaymaterialfrom reaction-zone
material Other patents indicate that sin- walls).

OC. tered silicon carbide, alundum, un-

chlorine glazed calcined kaolin, and certain other materials may be used

ay as to to make the porous corrosion-resistant lining (wall) of the re-

t the action vessel; of these materials, alundum is preferred because

parti- of its ready availabilil;y, ease of shaping, heat resistance, and

n be anticorrosion and mechanical propertles. For example, this mate-

rial is recommended by the authors of patent(
35 , who propose a

hown in process in which titanium tetrachloride is burned in oxygen and

stant the titanium dioxide that forms is blown away from the refractory

is walls of the apparatus by a neutral gas., This gas might be nitro-

e reac- gen, chlorine, CO, C02 , or any of certain other gases.

exten- When carbon monoxide is used, its reaction with the excess

-length oxygen results in formation of C02 , a neutral gas that protects

from the surface of the reactor wall. For this purpose, the porous

atent refractory walls of the reactor are fitted with a gastight Jacket

y above into which protective inert gas is fed under a small excess pres-

com- sure to diffuse into the reaction chamber. Figure 149 shows

es in equipmer.t for implementing this process (which can be run either

1 7 of with or without CO as a combustible gas). Concentric triplex

Footnote (35) is on page 742.
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nozzle 2 is threaded into the steel the att

, -:casing 1 to supply the starting com-

ponents to the reactor: titanium tet-

2 rachloride through 6 and 3 (by itself The pat

or with part of the oxygen), carbon titaniu

mono.-de through 7 and 4, and oxygen mating

" - through 8 and 5. The reaction zone such as

of the apparatus is a porous alundum the equ

cylinder 9 with alundum cover 10,

which holds nozzle 2, and porous

tapered bottom element 11 and outlet As

pipe 12 with alundum heat insulation ups on

14. Casing 1 is supplied through water-c
Figure 149. Apparatus pipes 15, 16, and 17 with the neu-
for burning titanium out dis
tetrichloride (using tral gas, which flushes titanium diox- inner w
a combustible gas and ide particles off the porous alundum
flushing of the titan-
ium dioxide from the walls of the reaction zone as it
walls). passes through them. The dust-gas of tita

mixture produced by the reaction is as the

injected with cold gas through pipe 13 and the bottom of pipe 12 need to

to lower its temperature; it is then ducted out of the unit and zle.

the titanium dioxide is separated from it. Th

Although the above measures make it possible to reduce con- titani

siderably the possibility of contact between the TiCI 4 vapor and large-d

the heated walls of the reactor, they do not eliminate such con- ity (in

tact cnspletely. As a result, titanium dioxide films may still tial

build up gradually in the apparatus and adhere to the inner sur- tanium

faces of the reaction chamber when TiCl 4 is burned in an oxygen- with th

containing gas at high temperatures. rate),

crease
Various methods may be used to remove these deposits from

the apparatus. Thus, one of the patents(36 recommends that thei~i. duceda

combustion process be interrupted periodically as necessary and ducene

that the deposited titanium dioxide layer be removed by running ir before be

a mixture of chlorine and carbon monoxide through the unit at

900-12000C. TiC 14 and CO2 are formed and removed as a result of the rea

Footnote (36) is on page 742.
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the steel the attendant reactions: T10+2C1,+2c0

rting om- TiCI+2CO,. (12)

tanium tet-

(by itself The patent also indicates the possibility of removing deposited

, carbon titanium-dioxide crusts by using other carbon-containing chlori-

and oxygen nating agents in the appropriate temperature range (800-1350
0C),

tion zone such as CCl4 or COC12 , which react with TiO2 in accordance with

us alundum the equations

er 10, TiO.+CC 4rTia,+cOq, (13)

orous TIO, +2CO TC1,Ti 2 ,2CO," (14)

ind outlet As a way of preventing formation of titanium-dioxide build-
'nsulation ups on the inner walls of the reactor, it has been suggested that
hrough water-cooled breakers be used to clean the unit mechanically with-

he neu- out dismantling,(37 ) or that the reactor be made with a flexible
anium diox- inner wall to prevent TiO2 deposition.

(38 )

s alundum

as it These specific difficulties encountered in the combustion

ust-gas of titanium tetrachloride to produce the dioxide become greater

ction is as the scale of the process is increased, partly because of the

of pipe 12 need to introduce large quantities of reactants through the noz-

unit and zle.

