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FOREWORD 

This detailed survey of vanadium by Mr V W A Duke represents 
the last in a series of three on ferrous metals issued by 
the Minerals Bureau. The previous two dealt with manganese 
and chromium. 

Val Duke, well-known for his thorough knowledge and expertise 
in the fieltf of ferrous metals and steelmaking, was excellently 
qualified to compile this review. 

For a long time after its discovery in 1801, vanadium was 
thought to be rare. However, it has since then been found 
to be one of the more abundant minor constituents of the 
earth's crust, although few of the occurrences are of economic 
value. 

Although vanadium is known to man for more than 130 years 
there has always been a lack of comprehensive information on 
all aspects of the metal required to fulfil the needs of 
producers, consumers and students alike. It is trusted that 
this report will go a long way to satisfying that need and 
that all three reviews on ferrous metals will prove to be 
valuable reference works for many years. 

P J HUGO 
Chief Director 
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30 July 1983 



SUMMARY 

Although a relatively abundant "lament, vanadium occurs only 
rarely in sufficient concentration to be worked commercially. 
In fact, in most cases, vanadium is produced as a co-product 
of some other element, most commonly iron, but also uranium 
and phosphorus, and, in the pest, lead and zinc. In most 
extraction methods the vanadium becomes concentrated in a 
slag from which it may be recovered. 

The principal ore deposits of vanadium occur in titaniferous 
magnetites that have been formed by magmatic segregation. 
Important commercial deposits of vanadium also occur associated 
with uranium, and with phosphate deposits. It is possible 
that, in future, there may be considerable production of 
vanadium from the ash or other residues produced from the 
burning or refining of certain types of crude oil, and from 
the exploitation of tar sands and oil shales. 

The principal uses of vanadium are in the production of 
special purpose, particularly high-strength low-alloy (HSLA) 
steels, in the manufacture of titanium alloys, and as a 
catalyst, notably in the manufacture of sulphuric acid, the 
first named being by far the largest. Small quantities of 
vanadium, often in combination with niobium, are added to 
steel to bring about toughening through grain refinement, 
and increased tensile strength through precipitation hardening. 
For this latter effect, vanadium nitrides are frequently 
employed; alternatively sufficient nitrogen is added to the 
steel to form vanadium nitrides. The HSLA steels are finding 
increasingly wide applications as pipeline steels (especially 
for use under extreme Arctic conditions), for weight saving 
in general engineering structures, vehicle chassis and body 
manufacture, railway lines reinforcing steels and in the 
aircraft industry. Thus, although the amount of vanadium 
used is generally of the order of 0,08 per cent and rarely 
exceeds 0,5 per cent, the demand for str.els containing 
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vanadium has risen considerably in recent years; these are 
expected to show aucn more rapid growth in future years than 
mild steel. 

Known world reserves of vanadium are very large (36 billion 
tons*V 20 5 in the Western world alone) and fully adequate to 
meet any foreseeable demand. By far the largest known 
deposits of vanadium occur in the Bushveld Complex in South 
Africa. Many other similar deposits are known, but are 
only exploited in the USSR and China. These are magnetites 
of igneous origin, generally with a low vanadium content, 
but comprise valuable iron ores, from which the vanadium is 
recovered as a co-product as a slag. 

The present total world uemand for vanadium amounts to «-bout 
40 000 tons of metal annually and this is produced primarily 
in four countries. South Africa, the USSR, the People's 
Republic of China and the United Sates of America, in that 
order. Vanadium production in other countries, notably 
Finland and Australia, has declined in recent years and 
could cease altogether. South Africa is the principal 
vanadium producing country in the world, supplying vanadium 
in various forms ranging from a steelworks slag that contains 
approximately 25 per cent V2O5, through high-purity vanadium 
pentoxide to the master-alloy ferrovanadium and certain 
proprietary vanadium-containing additives for steelmaking. 

Up to 1980 the prices of all forms of vanadium remained 
remarkably steady with increases just meeting inflationary 
rises in production costs. From 1981 this orderly market 
was severely disrupted through large amounts of vanadium 
slag and pentoxide being supplied by China to Western markets. 

Vanadium has a very low and non-accumulative toxicity; 
recovery plants can be operated in such a manner to ensure no 
air or steam pollution results. The presence of vanadium in 

*Tn this text tons refer to metric tons. 
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in certain fuel oils can cause serious corrosion probleas to 
tubing in boilers fired with this fuel, the vanadiua vapours, 
however, do not pass into the ataosphere. 

In common with all coaaodities which are used predoainantly in 
steelmaking, the vanadium industry has undergone a particularly 
difficult period with production increasing in the face of 
falling demand. Closure of plants in Australia and Finland 
and cutbacks elsewhere were countered by an unexpected flood 
of vanadiua in all forms from China, with supplies from this 
country expected to increase further in the future. Hence 
years of steady market development and stable prices ended 
abruptly leaving all western producers facing an uncertain 
future. A return to orderly marketing and development is an 
urgent need yielding once again a strong industry which it 
is believed will serve the best interests of producer and 
consumer alike. 

Important conclusions that may be drawn from the report 
are: 

1. The principal producers of vanadium in order of magnitude 
are South Africa, USSR, China and the USA. 

2. Vanadium is a vital component of special steels especially 
high-strength low-alloy steels which find particular 
application in the construction of oil pipelines in 
arctic regions. In these areas vanadium competes with 
molybdenum and niobium. 

3. The most effective 'Itanium alloys are those containing 
vanadium and in this application there are no really 
satisfactory substitutes. 
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The increased demand for vanadium over the past 
10 to 12 years has been the result of intensive research 
and development. This research has been sponsored 
largely by the Vanadium International Technical Committee 
(Vanitec) whose valuable work must be continued and, if 
possible, expanded. 

Because of the continuing recession in world iron and 
steel, demand for vanadium has fallen. With China 
entering the market as a substantial new supplier, no 
major short term improvement is foreseen in spite of 
supply cutbacks by several producers. The long term 
outlook, however, remains favourable. 

Reserves of vanadium are more than adequate with major 
deposits known in South Africa, the USSR and China. 

It is most unfortunate that South Africa as the largest 
producer does not set an examole to the world by 
concentrating on vanadium as an alloying element in 
steels where this is possible. Instead the emphasis 
is towards imported substitute metals such as niobium 
and molybdenum. 

It is also most unfortunate that South African 
producers export vanadium in the form of slag containing 
25 per cent V 2°5 a R d pentoxide instead of as ferrovanadium 
and other prime alloys, the production of which is 
minimal and largely for the local market. Beneficiation 
is predominantly carried out overseas. 
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1. INTRODUCTION 

In 1801, Andres Manuel del Rio y Fernandez, professor of 
mineralogy and "Oryctognosy" at the School of Mines in 
Mexico City, investigated a brownish lead mineral, P?omo 
pardo de Zimapán, found in the Cardonal Nine in the Hidalgo 
Province. His analysis of this mineral led him to believe 
that it contained a hitherto undiscovered element, which he 
initially named "Panchromium" from the varied colours of its 
salts. Later, because roost of these salts turned red on 
heating, he renamed his discovery "Erythoniura". Samples of 
this mineral were sent to Europe, but the account of his 
investigations was lost in a shipwreck. Investigators in 
Europe believed that this brown lead mineral was another 
mineral of chromium similar to crocoite, and that no new 
element existed. Del Rio, also was forced to the same 
conclusion. 

Three decades later, in 1830, Nils Gabriel Sefstrom, professor 
of chemistry at the School of Mines at Falun, Sweden, was 
investigating the iron made from an ore from the Taberg Mine 
in Smaland, Sweden, to determine why both the cast iron and 
the wrought iron made from this ore was of particularly high 
quality. Working in collaboration with the great Swedish 
chemist Berzelius, Sefstrom isolated a small specimen of 
what he proved to be the oxide of a new element, to which he 
gave the name VANADIUM after Freya Vanadis, the Norse goddess 
of love and beauty. Short.y after this, Wóhler, who had 
been working on the original brown lead mineral from Mexico, 
proved that the Erythonium of Del Rio was the vanadium of 
Sefstrom. The brown lead mineral actually was the mineral 
vanadinite, Pb 5(V0 4) 3Cl. 

These initial discoveries are interesting because they show 
that vanadium is found associated with some lead deposits, 
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and also with certain deposits of iron ore. In fact the majority 

of vanadium known does occur in iron ores, but virtually never 

as a discrete vanadium mineral. At that stage, however, vanadium 

remained an extremely rare element, probably because it could 

not be identified in many of the iron ore deposits in which it 

occurred. Even following the intensive research by the 

English chemists Sir Henry Roscoe and Sir Edward Thorpe during 

the 1960's the price of vanadium and its compounds was of the 

order of £35 per ounce, hardly conducive In industrial application. 

Roscoe confirmed a discovery by the German chemist Rammelsberg, 

that certain vandates were isomorphous with certain phosphates; 

a fact of importance because, at one stage many years later, 

phosphate deposits in Idaho became a major source of vanadium. 

Roscoe also managed to produce pure vanadium metal in 1869; 

neither Se.Tstróm, Berzelius, nor Wohler had achieved this, but 

had produced a powder ind only in very small quantities. 

Roscoe obtained his supplies of vanadium from certain complex 

copper ores from the Kottram Copper Company at Mottram St 

Andrew's near Alderley Edge in Cheshire. However, the presence 

of vanadium in certain iron ores became fairly well known during 

this period and, in 1887 Phillips and Bauerman2 wrote: 

"VANADIUM has been found by Riley in the pig-iron 

of Wiltshire and Northamptonshire smelted from 

oolitic brown iron ores, and the same element 

has been found in the Cleveland ores and in 

pisolitic ores in Bavaria and WUrtemberg. A 

minute quantity was also detected by Sefstróm 

in bar-iron made from the magnetic ore of Taberg 

in Sweden, which was in special repute for 

wire-drawing; but no special influence, 

beneficial or otherwise, can be attributed to 

its presence in the present state of knowledge 

of this subject." 
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Dunn and Edlund3 state that: "the real impetus to the 
commercial development of the vanadium alloy industry came 
as a consequence of the metallurgical investigations of 
Choubley (1896), Helouis (1897), Arnold (i900) and Guillet (1904). 
In 1396 the Firminy Steel Works in Prance made three armour 
plates in which vanadium was used, which showed striking 
superiortiy over plates without vanadium." These dates 
followed the invention of the electric furnace by Moissan 
with improvements by Héroult and the development of electric 
power sources powerful enough to operate such equipment. 
The aluminc-thermic reduction process was introduced by 
Goldschmidt in 1896, so that both this method and the electric 
furnace could have then been used to make the master alloy 
ferro-vanadium. 

The real problem lay in the supply of sufficient vanadium 
for the development of its commercial applications, promising 
as these appeared. At that period about the only sources of 
vanadium were a few lead mines scattered over the world, 
and one small copper mine in Cheshire, which was the original 
source of the two vanadium minerals mottramite and roscoelite1*. 

The large-scale commercial use of vanadium came as the result 
of the work of Prof. Arnold of Sheffield College who was supplied 
by a certain Mr. Weiner in 1899 with an ore from a lead mine in 
Spain containing 13 per cent V2O5. Arnold, in collaboration 
with Hirst of Osborn's, the famous tool steel manufacturers 
of Sheffield, developed the use of vanadium in Mushet type 
tungsten tool steels in the early 1900's, and also the range 
of high-speed chromium-vanadium tool steels, which were 
sufficiently well developed to be exhibited at the Paris 
Exhibition of 1905, and in the USA in 1906. 

