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The sister elements niobium and tantalum occur together in nature mainly in
the form of the pegmatitic minerals columbite-tantalite, sporadic occurrence
of which is known in this country and as pyrochlore.

Niobium metal has been suggested as a possible cladding material for uranium
fuels in high temperature fast-reactors. An alloy of zirconium with 2-5
per cent niobium has superior corrosion resistance and strength characteristies
commending its application for permanent components in water-cooled
nuclear power reactors. In magneto-hydro-dynamics there is a potential
demand for niobium-tin and niobium-zirconium super-conducting alloys.
Tantalum finds its main applications in capacitors and tubes in electronic
circuits., To a limited extent tantalum is also used in chemical process
equipment (on account of its excellent corrosion resistance in chloride media),
and as heating elements in high temperature vacuum furnaces.

A new process has been developed for (i) the chemical treatment of Indian
columbite-tantalite minerals for the recovery of values and the separation
and purification of niobium and tantalum compounds by solvent extraction.
(i) And for the extraction of the pure metala from the intermediates and
their further purification and consolidation by electron beam melting and high
vacuum sintering. The paper summarizes the progress made to date and the
production programme visulalized during the IV Plan period.

INTRODUCTION

The sister elements niobium and tantalum, which belong to Group V-B
of the periodic table, are relatively very scarce in the earth’s crust, the order of
abundance of niobium being around 24 parts per million and of tantalum only
2 parts per million. On account of their very close chemical similarity, the
two elements invariably occur together in nature, predominantly in the form
of an isomorphous series of oxide minerals, called columbites and tantalites—
depending on whether the concentration of niobium or tantalum is greater—
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corresponding to the general formula [(FeMn)O.(NbTa),05]. Another impor-
tant economic source particularly for niobium is the mineral pyrochlore which
is essentially a complex niobate of caleium and sodium, containing fluorine
(NaCaNb,OgF).

The major world deposits of columbite-tantalite minerals are located in
Nigeria (Africa), and of pyrochlore in Canada, Brazil and Norway, the total
reserves amounting to an equivalent of about 1-5 million tonnes of niobium.
Production figures reported (Newman 1967) for 1965 are : 2,600 tonnes of
columbite from Nigeria, 2,000 tonnes of pyrochlore from Canada and about
1,500 tonnes from Brazil, accounting for about 90 per cent of the total Western
world output. The leading consumers of niobium and tantalum mineral
concentrates in the world today, for the production of the pure metals and
for ferrous and non-ferrous alloys, are the U.8.A., United Kingdom, and
West Germany. ‘

In India, sporadic occurrence of columbite-tantalite minerals in peg-
matitic deposits has been reported, but production to date has been only
very limited. As a definite and growing demand for niobium and tantalum
metals and other alloys is foreseen in the alloy steel, nuclear and electronic
industries, a more intensive programme of prospecting, mining and processing
these minerals is called for.

A survey of the pattern of utilization of niobjium in industry indicates
that around 85 per cent is consumed in the form of ferro-niobium and ferro-
tantalum-niobium in the production of alloy and stainless steels. Niobium,
added as ferro-niobium to austenitic chromium-nickel stainless steels, acts as a
stabilizer for the carbon by forming the very stable niobium carbide, thus
preventing the loss of chromium at the grain boundaries. Type 347 niobium
stabilized stainless steel is extensively used in chemical and petroleum pro-
cessing equipment, operating at high temperatures in corrosive atmospheres,
and also in steam turbine generating equipment and high temperature steam
lines. From considerations of weld stability, very reliable corrosion resistance
and low radiation pick-up, this steel is the popular material of construction for
radio-chemical nuclear-fuel processing plants.

Pure niobium metal—which does not have too high a neutron absorption
crogs-section, has good high temperature strength and is compatible with
uranium and liquid sodium—has been used for the canning of metallic uranium
fuel elements in fast reactors. A zirconium—2-5 per cent Nb alloy has been
suggested for permanent structural components in water-cooled nuclear
reactor cores in preference to zircaloy, on the basis of higher strength and
greater resistance to hydride attack. There is a potential field of application
for niobium-based alloys for high temperature service, as in the aero-space
industry, but one of the main problems yet to be solved in this area is pro-
tection against atmospheric oxidation. The property of super-conductivity
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shown by niobium-tin and niobium-zirconium alloys should create another
vital market for the metal in the field of magneto-hydrodynamics, and in the
transmission of electric power.