There are two possible ways of introducing large volumes of

educe con- titanium tetrachloride vapor into an industrial reactor: using a

vapor and large-diameter inlet pipe or using a very high vapor flow veloc-

such con- Ity (in a small-diameter pipe). In the former case, a substan-

may still tial amount of time is required for the inner layers of the ti-

inner sur- tanium tetrachloride enter into the reaction (since they mix

an oxygen- with the concurrently injected oxygen-containing gas at a slow

rate), and this results in an unacceptable but inevitable in-

ts from crease in the grain sizes of the titanium dioxide produced. 
In

that the the latter case, in which the titanium tetrachloride 
is intro-

sary and duced at a high flow velocity, its kinetic energy is so 
high that

running it penetrates the reaction chamber to a considerable 
distance be-

nit at fore beginning to react with the oxygen-containing 
gas. To give

result of the reactants time to react, it would be necessary 
to increase

Footnote (37) and (38) are on page 742.
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the length (height) of the reactor substantially, and this would tween

make it difficult to maintain the required high temperature in Compar

the reaction zone. However, even if the height rf the reactor

is increased to ensure complete reaction of all of the titanum giveni,

tetrachloride introduced, it would still be necessary to extend 
given

the reaction time (i.e., the stay time of the reactants in the 
p

apparatus), and this would inevitably coarsen the grain of the Th

titanium dioxide. to step
tion ca

For combustion of titanium tetrachloride on an industrial gas or
scale, therefore, the conditions must be such as to permit con- the noz
tinuous delivery of the reactants without obstruction of the be set
feeder system, eliminate the pbssibility of deposition of the serted
reaction product on the reactor walls, increase the reaction rate, the rea

reduce the dimensions of the equipment, and ensure acquisition of the me:the ine:
finely dispersed titanium dioxide. These objectives can be at- quate ti
tained under industrial conditions by using not one, but several

nozzles, including flattened designs. As we noted above, it has rotatioi

been proposed in the patent literature that one of the reagents M

be supplied along the axis of the apparatus, while the other is of burn,

set in motion along a spiral path. This makes it possible to one pati

reduce the dimensions of industrial apparatus to technically ac- in diam4

ceptable proportions by stepping up the process and ensuring tetrach:

quick completion of the reaction. The vigorous mixing of the spectivi

reactants also makes it possible to reduce the oxygen excess re- concenti

quired for complete oxidation of the titanium tetrachloride. is 3 cm'

troducec
However, it must be remembered that when this method is used

and the
to inject the starting components, their vigorous mixing increases anirlie

the danger of obstruction of the inlet orifice by reaction pro-

ducts. To eliminate this, it is necessary to create conditions duces

under which the gas streams will come into contact at a certain The

distance (of the order of several centimeters) from the inlet of exist

system. This might be done, for example, by using a relatively producti

thick wall between two concentric reactant inlets. An inter- [17) of

mediate inert-gas-filled zone might also be provided to separate method a

the flows of the two reactants directly at the nozzle.
Footnot,
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The inert gas can be injected into the reaction space be-
would tween the titanium tetrachloride and the oxygen-containing gas.

e in Comparison of the various possible techniques for injecting these

ctor materials into the reactor indicates that preference should be
anium

xtend given to central admission of the TiCl4 vapor so that 
it can be

enveloped by the oxygen-containing and neutral gases.the

the The rotation or spiral motion referred to above as necessary

to step up the rate of industrial titanium tetrachloride combus-

rial tion can be imparted to either of the reagents or to the inert

gas or to both. This motion can be set up in the nozzle or after

hel the nozzle, in the reaction chamber. For example, the gas mighthe
be set in rotation in the nozzle by inclined plates (vanes) in-the

serted into it. Rotational motion might be set up directly in

on rate, the reaction chamber by imparting such a strong spiral motion to
tion of

the inert gas in the nozzle that its kinetic energy will be ade-e at-

everal quate to entrain at least one of the reactants, transferring the

it has rotational motion to it.

gents The patent literature contains certain information on methods

er is of burning titanium tetrachloride in industrial-type units. Thus,

to one patent(39)describes the process in a reaction chamber 1.5 m

ly ac- in diameter and 3 m high. The starting components - titanium

ng tetrachloride and oxygen - are preheated to 800 and 9000 C, re-

the spectively, and injected into the reactor through a nozzle with

ss re- concentric inlets; the cross-sectional area of the inner passage

e. is 3 cm 2 , and that of the outer passage 4 cm
2 . The TIC 14 is in-

is used troduced through the inner orifice at a rate of 8 moles/min,

nc re ase and the oxygen through the outer orifice at 25 moles/min with

pro- swirling in the nozzle. It is reported that this appa,,atus pro-

tions duces finely dispersed pigment titanium dioxide in 99% yield.