The use of vanadium in structural steels resulted from the 
work of Sankey and Smith in Britain and by Choubley in France 
during the period 1903 - 1905 s. Examining the wreck of a 
French racing car in 1905, Henry Ford was impressed by the 
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strength and lightness of several of its components. Analysis 
showed these to be of vanadium steel. Ford was quick to use 
vanadium steels in his cars, especially for the crankshafts 
and -wrings of the Models N, R, and S and, finally, in the 
famous Model T which appeared in 1908. 

Shortages in the supply of vanadium were solved with the 
discovery by Riza Patron in 1905 of the rich vanadium-bearing 
asphaltite deposit at Minas Ragra near Cerro de Pasco high 
in the Andes in Peru. This deposit was acquired by the 
American Vanadium Company of Pittsburgh for $20 000 paid in 
gold coin and a 10 per cent snareholding to its Peruvian 
owners. The discovery of the Minas Ragra deposit, and shortly 
after of carnotite deposits in Colorado, was in time for the 
greatly increased demand for vanadium during World War I, when 
the metal was firmly established in the engineering industry 
as an alloying element. 5' 0 

More recently there has been a very considerable increase in 
the demand for vanadium in the high-strength low-alloy (HSLA) 
steels. For more details on vanadium and the development of 
its many and varied uses the reader is referred to the SefstrSm 
Address of Sage 5. 

2. VANADIUM, THE ELEMENT 

The physical and chemical properties of vanadium are given 
very fully by various authors from which publication* the 
information contained in this chapter has been extracted. 3' 7' 9' 1 3 

2.1 Physical Properties 

When pure, vanadium is a -oft and ductile metal, grey to silver 
in colour; very small amounts of impurities render it hard 
and brittle. 
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The principal physical properties are given in Table 2.1. 
Due to its high melting poirt vanadium is regarded as one of 
the rtfractory metals along with niobium, tantalum, chromium 
mobybd<>num, and tungsten. 

T A B L E 2.1 

Physical Properties of Vanadium7 

Property Value 

crystal structure 0 

lattice constant, A 
density, g/cm 
melting point,°C 
boiling point,°C 
vapour pressure, at 1393-1609°C 

specific heat, at 20-100°C, cal/g 
latent heat of fusion, ki:al/mol 
latent heat of vaporization, kral/mol 
enthalpy, at 25 eC, koal/mol 
entropy, at 25°C, cal/mol/deg C 
thermal conductivity, at 100°C, cal/ 
(sec}(cm2) (deg C/cm) 
electrical resistance, at 20°C,juft-cm 
temperature coefficient of resistance, 

at 0-100°C, jlíJ-cm/deg C 
magnetic susceptibility,cgs units 
superconductivity transition,°K 
coefficient of linear thermal expansion, 

per deg C at 20-720°C (x ray) 
at 200-1000<>C (dilatometer) 

thermal expansion at 23-100°C, juin./in./ 
deg C 

recrystallization temperature, °C 
modulus of elasticity, psi 
shear modulus, psi 
Poisson ratio 
thermal neutron absorption, barns/atom 
capture cross section for fast (1 MeV) 
neutrons, mbarns/atom 

body-centred cubic 
1 026 
6,11 
1900 ± 25 
3000 
R In P = 121.95 X 10 3 T~* -5,123 X 
10-t*T + 36,29 where R = gas constant, 
cal/mol/deg C; P = pressure, atm; 
T = absolute temperature, °K 
0.120 
4 
106 
1,26 
7,05 

0,074 
24,8 

0,0034 
1,4 X 10 
5,13 

-ff 

9,7 t 0.3 X 10"6 

8,95 X 10 - 6 

8,3 
800-1000 
18-19 X lO^ 
6,73 X lO 4 

0,36 
5,00 + 0,01 
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A more detailed account of the physical properties is given 
by Rostoker 9. 

2.2 Chemical Properties 

The more important chemical properties are .-

Chemical symbol V 
Atomic number 23 
Atomic weight 50,942 
Chemical group Vb 
Electrons in subsequent shells.. 2, 8, 11, 2 

Vanadium shows four positive oxidation states or valencies, 
viz. 2,3,4 and 5 and forms the following oxides at various 
temperatures: V 2 0 3 (brownish black); V2O4(blue-black); 
v2^5 (red to orange); and V0 (a grey metallic powder). Of 
these only vanadium pentoxide (V2O5) has any commerical value, 
and is one of the principal forms in which vanadium is 
marketed. 

Vanadium forms three series of vanadates, namely:-

Orthovanadates M3W04 
Pyrovanadates M3IV2O7 
Metavandates M 1 V 0 3 

Of these the sodium metavanadate, NaV0 3, is readily formed 
by roasting most vanadium minerals, certainly all of those found 
in the titaniferous magnetitites of the Bushveld Complex, with 
a sodium salt. Sodium metavanadate is readily soluble in water. 
On reacting the solution of sodium metavanadate witr> ammonia, 
ammonium metavanadate is formed. This is insoluble and can be 
removed by filtration. Calcining the ammonium metavanadate 
gives vanadium pentoxide and ammonia. These reactions form the 
basis of all commerical methods of extracting vanadium from its 
ores and concentrates. 
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Vanadium pentoxide has an exceptionally low melting point 
for a metallic oxide, namely 67S*c. At this temperature pure 
vanadium reacts readily with oxygen in the atmosphere; at a 
temperature of 700*0 or over, pure vanadium upon exposure to 
air will r.ot only oxidise, but melt away completely. 

Vanadium also reacts with nitrogen to form the nitride,VN. 
This nitride plays an important role in ferrous metallurgy, 
but is absoroed by pure vanadium metal, rendering it brittle. 

Vanadium forms two carbides: V 2C, crystallizing in the 
hexagonal system, and VC, crystallizing as a body-centred cube. 
There is some doubt about the composition of the second carbide, 
and some authorities give the formula as V4C3 + nC. 

The carbide VC can be formed readily by direct reaction between 
vanadium metal and carbon, and also by reaction with CO, CO2, 
and hydrocarbon gases. The metal appears to act as a catalyst 
breaking down the carbon compound and forming free carbon, 
which reacts with vanadium metal at temperatures above 700°C. 

Hydrogen also is absorbed by vanadium. Although hydrides 
are formed, hydrogen can be removed from vanadium fairly easily 
by treatment under vacuum. 

The principal effects of the ready reactioi of vanadium 
with the four elements, 0, N, C, and H is the ease with which 
these elements can be absorbed by pure vanadium metal. Pure 
vanadium is a ductile metal, with mechanical properties somewhat 
similar to those of copper. Small additions of the four elements 
mentioned above render pure ductile vanadium brittle and 
virtually unworkable, which is a pity since it offers 
considerable promise for use in nuclear reactors. Pure 
vanadium can be produced and melted only under vacuum conditions, 
while any attempt at heating the metal for working, welding 
or heat-treatment leads either to the formation of a hard 
brittle skin on the metal surface, or, worse, deeper penetration 
and full embrittlement. 
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It has not proved possible to devise an atmosphere inert to 
vanadium under which the metal may be heated without absorption 
of these four elements. Thus any heating of pure ductile 
vanadium must take place under a protective skin, or the 
parts must be sufficiently thick to permit the removal of 
the hard brittle outer layer so formed. Rostoker states: 
"As-forged vanadium possesses a skin of oxygen-rich (and 
nitrogen-rich) metal, which renders the surface very hard. 
Sintered-carbide tools can easily be worn out by any simple 
cutting operation. It is mandatory that the first machining 
pass undercut the hard layer. After removal of the interstitia 
enriched surface, unalloyed vanadium is not difficult to 
machine". 

Rostoker9 notes that, although oxidation of vanadium is not 
a problem below 675°C, "associated with oxidation, and in 
service, just as serious, is the problem of metal embrittlement 
below the oxide layer due to diffusion of oxygen and nitrogen. 
The solid solubility of vanadium alloy for these elements is 
more than enough to render them completely brittle." 

2.3 Alloy Systems 

The difficulties arising from the absorption of various 
elements as discussed above might lead to a belief that 
vanadium is not a particularly useful metal. In fact, the 
opposite is the case. 

Alloying vanadium with numerous other metals greatly reduces 
the tendency to oxidize, especially at lower temperatures. 
This may be seen in Figure 2.1 
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Roseoker9 observes that, although in every case except 
copper, alloying of vanadium increases its resistance to 
oxidation, except for titanium "alloy additions in excess of 
10% made the alloy unfcrgeable". Although this is true of 
binary alloys, it is not true for all ternary alloys. 

Rostoker also discusses alloy systems of vanadium in some 
detail giving numerous phase diagrams9. He refers to thirty 
binary alloy systems with vanadium and three ternary systems 
involving other metals, and six with non-metals, hydrogen, 
oxygen, nitrogen, carbon, phosphorous, and sulphur. 

Of all of these metal alloy systems, the most important 
appear to be: vanadium-boron, in which the three borides, 
VB, V3B4 and VB2, offer considerable promise for use with or 
as coatings for hard metal systems; vanadium-iron, which is 
the basis of all vanadium-bearing alloy steels; and vanadium-
titanium-aluminium, which has provided one of the most 
valuable series of titanium alloys. 
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In general the effects of most alloying additions to vanadiui 
are to harden this metal very rapidly to levels in excess of 
300 van.* This is well illustrated in Figure 2.2. 

P I G 0 R E 2 . 2 
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Two exceptions are titanium and zirconium. In Table 2.2, in 
which details of the mechanical properties of vanadium 
alloys are given, it will be seen that, with the exception 
of titanium and zirconium, all binary alloys of vanadium are 
extremely brittle. In contrast, the titanium and zirconium 
binary alloys are ductile. In fact, the zirconium-vanadium 
alloy series would be important, except that alloys containing 
more than 3 per cent of zirconium become "hot-short". 

VBN * Vicker's Hardness Number 
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T A B L E 2.2 

Mechanical Properties of Binary Vanadii» Alloy»* 

Composition 

1% Al 
2,5% Al 
5% Al 
7,5% Al 

1% Cr 
2,5% Cr 
5% Cr 

1% Pe 
2,5% Fe 
5% Fe 
7,5% Fe 
10% Fe 

1% Mo 
2,5% Mo 
5% Mo 
7,5% Mo 
10% Mo 

1% Ki 
2,5% Ni 
5% Ni 
7,5?, Ni 
10% Ni 

0,25% Si 
0,50% Si 
1% S.' 
2% Si 
3% Si 
4% Si 

1% Ti 
2,5% Ti 
5% Ti 
7,5% Ti 
10% Ti 

1% zr* 
2,5% Zr 

Ultimate 
Tensile 
Strength, 

psi 

74 330 
93 430 
80 120 
81 330 

65 530 
60 350 
79 320 

66 460 
74 900 
91 970 
75 910 
74 200 

81 250 
68 270 
62 350 
63 650 
70 880 

65 580 
70 320 
74 300 
83 300 
101 830 

56 200 
64 200 
84 000 
84 400 
58 000 
41 000 

99 200 
90 160 
78 540 
80 520 
91 570 

49 600 
53 800 

Elongation 

0 
C 
0 
0 

0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
32,8 
0 
0 
0 

0 
12,5 
26,5 
25,0 
27,4 

34,1 
23,1 

Reduction Hardness 
in Area, 

% (VHN) 

0 198 
0 175 
0 242 
0 271 

0 184 
0 193 
0 218 

0 204 
0 246 
0 260 
0 267 
0 307 

0 228 
0 193 
0 170 
0 194 
0 194 

0 221 
0 227 
0 247 
0 256 
0 269 

0 
0 
35,0 
0 
0 
0 

0 292 
23,7 191 
77,9 172 
70,5 190 
66,5 194 

51,5 118 
74,4 109 

0,2% yield strength = 34 200 FSÍ. 
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The vanadium-titanium range of binary alloys can be extended 
to alloys that contain aore than 50 per cent titanium. 
These can all be forged, although soic difficulty is experienced 
"n the range of 30 to 40 per cent titanium. 