The market for tantalum metal has been steadily growing with its
increasing application in the electrical and electronics fields and in materials
for the chemical industry. Tantalum in sheet and tube form is used for lining
chemical reaction vessels, and in condensers and heat-exchangers. The high
reliability, excellent rectification properties, high capacitance and the wide
temperature range of application of tantalum capacitors are contributing to a
phenomenal growth in demand for them all over the world. In the U.S.A.
alone, over 300 million tantalum capacitors, valued at 65 million dollars, were
sold during 1965. In India, it has been estimated that the electronic industry
in the country would have a requirement of 2-5 million tantalum capacitors/
year (estimated at Rs.10 million) by 1975.

The present paper describes in brief the work carried out in the last
few years at the Chemistry and the Metallurgy Divisions of the Bhabha Atomic
Research Centre on the processing of Indian columbite and tantalite minerals,
and the extraction of pure niobium and tantalum metals, their consolidation
and fabrication. Some of the salient features of the chemistry and extractive
metallurgy of niobium and tantalum relevant to the discussion that follows
are summarized below:

(a) As stated at the outset, the elements niobium and tantalum, along with vanadium,
are members of Group V-B of the periodic table. Niobium resembles tantalum
more closely than vanadium. The similarity in chemical behaviour is only
slightly less than that between zirconium and hafnium (of Group IV-B), thus
posing problems of separation,

(b) Whereas tantalum predominantly exhibits pentavalency in its compounds, both
pentavalent and trivalent niobium compounds are known. The stablest oxides
are the pentoxides NbgOj; (m.p. 1512 °C, AHggs = —455 k cals) and Ta,Oj
(m.p. 1877 °C, AHpgg == ~488 k cals) [Wicks and Block]. The oxides are
acidic in character and form niobates and tantalates with alkali metal oxides.
Sodium niobate and tantalate are sparingly soluble in water, while the potassium
compounds are water soluble; they are decomposed on hydrochloric acid treat-
ment to yield the hydrated oxides. The oxides can be brought into aqueous solu-
tions in hydrofluoric acid medium, when anionic species like NbF;", NbOF;‘,
and TaF;‘ are formed. (Accordingly from low grade columbite tantalite ores,
niobium-tantalum concentrates can be made by alkati fusion, followed by hydro-
chloric acid treatment. Richer minerals can be directly brought into solution
in hydrofluoric acid medium.)

(c) While the classical method of separation of niobium and tantalum is based on
fractional crystallization of K TaF, and KgNbOF;, the method of liquid-
liquid extraction is the one adopted in industrial practice. Solvent extraction of
tantalum and niobium from aqueous solution containing hydrofluoric and sul-
phuric acids is possible either with tributyl phosphate or with methyl-isobutyl
ketone. Depending on the acidity and the concentration of the aqueous solution,
niobium to tantalum ratio, and organic to aqueous ratio, it is possible to control
selective transfer of tantalum and niobium to the organic phase, and selective
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stripping from the organic to the aqueous phase. At the end of the separation
and purification operation, tantalum and niobium present in agueous solution as
the anionic fluoro-complex can either be precipitated as the pure hydrated
oxides by treatment with ammonia, or isolated as the pure double fluorides
(K,TaF,; or K;NbOF;) by addition of potassium fluoride.

(d) From the pure pentoxides, niobium and tantalum metal powders can be prepared
by calciothermic reduction according to the reactions

(i) NbyOs+5 Ca 2 Nb+5 Ca0
(ii) Tag0;+5 Ca 2 Ta+5 CaO.

At the end of the reduction, the metal powders can be isolated by acid treatment
of the reduced product to remove calcium oxide. The purity of the powders is
determined by the purity of the starting oxide and calcium, and any residual
oxygen in the final powder can be removed by high vacuum treatment of pellets
prepared from the powder. Alternatively, if extra heat can be supplied in the
above reactions by thermal boosters, the reduction can be carried out (with
calcium or aluminium) in bomb reactors leading to the formation of consolidated
niobium and tantalum biscuits. These biscuits again would require further
purification by high vacuum melting prior to fabrication.

(e) Instead of the oxides, the halides can also be used for the extraction of the metals.
Thus Ky;TaF;, obtained at the end of the solvent extraction purification of the
tantalum, can be reduced with sodium according to the reaction

KoTaF;+5 Na Ta-+5 NaF-+2 KF.

The alkali fluorides associated with the metal can be leached off with dilute acid, leaving
pure tantalum powder that has been found to be good enough for capacitor application.

Fused salt electrolysis of the double fluorides and magnesium or sodium reduction of the
chloride vapours are some of the other possible routes.