rtain The literature offers practically no data on the performance

let of existing foreign industrial installations for titanium dioxide

ively production by burning TiC14. There is only a very brief account

er- (17) of work done toward production of titanium dioxide by this

parate method at the Thann plant in France (Alsace). At this

Footnote (39) is on page 742.
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installation, the bt rting titanium-containing raw material is The

rutile, largely imported from Australia. The titanium tetra- drical
chloride obtained by chlorinating the rutile and appropriate spray nc

A purification is processed to the dioxide in accordance with the ber is
schematic flowchart shown in Fig. 150. even the

tetrachl

tees therutile concentrate ide and
grinding for tem

coa The
Coa,)vStar Mii electros

br -- c-- exhaust

Z, IThe
*cokig

recycled C12 . it to
chlorinaton 0.001%)

residue gas (TiCI4 etc.) sure of

cooli"

dust gas
, The resu' " ' " condensation of TiCi

to extraction of o 4 ing. Th
byproduct components, liquid TiC14  gas

(Nb, etc.) I . I uction
rectification ication material

pure TiC reidue t phere to the
to production of V and other

-metallic Ti-and . . impurities Alt
other uses comb ution .- " from its

tra in of TiO2  American

gas (Cl2 , C 2 etc.) solids at all o
I eif scale tit r a ~ ~ ~ l p u re T iO 2  e ~ t~

*rli 12 reported

dec sition 1lficatioa is recycr = _ : t t~~ee compllsh

Figure 150. Schematic flow chart of titanium dioxide tion of
production from titanium tetrachloride at the Thann
plant, hydrolys
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The titanium tetrachloride ic burned in a vertical cylin-

a- drical reactor into which it is fed in the liquid form through

e spray nozzles in the top of the apparatus. The combustion cham-

the ber is made of a molybdenum-containing chrome-nickel steel, but

even then it is subject to considerable corrosion. The titanium

tetrachloride is burned at a temperature of 900 0 C, which guaran-

tees the desired structure in the titanium dioxide. Carbon monox-

ide and oxygen are fed into the reactor after dilution with air

for temperature adjustment.

The titanium dioxide formed in the reaction is trapped on
electrostatic filters, and the diluted chlorine (of which the
exhaust gases contain about 20%) is sent for regeneration.

The chlorine is extracted from the exhaust gases by binding

it to sulfur monochloride S2C12 in the presence of iodine (about

0.001%) as a catalyst. The process is run at 2200C and a pres-

sure of about 10 atm; its equation is

sia, + c4- SO.. (15)

The resulting sulfur dichloride SC1 2 is then decomposed by heat-

ing. This liberatus the chlorine, which is returned to the pro-

duction cycle for use in chlorinating titanium-containing raw

material, and reforms the sulfur monochloride, which is returned

to the process for reaction with dilute chlorine.

Although this process permits regeneration of the chlorine

from its dilute mixtures, it is highly complex and expensive.

American firms (DuPont and others) have published no information

at all on the apparatus and technologies used in their industrial

scale titanium-tetrachloride combustion processes. It has been

reported only that the chlorine formed in the combustion of TiCl4

is recycled at the DuPont plants for chlorination of titanium-

containing raw material, but it is not indicated how this is ac-

complished.

Although these fundamental technological schemes for produc-

tion of titanium dioxide from TiCl - aquecus-solution hydrolysis,

hydrolysis in steam, and combustion in an oxygen-containing gas

PTD-HC-23-352-69
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can produce a quality product, they are not, as we indicated of tit

above, equivalent, the pr
simple

The "wet" hydrolysis of titanium tetrachloride is unsuitable qualit

as a basis for economically profitable industrial production of make p

titanium dioxide, since it does not permit use of the chlorine of

the TiC14 (of the order of 1.75 tons per ton of dioxide), which

is irrecoverably lost in the form of dilute hydrochloric acid.

The process is also burdened with substantial difficulties en-

countered in filtering the residues that precipitate out during

hydrolysis.

The hydrolysis of titanium tetrachloride in steam has unques-

tionable advanages over the hydrolysis of this compound in aque-

ous solutions. Production flow becomes substantially simpler

when titanium dioxide is mado by the vapor-phase process. The

operations of filtering, drying, and calcining the deposits be-

come unnecessary, and less grinding of the product is also re-

quired, since it becomes a matter more of homogenization than of

actual grinding. Finely dispersed, homogeneoum nigment titanium

dioxide con be produced by this method. It produces hydrogen

chloride or hydrochloric acid in conccntrations higher than that

of the acid obtained in the aqueous-solution hydrolysis. Titan-

ium dioxide can be produced in a continuous technological proc-

ess based on this method. However, the vapor-phase method has

a very serious shortcoming in the impossibility of obtaining

chlorine simultaneously with the titanium dioxide for possible

direct recvcling for chlorination of titanium-containing raw

materials; further, major difficulties arise in the attempt to

find structural materials suitable for the industrial equipment,

which must resist attack by HCl at high temperatures.