A greatly improved range of alloys are the ternary alloys, 
especially tho-e to which saall aaounts of titaniua and 
zirconiua have been added, as shown in Table 2.3. 

T A B L E 2.3 

Mechanical Properties of Vanadiua Alloys(with Saall 
Additions of Titaniua and Zirconiua)9 

Ultimate 
Tensile Elongation, Reduction 
Strength, in Area, 

Composition pai % % 

5% Fe - 5% Ti 
10% Fe - 5» Ti 

0,25% Si-5% Ti 
0,5% Si-5% Ti 
0,75% Si-5% Ti 
1% Si-5% Ti 
2% Si-5% T i 
3% Si-5% Ti 

5% Cr-2,5% Zr 
10% Cr-2,5% Zr 

0,25% Si-2,5% Zr 
0,5% Si-2,5% Zr 
1% Si-2,5% Zr 
3% Si-2,5% Zr 

It would appear that, in general, few if any of the alloys 
of vanadium, in which this metal is the major constituent, 
are of any commercial importance. This probably is because 
of the difficulty and the cost of producing vanadium of 
the requisite purity in sufficient quantity. There are 
very many other alloys, especially those of iron and of 
titanium, in which vanadium is a most important alloying element, 
even though the actual vanadium content of the alloy may range 
from as low as 0,08 per cent in the case of some high-strength 
low-alloy structural steels up to 6 to 11 por cent in the case 
of ternary titanium alloys. 

76 800 0 0 
84 000 20,0 10,0 

71 500 15,6 37,0 
68 Í00 18,8 33,0 
79 200 21 ,9 34,0 
82 000 24,0 48,0 
93 000 3,1 10,0 
90 200 3,1 3,0 

42 700 9,4 19,0 
63 100 7,0 10,0 

58 100 21 ,9 66,0 
53 200 25,0 58,0 
71 900 18,8 43,0 
106 000 9,4 6,0 



13 

In these latter applications a vanadium of very much lower 
purity is all that is required. Indeed, in most cases the 
master alloy ferro-vanadium containing 30 to 40 per cent 
vanadiuu is fully adequate, with the balance mainly iron. 

3 OCCURRENCE 

Vanadium is the twenty-third most abundant element in the 
Earth's crust in which it occurs in an average concentration 
of 150 ppm 1 0. Vanadium thus is nearly as abundant as 
chromium and considerably more abundant than certain other 
elements that are in much wider use, as shown in the table 
below. 

Average Abundance of Certain Elements 
in the Earth •s Crust 1 0 

Element Parts per 
Million 

Order of 
Abundance 

Zirconium 220 21st 
Chromium 200 22nd 
Vanadium 150 23rd 
Zinc 132 24th 
Nickel 80 25th 
Copper 70 26th 
Tungsten 69 27th 
Tin 40 31st 
Lead 16 36th 
Molybdenum 15 37th 

The relative abundance of vanadium along with a number of other 
metals that occur as minor or trace elements in various categorie 
of rocks is given in Table 3.1 1 1. It is a pity that the 
compilers of the original version of this table did not include 
mafic rocks, for, as will be seen later, certain of these 
frequently contain appreciable amounts of vanadium, particularly 
when segregations of titanium-bearing magnetite occur in them. 
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Vanadium also is present in seawater (1.9;ug/i) and, to 
a lesser extent (0,9 jaq/l) in fresh water, both to a much 
lesser extent than on land 1 1. The reason for this apparent 
anomaly, which applies to many other elements as well, may be 
that vanadium along with these elements either is precipitated 
onto the seabed where it may accumulate in marine deposits, 
such as the phosphate deposits in Montana and Idaho, USA, 
or it may become widely dispersed in marine strata. Alternatively, 
the vanadium may be absorbed by marine organisms, which nay 
account for its occurrence in the ash of certain petroleums, 
notably crude oil from Venezuela. 

T A B L E 3.1 

Minor and t r a c e e lements in g r a n i t i c rocks 
and a r g i l l a c e o u s , sandy and ca lcareous sediments 
ordered according t o the metal content in s h a l e s ; 
a l l data ppm 

Granitic Shales Deep-sea Sandstone Carbonates 
rocks clays 

Manganese 540 850 6700 390 1100 
Barium 420 580 2300 190 10 
Strontium 440 300 180 20 610 
Vanadium 88 130 120 20 20 
Boron 9 100 230 35 20 
Zinc 60 95 165 16 20 
Chromium 22 90 90 35 11 
Nickel 15 68 225 2 20 
Lithium 24 66 57 15 5 
Copper 30 45 250 15 4 
Lead 15 20 80 7 9 
Cobalt 7 19 74 0,3 0 
Arsenic 1,9 13 13 1 1 
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In general, a material should contain at least 1,0 per cent 
of vanadium pentoxide, V 2 0 5 , for it to be worked as an ore 
of vanadium except in those cases in which the metal is 
recovered as a by-product. Here the vanadium content of the 
ore may be very much lower, but the metal may become concentrated 
during the main process so that it reports in a by-product 
such as an ash or residue in a concentration sufficiently 
high to be worth recovering. This happens with vanadium in 
Venezuelan crude oil, in which the metal content is very low 
indeed, but the metal becomes concentrated in the ash obtained 
by burning the residual heavy oil as a fuel in the refinery 
to the extent that it becomes worth recovering. The ash so 
obtained contains about 15 per cent V2°S' 

Vanadium deposits fall roughly into four main categories. 
These are:-

Hydrothermal deposits; 
Sedimentary deposits; 
Nagmatic deposits; and 
Deposits by the deep weathering of primary rocks 

3.1 Hydrothermal Deposits 

The original discovery of vanadium was from a complex lead-
zinc-copper vein deposit. Subsequently Roscoe carried out 
most of his work on vanadium on samples obtained from vein 
deposits in Cheshire, England. For several years vanadium 
was produced from hydrothermal deposits at Broken Hill, 
Zambia. The Tsumeb and Berg Aukas Mines in South West 
Africa, were small but significant producers until 1980. 

The vanadium ores that have been worked in all cases consist 
of oxide minerals, essentially vanadates of copper, lead, 
and zinc, such as vanadinite and descloizite, which occur in 
the secondary enriched oxide zone of the main sulphide 
orebody. Exactly how the vanadium occurs in the main sulphide 
ore is uncertain, but probably as trace amounts of vanadium 
sulphide or replacing some of the copper, lead, or zinc. 
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3.2 Sedimentary Deposits 

Sedimentary deposits of vanadium may be divided into the 
following categories:-

Deposits of organic origin 

These include asphaltite deposits like those of Minas 
Ragra in Peru, where vanadium occurs as the sulphides 
patronite and bravoite in a greenish black amorphous 
mineral, largely carbonaceous; 

Crude oils, notably those from Venezuela, in which the 
vanadium may occur as an organic compound or as an 
inorganic compound, but eventually reports in the ash 
obtained from burning the petroleum residues as a fuel 
in the refinery; 

Coal seams in North Wales, North Staffordshire, the Ruhr 
area in Germany, the Urals in Russia, West Virginia, and 
New South Wales. In nearly all cases the vanadium content 
even in the ash is far too low for such material ever to 
be considered as an ore of vanadium. Typically the 
vanadium content of the ash in South African coals ranges 
from 0,029 to 0,1 per cent V 2 0 5 . 1 2 Even this small 
percentage, particularly if in the higher range, can cause 
trouble by increasing the risk of the formation of deposits 
or of corrosion within the furnaces and flues of boilers 
fired with such coals, or similarly with vanadium-containing 
crude oil residues; 

The Athabasca tar sands contain about 0,02 per cent 
vanadium in the contained bitumen, and this figure is 
increased to between 0,08 and 0,8 per cent in coke 
produced from this bitumen during the extraction process. 
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These tar sands do represent a potential source of 
vanadium, and some experimental work has been initiated 
towards its recovery 1 3; and 

Vanadium occurs in some oil shales, notably at the 
large deposits at Julia Creek, Queensland, Australia. 
How the vanadium occurs at Julia creek is not known, 
but it appears that it reports in the ash obtained from 
retorting the shale in sufficient quantities to be 
worth recovering. 

It is not known whether vanadium occurs in significant 
quantities in the enormous deposits of oil shale that occur 
in Colorado. 

Although few of these organic sediments represent potential 
sources of vanadium, the very wide distribution of this 
element in deposits that are of definite organic origin suggests 
that vanadium does play a widespread and important biological 
role. 

Certai'-. sedimentary phosphate deposits, notably those that occur 
along the border between Idaho and Wyoming in the United States, 
contain significant amounts of vanadium. This appears to occur 
as a vanadiferous phosphate of the general formula C a ^ p C ^ ^ 
(F,C1, OH) in which voj ions replace some of the PO4 ions. 
The American deposits of this type contain from 0,11 to 0,45 
per cent V2O5, which is too low to be workable for the vanadium 
alone. The metal, however, becomes concentrated in the 
residues arising from the recovery of the phosphorous. 

Included with the uranium-vanadium deposits in sandstones are 
the uranium deposits of the Colorado Plateau region on the 
border between Colorado and Utah, which are the main source 
of uranium in the United States. 
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The principal ore minerals are carnotite, uvanite, and 
roscoelite with the vanadium and uranium occurring fairly 
consistently in the ratio 4:1 to 5:1. 

3.3 Nagmatic Deposits 

Deposits of this type, consisting essentially of magnetite 
with varying amounts of titanium in the form of ulvdspinel, 
Fe2Ti0 4, and ilmenite, FeTiC>3, form the largest sources of 
vanadium by far, particularly when the enormous deposits of 
titaniferous magnetitite of the Bushveld Complex in the 
Transvaal are taken into consideration. These deposits may 
contain small and varying amounts of vanadium, which, in 
every case, are so intimately mixed with the main mass of 
magnetic iron ore and titanium minerals, that it is impossible 
to separate the vanadium by physical beneficiation methods. 

Hiemstra and Liebenberg 1 ** list the iron, titanium, and 
vanadium minerals that occur in deposits of this type as 
shown in Table 3.2. 

T A B L E 3.2 
Some iron, titanium, and vanadium phases known to 

occur in nature *** 
Name Formula Crystallographic data 

Magnetite F. 30 4 Spinel structure. 0 

(inverse) a Q » 8,3963A 
Maghemita jr-re2o3 Defect spinel structure, 

(inverse) a 0 * 8,34A 
Ulvdspinel F« 2Tio 4 Spinel structure, 

(inverse) a 0 » 8, 538 
Coulsonite Fev 20 4 Spinel structure 

a 0 - 8,297 % 

Vanado-maghemite y-(Fe,V) 20 3 
Spinel structure 
(inverse) a 0 • ? 

Ilaenitc FaTi0 3 Hexagonal, a© • 5,08A 
c o " 14,16 8. 