(f) Both niobium and tantalum are very sensitive to very low levels of oxygen con-
tamination that seriously impairs their ductility. The last traces of oxygen
generally found in the as-reduced metals can, however, be removed by high
vacuum sintering at temperatures above 2000 °C or by electron beam melting,
In either case, the oxygen is removed as the volatile NbO and TaO which have
higher vapour pressures than the metals.

Prooess DESCRIPTION

The batch of columbite-tantalite ore that has been used in the present
investigations contains Nb,Os; 46 per cent, Ta,O5 21 per cent, TiO, 5 per
cent, Fe,O; 17 per cent, MnO, 6 per cent and 8iO, 2 per cent. Starting
with this ore, the production of pure niobium and tantalum metal products
involves the following major steps:

(i) Acid treatment of the ore to bring the niobium and tantalum

values into solution.

(ii) Separation of niobium and tantalum by solvent extraction.

(iii) Preparation of pure niobium and tantalum intermediates.

(iv) Metallo-thermic reduction of the intermediates to produce the
respective metals in powder or consolidated form.

{(v) Cold compaction and high vacuum sintering to produce sintered
compacts.
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(vi) Electron beam melting purification of the metals.
(vii) Fabrication of sheet and wire products.

(i) Acid Treatment of Columbite-Tantalite

In view of the high concentration of niobium and tantalum in the ore, direct
dissolution of the ore in concentrated hydrofluoric acid has been found to be
economically acceptable. From smaller batch studies, it has been observed
that optimum dissolution can be obtained in 8-10 hours by using an ore to
acid ratio of 1 : 3 (3 kg 40 per cent HF/kg ore) at a temperature of 80-90 °C.
In translating these results to handle kilogram batches of the ore, heavy duty
polythene tanks have been used to hold the hydrofluoric acid, motor-driven
monel stirrers to provide the agitation and steam for heating and maintenance
of temperature. The batch dissolution is carried out over a period of 10
hours after which the solution is allowed to settle and is decanted. The
feed for the subsequent step of solvent extraction is adjusted by dilution to
correspond to a total oxide coneentration of about 100 gm/l, and an acidity of

2 N with respect to sulphuric acid and 0-5—1 N with respect to hydrofluorie
acid.

(ii) Separation of Tantalum by Solvent Extraction

The solvent extraction processes in use abroad for the purification of niobium
and tantalum largely employ methyl isobutyl ketone as the solvent. In this
gystem niobium and tantalum are extracted together from the fluoride solution
at high acidities, and subsequently selectively stripped from the organic
phase. Keeping in view the more urgent demand for tantalum in the country,
the possibility of preferential extraction of tantalum at low acidities has been
examined here using tributyl phosphate as the solvent. As an organic solvent,
tributyl phosphate has advantages over methyl isobutyl ketone on account of
its superior chemical stability and low solubility in water.

For the TBP—HF-—H,S0, system the following salient conclusions could
be drawn from separatory funnel studies:

(a) A solvent concentration of 50 per cent TBP in kerosene gives optimum
extraction characteristics combined with ease of stripping.

(b) With an aqueous phase composition of 100 gm/l (in terms of total
oxides)—0-5 N HF—2 N.H,S0, and an organic to aqueous ratio of 1 :1, 90
per cent extraction of -tantalum is achieved with only a minor associated
transfer of niobium. In large-scale operation an organic to aqueous ratio of
2 : 1 has been used to effect quicker separation of layers and prevention of
emulsification.

(c) A 2-stage scrubbing of the tantalum-laden organic phase with 0-5 N
HF-2 N H,80,, reduces the niobium contamination in tantalum to less than
250 parts per million. The pure tantalum (in the form of H,TaF,) can be
finally stripped with de-mineralized water,
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{d) On completion of extraction of tantalum, the aqueous raffinate can be
made up to 5 N HF—9 N H,S0, and equilibrated again with fresh TBP to
extract the niobium. Niobium is then stripped with de-mineralized water.
Based on the above studies, a mixer settler assembly has been designed and
fabricated with heavy duty polythene for a tantalum output equivalent to

2 kg of K,TaF, per day.

(ili) Preparation of Pure Niobium and Tantalum Intermediates

Pure Ta,0; and Nb,O; can be prepared from acidic solutions of Hy,TaF; and
H,NbF; by ammonia precipitation, filtration, washing, drying and calcination.

1, FLOW SHEET FOR PRODUCTION OF TANTALUM ANODES.
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An intermediate treatment of the hydrated oxide precipitates with concen-
trated HCI can be incorporated for removal of the last traces of iron and
titanium.

For the preparation of K,TaF; (required as an intermediate in the pro-
duction of capacitor grade tantalum powder) hydrated Ta,0; is dissolved in
concentrated HF and the acid solution carefully neutralized with K,CO; to
precipitate K;TaF, at a pH around 1-2. The salt is washed with water,
and then with trichlorethylene to remove any adsorbed organic matter and
vacuum dried to give a white free-flowing powder.