The process in which titanium tetrachloride is burned in an

oxygen-cuntaining gas retains the above positive features inher-

ent to the vapor-phase method, but is free of its principal draw-

back. It permits setting up a closed chlorine cycle, with re-

cycling of the gas for chlorination of the starting titanium-

containing raw material; this makes this parbicular 
method of

titanium dioxide production economically defensible. 
Combustion
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of titanium tetrachloride is a highly interesting process from

the practical standpoint, since it can be used in a relatively

simple technological flow for continuous production of high-

tof quality titanium dioxide. The profitability of this process will

make possible its introduction into the industry on a broad scale.ins o
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700 liThe acid factor is the ratio of the mass concentra-

tion of "active" H2SO4 (the free acid plus the acid 721

bound with titanium) to the TiO2 concentration in 721

the solution. 721

701 2 )This system provides for the introduction of a small

antimony-oxide additive into the suspension (about 1%

on the TIO 2 ), with conversion of the Sb2 (S04 )3 formed 723

in the reaction with sulfuric acid to Sb S . in subs1- 723332

quent operations by addition of sodium or iron sulfide.
The antimony sulfide, which precipitates in the form of 723

a bulky deposit, carried suspended particles with it 723

and helps clear the titanium sulfate solution.~724

703 3)Pus'ko, A et al. Author's certificate (USSR) No. 724

142,027, 1961.

710 4 )Patent (USA) No. 1,913,380, 1933; patent (Britisb) 724

No. 358,492, 1930; patent (German) No. 551,448, 1930.
5) 724

711 5 )Patent (USA) No. 1,885,934, 1932; patent (French)

No. 671,106, 1929. 725

712 6 )Patent (USA) No. 3,078,148, 1961. 725

713 7)Patent (USA) No. 1,842,620, 19'2.

717 
8 )Patent (USA) No. 1,931,381, 193. 

727

9) 728
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718 ll)Patent (USA) No. 2,367,118, 1945.

719 1 2 )Patent (USA) No. 1,850,286, 1932.

719 13 )Patent (Swiss) No. 272,991, 1951.

720 14)Patent (Swiss) No. 272,991, 1951. Patent (USA) No.

2,957,753, 1960; 3,121,641, 1964.

720 15 )Patent (Swiss) No. 295,398, 1954.

centra- 720 16)Patent (USA) No. 2,980,509, 1961.

acid

n in 721 17 )Patent (USA) No. 2,980,509, 1961.

721 Patent (British) No. 671,770, 1956, 866,363, 1961;

a small 919,019, 1963; 913,151, 1962, 927,171, 1963. Patent

tbout 1% (USA) No. 3,219,468, 1965. k
3 formed 723 19 )Patent (British) No. 761,770, 1956.

sube- 723 20 )Patent (British) No. 919,019, 1963.
suifide.

e form of 723 21)Patent (USA) No. 2,760,846, 1956.

ith it 723 22 )Patent (British) No. 673,782, 1952.

724 23)Patent (USA) No. 2,691,571, 1954.
No. 724 24)Patent (USA) No. 3,214,284, 1965, pitent (Canadian)

No. 517,816, 1955.
itsh) 724 25)Patent (USA) No. 3,073,712, 1960.
ench) 724 26)Patent (USA) No. 2,980,509, 1961.

725 27)Patent (USA) No. 2,980,509, 1961.

725 2 8 )Patent (British) No. 541,343, 1941. Patent (USA) No.

3,208,866, 1965.

727 29 )patent (British) No. 655,647, 1951.

728 30 )Patent (USA) No. 2,968,529, 1962.

729 31'Patent (USA) No. 2,333,948, 1943.
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730 3 2 )patent (USA)No. 2,240,343, 1941.

'130 33)Patent (USA) No. 2,340,610, 1944; 2,445,691, 1948;
patent (British) No. 525,213, 1941; patent (Canadian)

No. 404,725, 1942.

730 34 )Patent (USA) No. 2,915,367, 1959.

731 35 )Patent (USA) No. 2,750,260, 1956.
Manu-

732 36 )Patent (USA) No. 2,619,434, 1952. script~Page
733 37)Patent (USA) No. 2,805,921, 1957. No.

733 8 Patent (USA) No. 3 203,762, 1965.

735 39 )Patent (Rrivish) No. 655,647, 1951. 714
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714 TB a solid
714 ra3 gas gaeous
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