Karelianite v 2 o 3 Hematite structure ? 
Nolanite **i:\ vw 1 0 5 16 Hexagonal ? 
Hematite F. 20 3 Hexagonal a 0 . 5,03 % 

c 0 - 13,75 o 



Borisenko identifies three types of magmatic vanadium deposits as shown in Table 3.3. 

T A B L E 3.3 

Types of Vanadium Deposits of Magmatic Origin 

1 
Vanadium-bearing Principal Amount of Principal mineral- Examples of deposits 
ores commercial vanadium concentrators of vanadium 

1 

component in ore, % (amount of vanadium, wt %) 

1. Titanomagnetite Fe 0,05 - 0,17 Titanomagnetite Gusevogorsk, Pervoural'sk, 
in pyroxenites, (0,13 - 0,84) and Volkovo (Urals) 
peridotites. 
olivinites, 
hornblendites, 
and gabbros 

2. Ilmenite-magnetite Fe, Ti 0,1 - 0,4 Magnetite, and titanomagnetite Kusinsk and Medvedevsk 
in ilraenite- (0,31 - 0,62) (Urals) 
titanomagnetite 
types in gabbros 

3. Titanomganetite Fe 0,9 - 1 Titanomagnetite (less than Bushveld Complex (South 
in anorthosites. 1.5) Africa 
pyroxenites, and 
norites 

• ^ * ^ 
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Where deposits of the first two types are mined, they are 
worked primarily as iron ores; in Russian and Chinese 
practice they are smelted in blast furnaces. The vanadium 
becomes concentrated in the slag from which it may be recovered 
by conventional roast-leach methods. However, the slag 
obtained is low grade, containing only about 7,5 per cent 
v2°5' a s c<HBP a r ed with the 25 per cent V 2 O s in the slag 
produced by Highveld Steel and Vanadium from smelting the 
higher grade ores from the Bushveld Complex. 

The higher grade deposits of the third type may contain 
sufficient vanadium to be worked for the direct extraction 
of vanadium alone. This is the case with certain seams of 
titaniferous magnetitite of the Bushveld Complex. 

Fischer 1 6 records no less than 105 vanadium-bearing titaniferous 
magnetite deposits in twenty-one different countries, fairly 
well distributed throughout the world. These deposits range 
in size from about 1 million tons to about 13 000 million 
tons of the Mount Kachkanar deposit in the Ural Mountains, 
let alone the many millions of tons of the magnetite deposits 
of the Bushveld Complex in the Transvaal. 

Of these deposits, only about seven are being worked at 
present, outside of the Urals region in the USSR. The 
others appear to be too low grade, too small, or too inaccessible 
to be of any commerical value. 

3.4 Deposits Formed by Deep Weathering 
of Primary Rocks 

The type examples of this class of deposit are around Magnet 
Cove and Wilson Springs in Arkansas. The vanadium itself is 
mined in vanadiferous clays. These clays appear to have been 
derived by the deep weathering of highly altered and metamorphosed 
rocks of two igneous complexes, which had been intruded by 
numerous dykes and sills, which also have been weathered deeply. 



21 

It seems probable that the vanadium originated in the basic 
rocks of the original complexes and has become concentrated as 
the result of tne extensive weathering and alteration to deep 
clay deposits. 

4. MINERALOGY 

Dunn and Edlund3 state that there are over 65 vanadium minerals 
of which they detail 47 in their Table 32.13, which is given 
as Appendix 1 of this review. These authors also state that 
there are only five original primary minerals or vanadium. 
These are:-

Patronite; V 2 S s + n S » which is also given by Roberts et al 
as VS 4. The mineral "Occurs in graphite-like masses as an 
important vanadium ore associated with a hydrocarbon, with 
bravoite and many secondary vanadium minerals at Ninas Ragra, 
near Cerro de Pasco, Peru" . Patronite was the main vanadium 
ore at Ninas Ragra, which, for a number of years, was the 
world's principal source of vanadium; 

Bravoite , (Fe,Ni)S 2. Primarily a sulphide of nickel and 
iron, but vanadium and cobalt may replace some of both the 
nickel and the iron. Found as a vanadium ore mineral in 
association with patronite at Ninas Ragra, Peru; 

Sulvanite, 3CU2S.V2S5, a bronze-to-gold coloured mineral 
found in Tooele County, Utah, Sierra de Cordoba, Argentina, 
and Burra Burra, South Australia. 

Although these three sulphide minerals of vanadium have 
been reported from a few locations only, it is quite possible 
that they do occur as trace minerals widely disseminated in 
other complex lead, zinc and copper sulphide deposits such 
as those at Tsumeb and Berg Aukas Nines in South West Africa. 
In this form they were the original source of the vanadium 
worked as complex vanadate ores in the secondary enriched 
oxide zones of the ore bodies; 
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Davidite. (Fe2+tCe")2<Ti# F« 3 +,V,Cr) 5(> l 2 This is a 
mineral reported by Roberts et a l 1 7 as having been found in a 
number of widely separated locations in Norway, the United 
Staves, South Australia, South West Africa, and Mozambique 
but apparently not from any of the areas in which vanadium 
has been or is being worked commercially; and 

Roscoelite, K(V,Al,rtg)3(Al,SÍ3)0.„. (0H) 2. Roscoelite is 
the vanadium-bearing mica, and forms the main primary mineral 
of vanadium in the uranium-vanadium deposits in the sandstones 
of the Colorado Plateau region on the border between Colorado 
and Utah, where its pinkish colour gives a distinctive hue 
to the sandstone ore, as for instance at the Rifle Creek Nine. 
It is interesting to note that roscoelite was originally 
discovered by Sir Henry Roscoe at the Mottram Copper Mine at 
Alderley Edge in Cheshire. This indicates that this mineral 
also may be found in sulphide deposits. 

This short list of "primary" vanadium minerals omits certain 
minerals that are probably primary as well; these are mainly 
oxides which form the source of vanadium in deposits of 
magmatic origin. These include:-
Coulsonite, FeO.V 20 3, an iron-vanadium spinel, with a structure 
similar to magnetite, FeO.Fe2o-i; 
Karelianite, v_0 , the vanadium analogue of hematite; 
Vanado-maghemite, in ef f ect v-Fe203 with some of the Fe 
replaced by vanadium; and 
Nolanite, variously given as Fe 3V 70l6 and Fe^gVJ 3

? V * 4 ° 6 

Roberts et a l 1 7 , does not mention the occurrence of any one 
of them in the Bushveld Complex, which is the largest known 
source of vanadium, or in any other vanadium deposit of 
similar magmatic origin. These oxide minerals could easily 
occur in the mixed iron and titanium minerals of these 
deposits, which essentially are deposits of iron ore. Also, 
vanadium has been long known to occur in trace amounts in 
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sedimentary iron ore deposits such as those of Northamptonshire, 
Lincolnshire and the Ninette ore of northern France, but 
never in commercial amounts. 

The more interesting and in most cases more attractive 
minerals of vanadium are the secondary oxide minerals, which 
mainly comprise of various forms of vanadates. Dunn and 
Edlund 3 list the more common as those found in: 

Metallic veins of Nexico, New Mexico, Arizona, Nevada, 
Argentina, Spain, Turkestan and Zimbabwe. 

Vanadinite (Pb 4(V0 4>3.PbCl) 
Descloizite (4 (Zn,Cu, Pb) O.V 205-H 20) 
Cuprodescloizite (4(Cu,Zn,Pb)O.(V,As) 20 5.H 20) 
Mottramite (4 (Cu,Zn,Pb) O.V 20 5.H 20) 
Endlichite (Pb4(V,As04)3.PbCl) 
Psittacinite (4(Pb,Cu)O.V 20 5.2H 20) 

Patronite deposit of Peru: 
Hcwettite (CaO.3V 20 5.9H 20) 
Melanovanadite (2CaO.2V 20 4•3V 20 5) 
Minasragrite (V 2°4•3S0 3.16H 20) 
Fernandinite (CaO.V2o 4• 5 V

2°5-14H 20) 
Sincosite (CaO.V 20 4.P 2O s.5H 20) 
Pascoite (2CaO.3V 20 5.11H 20) 

Uranium-bearing sandstones of Colorado, Utah, and Arizona: 
Carnotite (K 20.2U0 3.V 20 5.3H-0) 
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Uvanite (2U0 3-3V 20 5-15H 20) 
Tyuyaaunite (CaO-2U03 - V2°5 * * H2°* 
Roscoelite (2K 20.2A1 20 3(Mg.Fe)O.3V 2O s.10SiO 2.4H 20) 
Hewettite ) 

)CaO.3V-0c 9H,0) Metahewettite : * 5 * 

Vanoxite (2V 20 4-V 20 5-8H 20) 
Volborthite (6 (Cu,Ca,Ba)0. V 2o 5.15H 20) 
Fervanite (2F« 20 3.2V 2O s.SHjO) 
Rossite (CaO.V2O5.4H_O); and 

Fergana Valley (Central Asia) Siberia: 
Tyuyamunite (Cao.200j.VjO 4B 20) 
Alaite (V 20 5.H 0) 
Ferghanite (3UO.V 2O s-6H_o) 
Turanite (5Cu0.VjO,-2H O) 

In the case of the vanadium in the sedimentary phosphate deposits 
that occur on the Idaha - Wyoming border in the United States, 
it almost certainly occurs as (V04)"replacing some of the 
(PO.)~in apatite. 

Vanadinite, in effect, is pyromorphite,again with the (VO^* 
group replacing some or all of the (PO4)'group. 

5. APPLICATIONS 

Although the applications of vanadium are numerous the 
principal end-use of the metal is in the field of ferrous 
metallurgy, and, more especially, in the manufacture of 
high-duty structural steels. Tne whole subject is highly, 
complex and can only be touched upon briefly in this review. 
However, there is a wealth of excellent technical literature 
on the subject, especially that published in recent years by 

http://CaO.V2O5.4H_O
http://Cao.200j.VjO
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the Vanadium International Technical Committee (VANITEC). 
An account of the activities of this body is given in a 
subsequent chapter of this review. 

Table 5.1, which is based on information from the US Bureau 
of Mines, gives the percentage end-usage of vanadium for the 
United States during 1980. There has not been much change 
in the pattern of consumption of vanadium during recent 
years, and that in other industrialized countries is generally 
similar to that of the United States. 

T A B L E 5. 1 

End-Usage of Vanadium in the United States 

Per cent 

Steel: Carbon 19,24 
Stainless & heat resisting 0,73 
Full alloy 24,01 
High-strength low-alloy 33,85 
Tool steels 10,39 

Other metallurgical applications: 
Non-ferrous alloys 8,63 
Cast iron 0,79 
Superalloys 0,69 
Welding and alloy hard-facing 
rods and materials 0,16 
Catalytic uses: 0,95 
Miscellaneous and unspecified: . . 0,56 

Total 100,00 

It will be seen from Table 5.1 that nearly 90 per cent of 
all vanadium consumed is used in steelmaking, and of this 
the largest proportion, 33,85 per cent, is used in the 
manufacture of High-Strength Low-Alloy (HSLA) structural steels 



26 

Of the remaining± 10 per cent, the largest consumption is in 
non-ferrous alloys. These mainly are titanium alloys, of 
which the most successful contain 4 to 6 per cent vanadium. 
Remarkabiy little vanadium is used in cast iron or as catalysts. 
The latter consumption is somewhat variable as it depends 
upon the comaicsioning of new sulphuric acid plants, and the 
periodic replacement of spent or "poisoned" catalyst. 