(iv) Metallothermic Reduction of Niobium and Tantalum Intermediates

The extractive metallurgy of niobium and tantalum has been reviewed in
great detail in the literature (Dowing and Hansen 1963; Gupta and Jena
1965, Kolk et el. 1958). The more important methods of obtaining the metals
from their intermediate compounds are: () reduction of the oxides with metals
and non-metals, (b) reduction of halides and double halides with metals and
non-metals, (c) fused salt electrolysis of the chlorides and the fluorides,
(d) decomposition and disproportionation of the halides.

The method of metallothermic reduction of the oxides and the halides
offers various possibilities which have been intensively examined in the
Metallurgy Division of the Bhabha Atomic Research Centre. Among the
routes examined are calciothermic reduction of the pentoxides to produce the
metal powders, sodium reduction of K,TaF, to produce tantalum powder,
calcio- and alumino-thermic bomb reduction of the pentoxides to produce the
consolidated metals.

" The reduction of niobium and tantalum pentoxides with calcium is accom-
panied by a large release of heat, and if the aim is to produce the metal
powders, the reactions have to be tempered by the addition of a heat sink,
like oalcium chloride. In small-scale studies (Bose ef al. 1968), it has been
observed that an 85-90 per cent yield of niobium and tantalum metal powders
can be achieved by using 1-5 moles of calcium chloride per mole of oxide in
the charge and 50 per cent of calcium excess. The metal powders are isolated
by treating the reduced mass first with cold water and then with dilute hydro-
chloric acid and aqua regia and finally with distilled water to completely
remove calcium oxide and chloride. The powders are washed in acetone and
vacuum dried. Under the various conditions studied, it has not been possible
to reduce the residual oxygen content in the final metal powders to adequately
low levels as specified for capacitor applications. On the other hand, these
powders can be purified by electron beam melting and converted to sheet
and wire products.

Tantalum metal powder for the production of electrolytic capacitors has to
correspond to a very high degree of purity, as laid down in Table I (Belz 1961).
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2. FLOW SHEET FOR THE PRODUCTION OF NUCLEAR PURE NIOBIUM
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Such a purity can be achieved by starting with pure K,TaF, (as available
from solvent extraction purification), and carrying out the reduction with
high purity sodium. The reduction can be affected in stainless steel batch
reactors, using inconel-liners. The K,;TaF; charge for the reduction has to be
initially vacuum dried, and the charging of the reactor with salt and sodium
has to be done in an inert atmosphere to avoid oxygen pick-up during loading
and subsequent reduction. The reaction takes place at a temperature around
900 °C after which the charge is cooled, and then treated first with methanol to
destroy safely the excess sodium and successively with a series of aqueous
reagents to wash off the fluoride slag and the process, as such, has initially
been examined on a small scale (Bose et al. 1970). An alternate technique
would be to react molten K,TaF; with continuous addition of liquid sodium
under agitation to promote better contact between the reactants and thereby
improve the yield. Conditions for the batch reduction of K,TaF; (2 kg per
batch) with sodium have now been optimized at Trombay.

If the aim is not to produce high purity metal powders for the production
of sintered components by powder metallurgy techniques, but instead sheet or
wire products, consolidation of the metal can be attempted at the reduction
stage itself. However, as it will be difficult to control purity of the metals
at the reduction stage an intermediate purification by electron beam melting
would be necessary prior to fabrication. In such a scheme, oxide inter-
mediate can be used which will be less expensive than halide intermediate.
The number of steps involved could be reduced and accordingly capital costs
may also be expected to be less. From these considerations, the bomb reduc-
tion of niobium and tantalum pentoxides with calcium and also the less
expensive aluminium has been examined in great detail [Gupta and Jena 1964,
1965, 1968, 1969]. As both niobium and tantalum are high melting metals
(m.p. : Nb—2468 °C, Ta—2996 °C), it is necessary to supplement the heat of
reaction in these cases with booster reactions to promote metal consolidation
and better slag-metal separation.

In bomb reduction tests, with pound batches of Nb,O; with 40 per cent
excess calcium and 20 per cent sulphur (added as booster) in refractory-lined
steel bombs pre-heated to 500 °C consolidated niobium metal yields of 82-84
per cent have been achieved. In similar tests carried out with Tay,0;, the
consolidated metal yields have been of the order of 70 per cent. Analysis of
the as-reduced metals and purification achievable by electron beam melting
are shown in Table II.