5.1 Steelaaking 

The value of vanadium in iron and steelmaking is based 
largely upon three of its many properties:-

(a) Vanadi m c m er.ter into solid solution in ferrite, and, 
to a lesser extent, in austenito. This action can raise 
the tensile strength ot ferrite very considerably, and, 
by precipitation in a finely dispersed state, increase 
both the hardness and the toughness of the steel; 

(b) Vanadium is a strong carbide forming element; the principal 
carbide formed In steel being VC (or as believed by some 
authorities, V4C3). This carbide is precipitated in a 
finely divided form from the melt or as the result of 
heat treatment. This tends to reduce the grain size of 
the whole mass of steel, thereby increasing its hardness 
and toughness; and 

(c) Vanadium forms a very stable nitride, which enhances the 
case-hardening properties of steels, especially the 
"Nitralloy" range of alloys. 

The effects of quite small percentages of vanadium in inhibiting 
grain growth are quire remarkable. To quote from Sostoker' 
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"As a result of quite small additions the austenite 
field is confined to lower carbon levels and higher 
temperatures. Thus with normal austenitizing temperatures, 
a considerable proportion of the vanadium content is 
tied up as undissolved carbide. A wide variety of 
tool, die and cutting steels contain 0.1 to 0.5% vanadium 
in additon to larger amounts of chromium, manganese, 
molybdenum, and/or tungsten. General practice is to 
austenitize these steels at such a temperature that all 
of the major alloying elements and most of the carbon are 
taken into the austenite, leaving a minor dispersion of 
vanadium carbide. This minor dispersion of undissolved 
carbide is very effective in inhibiting austenite grain 
growth. By following this practice, inherently fine
grained steels with exceptionally high toughness are 
obtained. Some comparative data in Table 10.1 illustrate 
this." 

The said table from Rostoker, reproduced as Table 5.2 
demonstrates very well how a small amount of vanadium can 
increase the toughness of a steel very considerably. 

5.1.1 HSLA Steels 

For very many years the standard steel for structural purposes 
was a straight carbon steel, usually containing about 0,30 
per cent carbon, and having an ultimate tensile strength of 
about 432,4 - 509,6 MPa. However, attempts are continually 
being made to produce a steel with a higher tensile strength 
especially for the construction of large bridges. Higher 
strength can be obtained in steel by increasing the carbon 
content, but only at the expense of an increase in 
brittleness. The most effective method of increasing the tensile 
strength of a steel is by introducing elements that will dissolve 
in the ferrite portion of the steel and harden this ferrite 
by solid solution or precipitation hardening. Toughness also 
can be obtained by reducing the grain size in the steel. 
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T A B L E 5.2 

Mechanical Properties of Some Representative Steels 
with and without Vanadium 

Composition % 

Steel Type Carbon Manganese Silicon Vanadium 
Carbon (A) 0,50 0. ,71 0,19 
Carbon-Vanadium (B) 0,50 0, 76 0,37 0,27 

Tensile Strength i. Elongation, Izod Impact, 
Heat Treatment psi % ft-lb 

(A) annealed 1520*F, 
furnace cooled 90 600 23,3 13,5 

(B) annealed 1565*F, 
furnace cooled 97 200 28,3 32,5 

(A) normalized and 
tempered 1520°F air. 
1000°F air 103 100 25,8 18,0 

(B) normalized and 
tempered 1565*F air, 
1000'F air 110 400 25,8 42,0 

(A) quenched and 
tempered 1520°F water. 
lOOO'F air 134 900 18,3 54,0 

(B) quenched and 
tempered 1565°water, 
1200°F air 134 500 18,3 63,5 

Composition % 

Steel Type Carbon Manganese Silicon Chromium Vanadium 
Chromium (C) 0,49 0, ,76 0,21 1,07 
Chrome-Vanadium (D) 0,50 0, ,79 0,31 0,98 0,20 

Heat Treatment 
(C) annealed 1545°F, 
furnace cooled 

(D) annealed 1545°F, 
furnace cooled 

(C) oil quenched 1545°F, 
tempered 800^ 

(D) oil quenched 1545°F, 
tempered 800*F 

Tensile Strength 
psi 

107 700 

99 500 

220 900 

232 800 

Elongation, 

% 

19,2 

28,4 

9,6 

10,4 

Izod Impact, 
ft-lb 

10,5 

44,0 

12,0 

12,0 
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Some of the earliest high-strength steels depended upon the 
addition of silicon. Thus, in 1907, a steel with the 
following analysis was used in the construction of the first 
Nauretania: 0,27% C, 0,72% Mn, and 1,20% Si. An increase 
in the manganese content of the steel produces both a finer 
and stronger pearlite in the steel, and also solid solution 
hardening in the ferrite. In 1932, a relatively high-manganese 
steel having the analysis 0,35% C, 1,2% Mn, and 0,15% Si was us 
for the construction of the Sydney Harbour bridge in Australia. 

These steels, in which the tensile strength was increased by 
the simple increase of silicon or manganese, were perfectly 
satisfactory when all structures were joined by rivetting 
or bolting. With the widespread introduction of welding for 
structural work it was found that these steels were liable to 
brittle fracture in the zone adjacent to the weld, sometimes 
with disastrous results. Accordingly weldability almost 
became the most important criterion and this called for 
restricting the carbon content to a maximum of 0,23 per cent, 
while the manganese content was allowed to be as high as 1,8 
per cent, or 2,0 per cent of combined Mn + Cr. This allowed 
steels having an ultimate tensile strength of 540,6 - 633,2 MPa 
and a maximum yield strength of 324,3 MPa which was easily 
welded. 

In order to reduce the risk of brittle fracture and to increase 
"notch toughness" the following criteria must be aimed at: 1 8 

(a) A fine ferrite grain, together with a finely 
laminated pearlite; 

(b) A low carbon content consistent with the required 
mechanical properties, which normally means a 
higher Mn/C ratio; 

(c) Carrying out a normalising treatment; this would be 
expected to result in a finer grain; and 

(d) The use of a fully killed steel. Whilst semi-killed 
steels are regularly produced with a high degree of 
notch toughness, under certain circumstances, 
particularly with thick plates, improvements are 
obtained wit-h fully killed steels. 
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The weldability of the steel is governed largely by the 
extent to which the steel is liable to become hardened as the 
result of the intense heating in, and adjacent to, the weld 
zone, and in turn this depends upon the chemical composition 
of the steel. 

In the late 1950's it was found that the addition of small 
amounts of niobium of the order of 0,01 to 0,03 per cent 
greatly improved the yield stress of the steel, while 
increasing the ultimate tensile strength to a lesser degree. 
This meant that for a particular C/Mn analysis a tougher 
steel with good welding properties could be obtained. It was 
subsequently found that vanadium could produce the same effect. 
Based upon this a method of assessing the weldability of 
a steel has been developed. Termed the "Carbon Equivalent", 
it utilises a number of formulae based upon the composition 
of tie steel. One such formula that is widely used and is 
quoted in BS.4360 of 1968 is: 

Carbon Equivalent (C E)= %C + %Mn 4.%Cr + %Mo + %V^ %Ni + %Cu 
15 

Sage 1 9 gives a similar formula widely used in the United States: 
(C E)= C+Mn + Mi_ + C r + Cu _ V 

6 20 10 40 10 

For most applications a maximum carbon equivalent of about 
0,45 per cent is permissible, and it will be seen that the 
effect of the vanadium content on the carbon equivalent is 
to increase the amounts of the other elements allowable in 
the steel. 

The value of any high-strength low-alloy (HSLA) steel 
depends upon the following properties: yield point strength 
(some HSLA steels have yield points up to 56,3 kg/mm^); 
weldability; and corrosion resistance. 
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Vanadium plays little or no part in improving the corrosion 
resistance of a steel, and this is achieved by the addition 
of small amounts of copper and/or chromium to HSLA steels. 
Resistance to corrosion is of particular importance in HSLA 
steels, as it would be of little value to reduce the thickness 
of a member only to find that it was badly susceptible 
to corrosion. 

The mechanism by which weldability is improved is somewhat 
similar to that by which the yield point is raised. The yield 
point strength is affected largely by the following: solid 
solution hardening; pearlite content of the steel; grain size; 
and precipitation hardening of the ferrite in the steel. 

Almost any element that enters into the crystal lattice of 
the iron that forms the ferrite will strengthen this lattice, 
but some elements are more effective in this respect than others, 
as will be seen from the following, quoted from Sage 1 9: 

Alloying element Increase in Y P 
kg/mm2/Wt % 

C,N 570 
P 69 
Si 8,6 
Ti 8,2 
Al 6,0 
Cu 3,9 
Mn 3,3 
Mo 1,1 
V 0,3 
Ni 0,0 
Cr -3,1 
Pearlite 0,2 

It will be seen that vanadium is not particularly effective 
:n solution hardening in the form of the metal, but as the 
nitride and as the carbide the solution-hardening effect is 
considerably greater. 
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It is well established that the finer the grain size 
of the ferrite phase in a steel, the greater its tensile 
strength and more particularly its yield point with respect 
to ultimate strength and thus its toughness. 

A fine grain size largely results from providing a very 
great number of precipitates within the austenite during the 
period of transformation. Nitrides of aluminium, vanadium, 
and niobium, together with carbides of vanadium and niobium, 
precipitate as widely dispersed fine nuclei in the steel 
during cooling, thus inducing the formation of a large 
number of small crystals of ferrite, rather than fewer large 
crystal grains. 

The normal practice in rolling vanadium or niobium-containing 
HSLA steels is to heat the slab to a minimum temperature of 
1 250°C and roll it down to a thickness about 20 per cent 
above the finished size. The metal then is held with some 
degree of spraying with water until the temperature has 
dropped to below 850 C. The rolling then is completed with 
two further passes giving reductions of about 10 per cent 
and 8 per cent and a final pass giving another reduction of 
2 per cent to finish to exact thickness. This rolling schedule 
induces the widely dispersed precipitation of finely divided 
niobium or vanadium carbides or vanadium nitride during tl.e 
waiting period. These form nuclei around which a fine-grained 
ferritic structure develops. 

Another method by which a high yield strength is obtained in 
HSLA steels is by the precipitation of fine particles in the 
ferrite. These also are largely carbides and nitrides of 
vanadium and niobium, which are precipitated during the cooling 
of the steel after rolling or from normalising. To quote 
from Sage 1 9: "Vanadium carbide precipitates in ferrite grains 
after rolling to give the steel a high yield strength. If 
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accelerated cooling is applied to a steel for which the finish 
rolling temperature is above 900°C, the precipitation of vanadium 
nitride will not take place in the austenite, and both vanadium 
nitride and carbide will precipiate in the fexrite after rolling, 
giving rise to a large increase in yield strength". 

The steelmaking and rolling mill practices that are employed in 
making HSLA steels have a very considerable bearing on the 
properties of these steels. These will not be discussed in 
detail in this report. 

For further information on the manufacture and resulting 
properties of HSLA steels the reader is referred to two excellent 
papers by Davidson 1 8, and Sage 1 9. The following notes have 
been taken largely from these two papers: 

Three points are worth mentioning. First, the use of semi-killed 
steel is preferred for the basis of making HSLA steels because 
this practice gives yields of 5 to 10 per cent more steel 
than when producing killed steels. The inclusions resulting 
in semi-killed steels, particularly of aluminium, can have 
an adverse effect on the structure because the aluminium nitride 
tends to prevent the formation of the desired fine grain. To 
a large extent this can be overcome by the use of sufficient 
vanadium to ensure the formation of vanadium nitride in 
preference to aluminium nitride. 

Second, there is the effect of nitrogen in the steel. Where 
the nitrogen exceeds 0,015 per cent it is necessary to add 
vanadium (or some aluminium) to ensure that there is minimal 
free nitrogen, that can cause poor notch ductility. Where 
steels contain as little as 0,002 per cent or less nitrogen, 
and vanadium is used to produce a high yield point, it is 
necessary to add sufficient nitrogen to form vanadium 
nitride, or to use a proprietary vanadium nitride additive 
such as Nitrovan. 

Third, quoting again from Sage 1 9 "where heavy drafting and 
temperature control during the last passes are possible it is 
economic to use niobium steels up to 15mm thick plate, but for 
greater thicknesses, and where the rolling and temperature 
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control are not possible, vanadium steels are usually selected." 

Correct heat treatment, especially normalizing after rolling, 
is most important for the development of the properties of 
HSLA steels. This is well illustrated by the following 
excerpt from Davidson 1 8: 

"In order to obtain a comparison of the impact values at various 
temperatures between as-rolled and normalised plate, a series 
of tests were carried out on 1.1/4" plate. 
C 0.16 Mn 1,10 PO.005 SO.025 SiD.26 Cr0.36 V0.044 

Yield Stress Tensile Strength Elongation % (G.L.=8W) 

As-rolled 22,8 34,2 27,0 
Normalized 880°C 23,6 32,35 28,5 
Charply Tests 

T e s t 
T e m p e r a t u r e 

A s - R o l l e d N o r m a l i s e d ( 8 8 0 ° C ) T e s t 
T e m p e r a t u r e f t l b f A v e r a g e f t l b f A v e r a g e 

+ 2 0 ° C 
+ 10°C 

0°C 
- 1 0 ° C 
- 1 5 ° C 
- 2 0 ° C 
- 3 0 ° C 
- 4 0 ° C 

1 1 2 , 1 2 0 , 1 0 5 
101 , 7 9 , 1 1 4 

7 1 , 9 9 , 1 1 4 
5 5 , 5 5 , 1 2 9 
3 0 , 1 2 1 , 5 1 
3 9 , 4 4 , 5 9 
2 0 , 2 9 , 2 9 
3 4 , 2 0 , 3 4 

112 
9 8 
9 5 
8 0 
67 
47 
26 
2 9 

1 1 6 , 1 2 7 , 1 0 8 
1 4 0 , 1 1 4 , 1 1 3 
1 2 2 , 1 4 1 , 1 2 0 
1 1 4 , 1 2 6 , 1 1 9 

9 8 , 1 5 0 , 1 1 8 
1 1 0 , 1 1 2 , 1 1 2 
1 2 0 , 6 0 , 1 2 0 

6 3 , 7 9 , 1 1 1 

117 
129 
1 2 8 
120 
122 
H I 
1 0 0 

84 

More details about specifications for vanadium-bearing HSLA 
steels are given in Appendix II; specific applications are 
discussed in Appendix III. 

5.1.2 Dual-Phase Steels 

Dual-phase steels are a range of high-strength steels that 
can be produced in the lighter gauges using both hot-rolled 
and cold-rolled techniques, and which are particularly suitable 
for use in the automotive industry. Such steels have good cold 
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forming and welding characteristics. Essentially, dual-phase 
steels consist of about 10 to 20 per cent martensite set in a 
matrix of 80 to 90 per cent fine-grained polygonal ferrite. In 
this way the strength of the steel is derived from the martensite 
and the ductility comes from the soft ferritic matrix. 

Dual-phase steels are formed by carefully controlling the finish 
rolling temperatures and by subsequent annealing and rapid 
cooling under condition'- so that the transformation of austenite 
in the steel to pearlite is avoided; the austenite transforms 
to a martensitic structure; and the final structure of the 
steel consists of about 10 to 20 per cent martensite as islands 
in a fine-grained matrix of ferrite. 

These conditions can be best obtained by the use of a continuous 
annealing production line followed by rapid cooling. Such 
equipment is expensive and not available at all steel mills, 
but the same effects can be obtained with suitable alloying 
in the steel. Manganese and carbon are added to stabilize the 
austenite thermodynamically, while silicon, chromium, vanadium, 
or molybdenum are added to increase hardenability and the 
tendency to form martensite. 

According to a recent article 2 0 it would appear that Japanese 
steelmakers are equipped with the necessary continuous annealing 
and cooling equipment and tend to favour straight aluminium 
killed carbon steels, whereas the American steelmakers prefer 
steels of very similar composition to normal high-strength 
low-alloy steels, certain of which make use of vanadium as an 
alloying element, primarily to improve the fine-grained structure 
of the ferrite. 

The opinion has been expressed that the use of continuous 
annealing lines produces cheaper dual-phase steel when 
compared with the addition of expensive alloying agents. However, 
such continuous annealing lines are expensive to install, while 
the amount, and hence the cost, of adding vanadium to the 
steel is not that high. 



36 

Dual-phase steels offer certain advantages over HSLA steels 
in the manufacture of automobile body components, especially 
in parts designed to collapse under severe overload with a 
consequent absorption of energy, which theoretically protects 
the driver and passengers. Sage 1' forecasts a considerable 
growth in the use of dual-phase steels in the automobile 
industry, for which they are well suited. 

5.1.3 Tool Steels 

Tool steels may be divided roughly into three categories: 

(a) Relatively low-alloy tool steels which have a higher 
hardenability than normal straight carbon steels so that 
they can be used in heavier sections and heat treated 
with less risk of distortion. This type of tool steel 
usually contains small amounts of vanadium largely for 
grain refinement; 

(b) Intermediate alloy tool steels commonly contain elements 
such as tungsten, vanadium and molybdenum that form hard 
wear-resistant carbidss; and 

(d) High-speed tool steels containing larger amounts of 
carboQ-forming elements in order that they can be used 
at higher temperatures. 

Table 5.3 gives typical compositions of vanadium-bearing tool 
steels for different applications. In most cases the vanadium 
content is well within the lower range from 0,20 to 0,80 per 
cent, although some cutting and die steels may contain from 
1,5 to 4,0 per cent. The American Iron and Steel Institute (AISI) 
lists a total of 76 commonly used types of tool steels, covering 
seven different categories, including high-speed, hot-work, 
cold-work, and shock-resisting tool steels. Of these 41, 
including all the high-speed and most of the hot-work tool steels, 
contain vanadium in amounts ranging from 0,20 to 4,0 per cent, 
but mainly in the 1,0 to 2,0 per cent range. This is higher 
than for the steels listed in the said table. 
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T A B L E 5.3 

VANADIUM-BEARING TOOL STEELS 

Composition 

0 , 5 - 1 , 1 % C, 0,25% S i , 0,65% Mn, 
0,75% Cr , 0,2% V 

0,95% C, 0,25% S i , 1,6% Mn, 
0,25% Mo, 0,25% V 

0,95% C, 0,25% S i , 1,2% Mn, 0,5% W, 
0,5% Cr , 0,20% V 

1,2% C, 0,25% S i , 0,25% Mn, 1,3-1,8% W, 
0,75% Cr , 0,75% Mo, 0,25% V 

0,55% C, 2,0% S i , 0,8% Mn, 0,3% C r , 
0,25% V 

0,55% C, 2,0% S i , 0,P% Mn, 0,4% V, 
0,4% Mo 

0,5% C, 1,0% S i , 0,40% Mn, 0,25% V, 
0,50% Mo 

0,5% C, 0,25% S i , 0,25% Mn, 2 ,1% W, 
1,5% Cr , 0,25% V 

1,0% C, 0,3% S i , 0 ,4-0 ,7% Mn, 5% Cr , 
1% Mo, 0 ,3 -0 ,6% V 

1,5-2,25% C, 0,25% S i , 0,3% Mn, 
12,0% Cr , 0,8% Mo, 0 ,3 -0 ,8% V 

0,95% C, 0,25% C, 0,25% Mn, 3,25-
4,25% Cr, 0,5% Mo, 0,5% V 

0,5-0,8% C, 18% W, 4% Cr, 1% V 
0,75% C, 14-18% W, 4-4,25% Cr, 
1-2% V, 5-12% Co 

0,75% C, 1,5% W, 8,5%'Mo, 4% Cr, 1% V 
0,8% C, 8,25% Mo, 4,25% Cr, 2% V 
0,8%C, 1,5%W, 8,5%Mo, 4% Cr, 1,25-2% V, 

5-8% Co 
0,8-1,25% C, 5,75% W, 4,5-4,75% Mo, 

4-4,75% Cr, 1,5-4% V 
0,8% C, 5,75% W, 4,75% Mo, 4% Cr, 

1,5% V, 5-8% Co 

Applications 

Shock-resistant tools, grippsr 
dies, drive shafts, drills, 
files, brooches 

Oil-hardening, nondeforming 
tool-and-die steels 

Springs, punches, shock-resistant 
Lools 

Chisels 

Air-hardening die steels 

Wear-resistant cold-work dies 

Hot-work die steels 

Cutting and die steels 
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Another authority 2 1 has this to say about the alloys that 
contain the higher percentages of vanadium: 

" Certain of the high-carbon-high-chromium die steels ("ttortle" 
steels) contain vanadium which enhances their wear resistance 
and increases their grain coarsening temperature to approxiaately 
1030°C. One such steel contains 2% carbon, 12 to 14% chromium 
and 0.75 to 1% vanadium, while another .̂ype has additionally 
0.6 to 1% cobalt. The tungsten-bearing hot work steels 
usually contain 0.3 to 0.6% vanadium which imparts to the 
steel the necessary wear resistance and hot strength. Another 
die-steel, the 7-7-1 tungsten-chromium-silicon steel contains 
0.3 to 0.6% vanadium, which refines the grain size. 

™ The 18-4-1 tungsten chromium-vanadium steel contains between 
0.6 and 1.2% vanadium. Steels with higher vanadium contents, 
such as the 6-6-2 tungsten-molybdenum-vanadium steel , are now 
being produced and a molybdenum-tungsten high speed steel 
contains 4% vanadium. The carbon content of these steels 
increases as the vanadium content increases, since above a 
certain percentage of vandium, for a given carbon content, 
the hardness is rapidly decreased. Therefore, high-vanadium 
steels having low carbon contents contain appreciable amounts 
of ferrite and, indeed, if the vanadium content is sufficiently 
high, they will forge like carbon steels. With 0.70% carbon 
present it is usual to have 1.0% vanadium in the steel and 
apparently, in order to obtain an optimum combination of 
forgeability and cutting efficiency, the carbon content should 
be increased by 0.2% for each 1% increase in the vanadium 
content. Vanadium, like tungsten, is a ferrite-stabiliser 
and therefore it is believed that the former can substitute 
for tungsten in high speed steels, and in several which are 
now produced the tungsten is lower than 18% and the vanadium 
content is 2% and above. One such steel, containing 14% 
tungsten, 4% chromium and 4.5% vanadium has extremely good 
cutting properties and it is used for drills and broaches. 
An increase in vanadium content produces a marked increase 
in the hot hardness of high speed steel and this, along with 
the increased wear resistance, is responsible for the 
increased cutting ability obtained when the carbon and vanadium 
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contents are raised. The higher vanadiua content high speed 
steels are superior where fast speeds and feeds are used on 
materials which are hard and scaly." 