In place of calcium which is expensive and has to be imported, aluminium
can also be used for the bomb reduction of NbyOz or TayO;. Though the
heat available from alumino-thermic reduction is considerably less than that
in caloio-thermic reduction, the lower melting point of AlLO; (2030 °C) is an
advantage. The melting point of the slag can be further lowered by so
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composing the charge that an Al,03—AlLS; entectic (m.p. 1100 °C) is formed in
the reduction. Making use of this principle, alumino-thermic reductions have
been successfully carried out to achieve an 88 per cent yield of niobium and
tantalum metals. The composition of the as-reduced metals and their further
purification by electron beam melting is shown in Table I1I.

TasrLe II1

Analysis of the principal constituents of alumino-thermically reduced and electron
beam refined samples of niobium and tantalum

Elements (per cent)

Description of the Hardness .
metal (DPh) Workability
Al Cc N 0
Al-reduced  niobium  2-82 0023 0-04 0-81 380 No reduction sustain-
button ed by the metal
sample

Electron beam melted < 0-005 06-012  0-005 < 0-02 90-100 Easily fabricated to
niobium strips and wires

Al-reduced tantalum  1-08 0-025 0-035 0-74 N.D*  No reduction sustain-
button ed by the metal
sample

Electron beam melted < 0-005 0-0155 0-0035 0-014 80 Cold rolled giving
tantalum more than 959, re-
duction without
intermediate anneal-

ing

* N.D.—Not determined.

Consolidation and Purification of Niobium and Tantalum

The production of fabricated shapes of niobium and tantalum involves
either (i) high vacuum powder metallurgy techniques, or (ii) electron beam
melting of ingots which can then be processed for rolling of sheet, extrusion of
tubes, or wire drawing.

The tantalum electrolytic capacitors that are now in great demand in the
country have to be produced from high purity tantalum powder (as available
from sodium reduction of K,TaF,) by cold compaction, followed by high
temperature high vacuum sintering. The specifications for the tantalum
capacitors lay down a high standard of purity, a close control of size distribu-
tion in the starting powder, and close control of size and porosity distribution
in the sintered anodes to ensure a very low leakage current, a very low dissi-
pation factor, and a high capacitance. From a detailed study of powder
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characteristics, compacting and sintering conditions, production of tantalum
anodes, meeting stringent specifications has been optimized at Trombay.
While the production of the green tantalum compacts is done with specially
designed dies in hydraulic pressing devices, the final sintering under controlled
conditions is carried out under a very high vacuum, in s tantalum resistance
furnace at temperatures around 2000 °C. The further production of tantalum
capacitors from sintered tantalum anode slugs involves (a) anodizing of the
slug to form a thin polarizable layer of Ta,0;, (b) vacuum impregnation with
manganese nitrate which is then decomposed to form MnO,, (¢) coating with
graphite, and (d) encapsulation.

The technique of electron beam melting has come to commercial pro-
minence mainly in the context of niobium and tantalum metallurgy. The
electron beam furnace makes use of a stream of electrons (generated from a
heated tangsten filament), accelerated with the help of electro-magnetic
lenses to impinge on the feed material and dissipate their kinetic energy
as heat. With this technique, a molten pool of metal can be maintained at
will under adequate super-heat and high vacuum to enable the removal of
metallic and interstitial impurities from niobium and tantalum. The Tech-
nical Physics Division of the Bhabha Atomic Research Centre has designed
and commissioned electron beam button and ingot melting furnaces which
have been used for the purification of niobium and tantalum,

CONCLUSION

From the columbite-tantalite ore to the finished niobium and tantalum
product is a long flow-sheet and a complex technology, involving toxic and
corrosive reagents, reactive metals requiring special handling, and sophisti-
cated high vacuum techniques, all of which account for the high costs of the
end products. Based on the know-how developed at Trombay, plans have
been finalized for the setting up of a tantalum capacitor industry at Hydera-
bad. The niobium by-product that will become available in this operation
can be processed to produce either pure niobium alloys depending on the
demand. The Electronics Committee Report of the Government of India has
estimated the demand for the tantalum capacitors at 5 tonnes tantalum
metal per year by 1975,
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Di1scussioNn

Questioner’s name: D. V. Bhatnagar
Question:

Quite frequently uranium is associated with niobium and tantalum ores.
During the proposed attack on the mineral by hydrofluoric acid the uranium
in the lower valency state will be precipitated and that in the higher state
will go into solution. Has provision been made for the recovery of uranium
in the proposed flow-sheet ?

Answer by Dr. J. Shankar

Yes, uranium has been found in such minerals and provision has been
made to recover uranium, if present in the ore.
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