Virtually all tool and die steels contain some vanadiua. 
This applies to normal hand tools such as spanners, haners, 
and screwdrivers and to sophisticated cutting tools as well. 
Even tungsten carbide cutting tips are Mounted on alloy tool 
steel holders containing some vanadiua. 

5.2 Other Metallurgical Applications 

5.2.1 Titaniua Alloys 

Titanium is used for many applications, especially in the 
chemical, aircraft and aerospace industries by reason of its 
high strenght-to-weight ratio and its resistance to corrosion. 
It is reported that titanium is being used ty the Soviet 
navy for the construction of submarines. Pure titanium has 
proved somewhat disappointing because it loses strength to a 
marked degree and develops creep at high temperatures. 
However, these difficulties can be largely overcome and the 
properties of titanium greatly improved by alloying with 
other metals, of which one of the most valuable is vanadium. 

The eight elements most commonly used for alloying with 
titanium are: aluminium, tin, zirconium, chromium, iron, 
manganese, molybdenum, and vanadium. The relative effects 
of these alloying elements, based upon the addition of 5 per 
cent of each, are given in Table 5.4 
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T A B L E 5.4 

Tensile Properties of Titanium-Based 

Titanium 
• • • 

Yield Tensile Elongation Reduction 
plus 5 strength strength (%) in area 
per cent of (1 000 psi) (1 000 psi) t 

Zirconium 70 80 20 50 
Tin 75 85 20 50 
Aluminum 90 100 20 40 
Vanadium 90 105 20 50 
Molybdenum 95 110 20 50 
Chromium no 125 20 40 
Manganese 110 125 20 40 | 
Iron 130 140 10 

! 

It will be seen that vanadium offers a fair balance between 
good yield and ultimate strengths with reasonable toughness. 

Titanium occurs in two crystal structures, viz. 
alpha titanium, close-packed hexagonal structure, below 
900°C; and beta titanium, body-centred cubic structure, 
above 900°C. 

The properties of titanium alloys depend very lar gely upon 
the proportions of these two phases which can be adjusted by 
the amount and choice of a I loying element. Ogden •> 7 

sums u P 
the properties of titanium alloys according tc ph ase very 
nea tly as follovs -

RELATION OF STRUCTURE TO PROPERTIES 
OF TITANIUM ALLOYS 

Structure Properties 

Alpha 

Beta 

Combined 
alpha-beta 

All-around performance; good weldability; 
good strength, hot or cold; good oxidation 
resistance; fair bendability 

Best bendability; excellent brnd ductility; 
good «trength, hot or cold; vulnerable tc 
contamination; large consumer of strategic 
metals 

Combined performance; good cold strength; 
good bendability, excellent forgability; 
moderate contamination resistance; poor 
weldability 
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The transition elements, which include vanadium, are all 
soluble in beta titanium, thereby stabilizing this phase to 
well below the transition point to alpha titanium, even down 
to ambient temperatures. These elements are known as beta 
stabilizing elements. Certain of the non-transition elements 
notably aluminium, tin, antimony, carbon, oxygen, and nitrogen 
are alpha stabilizers, being soluble in titanium in the alpha 
phase. Other elements, including boron, phosphorous, and 
sulphur, are insoluble in both phases and are referred to as 
compound formers. 

Following is a list of titanium alloys normally commercially 
available in the United States 22 Those produced in other 
countries probably are generally similar: 

Alpha titanium alloys 

Nominal Composition 
(weight %) 

Ti - 5A1 - 2,5Sn 
Ti - 6A1 - 4Zr-lV 
Ti-8Al-lMo-lV 
Ti-8Al-2Nb-lTa 
Ti-8Al-8Zr-l(Nb + Ta) 
Ti-7Al-12Zr 

Alpha-Beta titanium alloys TÍ-3A1-2,5V 
Ti-5Cr-3Al 
Ti-2Fe-2Cr-2Mo 
Ti-8Mn 
Ti-4Al-4Mn 
Ti-4A1-3MÓ-1V 
TÍ-4A1-4Mo-4V 
Ti-5Al-2,75Cr-l,25Fe 
TÍ-5A1-1,5Fe-l,4Cr-l,2Mo 
TÍ-16A1-4V 
Ti-16V-2,5Al 

Beta titanium alloys Ti-13V-llCr-3Al 
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About one per cent vanadium is used in two out of six alpha-
titanium alloys, and from one to four per cent is used in 
four out of twelve of the alpha-beta alloys, while one of 
these contains 16 per cent vanadium. The single beta-titanium 
alloy shown contains 13 per cent vanadium together with 13 per 
cent chromium. 

All of the alloys that contain vanadium also contain aluminium 
in amounts from 2,5 up to 8 per cent. This implies that vanadium 
metal prepared by the aluminc-thermic route, which always contains 
a considerable proportion of aluminium, may be used in making 
up these alloys, and that high-purity malleable vanadium is 
not required. Indeed Rostoker 9 states that alunino -thermic 
vanadium containing up to 13 per cent aluminium is used for 
the production of the Ti-6Al-4V alloy. 

In general the alpha-titanium alloys cannot be heat-treated, 
but they have been developed for their improved creep-resistance 
at higher temperatures. They also can be welded. The alpha-beta 
and beta alloys can be formed while relatively soft and then 
heat-treated to give higher strenghts. These are appreciably 
higher than for these latter alloys than for the alpha-titanium 
alloys, but their tensile strengths fall off more rapidly at 
higher temperatures. 

Of all these alloys the most widely used appears to be TÍ-6A1-4V, 
which, according to Rostoker 9, has superior creep resistance 
over the range 360°C to 532°C to all commercial alloys except 
Ti-4Al-4Mn. 

Crossley and Barice describe »ome high-vanadium alloys of 
titanium that have been developed recently for use in aircraft 
engines in order to produce "cast-to-net-shape" components to 
replace wrought parts made in Ti-6Al-4V alloy. These alloys 
have high strength and a high degree of hardenability with good 
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Density 
kg/m3 
4816 
4733 
4760 

resistance to fatigue and can be welded fairly easily. They 
normally are heat-treated above the Beta-transus and because 
of their age-hardening properties they have been given the naae 
of "Transage" alloys. The compositions of three of these 
Transage alloys are given below. 

Composition of Basic Transage Alloys 

Transage Alloying Addition,Mass t 
Alloy Al V Sn Zr 
129 2,0 11,5 2 11 
134 2,3 12,0 2 6 
175 2,5 13,0 7 2 

These alloys can be formed by powder metallurgy using hot 
isostatic pressing for compaction as well as "cast-to-size" 
techniques. 

Depending upon aging and other heat treatment the mechanical 
properties that can be obtained are : -

Transage Yield Yield Elongation Reduction 
Alloy Strength Strength per cent in Area 

MPa ksi MPa ksi % 

134 1110-1310 161-190 1041-1269 151-184 6 ,5 -2 ,3 9 ,0-3 ,7 

175 1027-1151 149-167 883-1103 128-160 6 ,1-5 ,7 22,5-11,0 

T i t a n i u m a l l o y s h a v e been u s e d v e r y e x t e n s i v e l y i n t h e 
c o n s t r u c t i o n of t h e C o n c o r d e s u p e r s o n i c a i r c r a f t i n w h i c h a 
s a v i n g of 1 kg w e i g h t c o u l d mean as much a s Rl 500 p e r annum 
a d d i t i o n a l r e v e n u e frcm t h e a i r c r a f t . The p r i n c i p a l a l l o y 
employed i s I m p e r i a l M e t a l I n d u s t i r e s Ltd IMI T i t a n i u m made 
t o BS TA 10 . T h i s a l l o y i s e s s e n t i a l l y a T i - 6 A l - 4 V , 
t h e p r o p e r t i e s of which a r e shown b e l o w -
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Typical transverse tensile properties of 
IMI Titanium 318 annealed sheet and plate 

Thickness 0,1% PS 
N/mm 2 

UTS 
N/mm 2 

Elongation 
(5 0mm) 

% 

1 - 1,5mm 
1 , 5-3mm 
over 3mm 

1 1 12 
1112 
1C50 

1 158 
1 158 
1096 

9 
10 
12 

As in most modern supersonic aircraft, alloy Ti-6Al-4V has 
replaced steel for all bolts and fastenings, except rivets, 
and in the case of the Concorde this has resulted in a savings 
of about 340 kg per aircraft. 

5.2.2 Iron and Steel Castings 

Vanadium does not appear to be used very much in iron and 
steel castings. In fact as will be seen from Table 5.1, only 
about 0,79 per cent of all vanadium utilised in the United 
States is used in cast iron. McGannon 2^ has this to say about 
the use of vanadium in iron castings: "Influence _i Vanadium.-
Vanadium has been added to cast iron in amounts of 0.10 to 
0'15 per cent. It is an expensive addition, and its chief 
effect seems to be that of opposing graphitization." 

21 Another authority says: "Vanadium in Cast Iron.-Vanadium, as a 
very powerful carbide former, counteracts graphitisation and 
stabilises pearlite. It is a chill stabiliser, especially 
in thin sections." 

Additions of 0,10 to 0,50 per cent vanadium to cast iron 
stabilize the cementite, refine and uniformly distribute the 
graphite flakes, refine the matrix grain size and promote 
sorbitic structures. Diesel engine liners are made from 
iron which frequently contains 0,1 to 0,2 per cent vanadium, 
which increases the hardness and strength and improves wear 
resistance. Up to 0,12 per cent vanadium may be added to 
highly-alloyed irons to improve their machinability. 
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Vanadium is undesirable in acicular irons since it forms 
carbides and causes some of the molybdenum present to 
segregate in the complex carbide areas, thereby diminishing 
the molybdenum content of the matrix and destroying the 
acicular structure. 

The NMAB Report 2 5 considers that there is scope fo development 
in the use of vanadium in both cast steel and cast iron. In 
particular this report mentions "another development which 
has tremendous potential in wear-resistant applications is 
the effect of vanadium on the strength of Hadfield manganese 
steels which have a proven record cf wear resistance". 

On the subject of cast irons the same report has this to say: 
"Vanadium influences the micro- and macro-structure of cast 
irons as follows: 

1. Stabilization of Cementite. Vanadium prevents 
graphitization of white irons up to about 2000 F. 
In the range of 0,25 to 0,50 per cent vanadium, 
one part of vanadium counteracts the graphitization 
effect of four parts of nickel. 

2. Small, Uniform Graphite Flakes. In pearlitic cast 
irons, vanadium not only reduces the flake size, 
but also promotes uniformity in graphite flake size 
from centre to surface of a given section. 

3. Persistence of Fine Pearlitic Structures. Vanadium 
promotes fine carbides and fine lamellar pearlite. 
Vanadium irons exhibit fine pearlite structure with 
their increased strength and resistance to wear. 

4. Modified Dendritic Structure. Vanadium produces 
smaller and less pronounced dendritic structure. 

5. Stabilizing Carbides at Elevated Temperatures. 
Vanadium produces stable carbides which resist 
decomposition at elevated temperatures." 
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Vanadium also is interchangeable with molybdenum and 
chromium in wear-resistant castings. 

Elkem-Spigerverket of Norway produce a special type of pig 
# iron, which is marketed under the trade name of Vantit. at 

their subsidiary Bremanger Smelteverk. Vantit is produced 
as a by-product of smelting a vanadium-titanium containing 
iron ore in a Tysland Hole type of electric furnace, the 
principal product being a slag containing 10-13 per cent 
vanadium, from which a ferro-vanadium is made on site. 

This alloy essentially is a pig-iron containing 0,5 to 0,7 
per cent vanadium and 0,3 and 0,5 per cent titanium. This 
material can be used on its own as a low-alloy pig iron, 
but it appears to be more commonly blended with other pig 
iron to produce an even lower alloy, but one that is in 
effect a high-duty iron. 

Research work carried out by the Austrian Foundry Institute D 

and also work by Toresson and Olsson for the Svensk Sjofarts 
Tidning 2 7 indicate that amounts of up to 20 per cent Vantit 
added to normal grey cast ivon had beneficial results in the 
production of rolls, heat resistant castings, and, more 
especially, the cylinder linings for large marine diesel 
engines. 

The results of the tests by the Austrian Foundry Institute are 
interesting, for, although they were carried out specifically 
to test a particular proprietary material, they do indicate 
improvements in grey cast iron through the use of vanadium 
in conjunction with titanium. The vanadium could have been 
added to the charge by using ferro-vanadium or other similar 
additive, but Vantit has the advantage of including the 
titanium. 

From the South African point of view the possibilities of 
a special cast iron containing some vanadium and some titanium, 
and with a low manganese content are most interesting. Such a 

references to proprietary alloys and proprietary processes 
equipment in this text are made for identific— ion only, and 
no way implies endorsement for their use by Minerals Bureau 
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material could be producer) from the waste material on the dumps 
at the four plants that produce vanadium pentoxide. The high 
tittiium content of this material could be reduced by slagging 
off in a manner similar to that used by Highveld Steel, while 
the residual vanadium with some titanium would be left in 
the pig iron. In this connection the dump belonging to Messrs 
Transvaal Alloys appears to offer the best prospects because 
their waste material already is in the form of hard pellets 
suitable for direct reduction or other methods of smelting 
to pig iron. 

McGannon24 mentions that vanadium is used in three ASTM 
grades of steel castings. Two, as indicated below, are 
special steels for use at high temperatures, especially 
in steam turbines. 

Cr Other 

ASTH D e s i g n a t i o n : A Ho. 66 
• e a v y - W a l l e d Carbon and Low-Al loy S t a a l C a s t i n g » f o r S t a a » T u r b i n e s 

I 0,35 0,70 0,60 0,035 0,030 
2 0,25 0,70 0,60 0,035 0,030 0,45-0,65 
5 0,25 0,70 0,60 0,035 0,030 0,40-0,60 0,40-0,70 
6 0,20 0,50-0,80 0,60 0,035 0,030 0,45-0,65 1,00-1,50 
e 0,13-0,20 0,50-0,90 0,20-0,60 0,035 0,030 0,90-1,20 1,00-1,50 V:O,05-O,!5 
9 0,13-0,20 0,50-0,90 0,20-0,60 0,035 0,030 0,90-1,20 1,00-1,50 V:0,20-0,35 

10 0,20 0,50-0,80 0,60 0,035 0,030 0,90-1,20 2,00-2,75 

AfTM Designation: A 389-66 
A l l o y - S t r a t i C a s t i n g s S p a t i a l l y Heat T r e a t e d f o r 

P r e s s u r e - C o n t a i n i n g P a r t s S u i t a b l e f o r Hlgh-Tes )pere ture S e r v i c e 

C23 0,20 0,30-0,60 0,60 0,04 0,045 0,46-0,65 
C24 0,20 0,30-0,60 0,60 0,04 0,045 0,90-1,20 

1,00-1,50 
0,60-1,25 

ViO,15-0,25 
V:0,15-0,25 
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A small amount of vanadium, 0,4 per cent, also is called 
for in type CW-12M alloy under ASTM Designation A 296-68 for 
Corrosion and Heat-Resistant Iron-Chromium and Iron-Chromium-
Nickel Alloy Castings for General Application. This is 
really a nickel alloy with 15,5 to 20,0 per cent chromium 
and a maximum of 7,50 per cent iron. 

However, the South African Transport Services use a vanadium-
bearing cast steel for the manufacture of their carriage and 
wagon couplers. These components are made of cast steel 
throughout, and even the shanks are not forged. The vanadium 
is added to produce a tough casting, which is amenable to 
heat-treatment.* 

The NMAB Report 2 5 also notes that "in the Soviet Union, 
where large quantities of vanadium-bearing slags are available, 
the production of vanadium-bearing irons is high, and irons 
containing as high as three per cent vanadium are used for 
their excellent wear resistance." 

The use of vanadium in cast irons and cast steel is a field 
that might well be investigated further, especially the use 
of wear-resistant vanadium-bearing cast irons and the effects 
of vanadium in amounts from 0,5 to 3 per cent in white cast 
irons. 

5.3 Catalytic Uses 

Vanadium pentoxide is used as a catalyst in certain oxidation 
reactions, notably: the oxidation of naphthalene or o-xylene 
to phthalic anhydride; of benzene and certain other materials 
such as butene to form maleic anhydride; and of sulphur 
dioxide to trioxide in the manufacture of sulphuric acid. 

Private communication : P G Laue, Chief Metallurgist, 
SATS, Koedoespoort, 1981-5-1 
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In the manufacture of phthalic anhydride, the catalyst 
consists of vanadium pentoxide precipitated onto silica 
together with about 20 to 30 per cent potassium sulphate. 
The catalyst is used as a fixed bed and operated at a 
temperature of 350 to 360°C, which is below the fusion point 
of the vanadium pentoxide. In maleic anhydride production 
the catalyst consists of a minium of 70 per cent V2°5, by 
mass usually with some other metal, most commonly molybdenum. 

5.3.1 Sulphuric Acid Manufacture 

Virtually all sulphuric acid is made at the present tine by 
the "Contact Process", and very few of the old "Lead Chamber 
Process" plants are still in operation. The contact process 
was first patented in 1831, but only came into commercial 
operation in the 1890*s and even then progress was slow. In 
about 1920 there were 228 sulphuric acid plants in the 
United States of which only 53 were contact process plants. 
The slow progress with what would appear a cheaper and 
more efficient process was because of the use of plantinum-
based catalysts, which were liable to "poisoning"* by 
arsenic and other contaminants in the stream of SO2 gas, 
while gas-cleaning techniques were still poorly developed. 

The use of vanadium as a catalyst for the basic reaction 
2SO2 + 02 Í 2S0-1 was first patented by De Haen in Germany 
in 1900, but its successful use was developed by Slam and 
Wolf at the Badische Anilin und Soda-Fabrik from about 
1915 onwards. Vanadium catalysts were introducted into the 
United States only in 1927. 

There are numerous proprietary forms of vanadium catalysts 
devised for use in sulphuric acid plants. All of these 
basically consist of very finely divided vanadium pentoixde 
on a suitable porous refractory carrier such as pumice or 
unglazed ceramic material, or they are precipitated on or 
in some form of silica gel. The vanadium usually is introduced 
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in the first instance in the form of a solution of ammonium 
vanadate that is converted on the carrier into the pen.oxide. 
The catalyst is produced in the form of small pellets and 
carried as a series of fixed beds in the converter section 
of the acid plant. 

The oxidation of SO2 to SO3 is strongly exothermic so that 
considerable heat is generated and recovered in waste heat 
boilers. However, the reaction takes place at temperatures 
ranging from 420°C to 440°C so that the incoming gas must be 
preheated in heat exchangers. This poses a problem if the 
incoming stream of SO2 is intermittent, as in the case of 
waste gas from copper converters. In the copper conversion 
process, SO2 is produced only during about one third of the 
cycle. It is difficult to obtain a constant supply of gas 
to the by-product sulphuric acid plant attached to a copper 
smelter unless it is very large with several converters. With 
most acid plants at copper smelters it is necessary to have 
some means of maintaining the temperature of the vanadium 
catalyst during periods of low in-flow of SO2 from the converters, 

Vanadium catalysts for sulphuric acid manufacture are cheaper, 
more effective, and less liable to poisoning than the alternative 
platinum based catalyst. 

On average, a sulphuric acid plant requires about 127 kg of 
catalyst, containing about 6 per cent V2O5, per metric ton 
of daily acid capacity. Loss of catalyst through decrepitation, 
dusting, and reduced activity amounts to about 8 per cent 
of the total catalyst material. 

5.3.2 Automotive Exhaust Control 

Vanadium pentoxide has been proposed for use as a catalytic 
converter for the elemination of atmosphere pollution from 
exhaust fumes from automobiles in many states in the USA and 
elsewhere. According to Innes a n d T s u :

2 8 "Vanadium oxide has 
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been shown by workers at the Ford Motor Company and American 
Cyanamid Company to have the rather unique property of 
oxidizing olefins which form photo-chemical smog, while being 
relatively inactive for the oxidation of hydrogen, carbon 
monoxide and saturated hydrocarbons. Other catalysts show 
varied degrees of selectivity". 

The same writers also state that the vanadia-alumina catalyst 
shows better resistance to the effects of lead in motor fuels 
as shown below: 

Comparison of Leaded and Unleaded Fuel Conversion 

Conversion,% 

Catalyst Fuel O hr 50 hr 100 hr 200 hr 

platinum-alumina unleaded 100 100 100 100 
leaded 95 69 0 0 

vanadia-alumina unleaded 90 80 77 
leaded 90 80 45 

* 3500 hr ~ space velocity; 570-680°F catalyst temperature. 

However, a later edition of the same work makes no mention of 
the possible use of vanadium-based catalysts for automobile 
exhaust control. Presumably platinum-based catalysts have 
been proved to be superior. 

5.3.3 Consumption of Vanadium in 
Catalytic Applications 

It is difficult to estimate the amount of vanadium used as 
a catalyst. Table 5.1, which is based on US Bureau of Mines 
surveys, implies that the consumption of vanadium in the USA 
for catalytic and ceramic purposes amounted to less than 
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1 per cent of the total consumption. However, another source' 5 

gives the consumption of vanadium in chemicals and ceramics, 
including pigments, at 192 730 kg out of a total US consumption 
of 4 291 000 kg, viz. 4,49 per cent. The National Materials 
Advisory Board give the forecast consumption of vanadium 
chemicals in the USA as shown in Table 5.5. 2 5 

T A B L E 5.5 

Present and Projected US Chemical Consumption 
of Vanadium 

Vanadium Consumption (short tons contained V) 
1970 1975* 1980 1985 1990 

Catalysts 

Sulphuric Acid C a t a l y s t 60 

EPDM Rubber C a t a l y s t 46 

Adipic Acid C a t a l y s t 59 

Maleic Anhydride C a t a l y s t 9 

A l l Other C a t a l y s t s 4 

Tota l C a t a l y s t s 178 

Ceramic Pigments 65 

E l e c t r o n i c and Misce l laneous 9 

T o t a l Consumption 252 

NOTE: E s t i m a t e d v a l u e s a r e b a s e d t o a l a r g e p a r t on p r i v a t e 
c o m m u n i c a t i o n s from i n d u s t r i a l s p e c i a l i s t s . 

* The y e a r 1975 d o e s n o t f i t n o r m a l i z e d t r e n d l i n e s . 

190 140 180 230 

74 140 200 250 

73 110 135 170 

10 16 23 30 

5 __6 8 10 

352 412 546 690 

56 85 100 115 

16 40 80 160 

424 537 726 965 
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5.4 Sulphur Removal 

Vanadium is used in the Stretford Process that was developed 
in Britian by the North Western Gas Board in 1959. Originally 
designed to remove sulphur from coal gas in town-gas works, 
this process has been used in oil refineries and natural 
gas plants for the removal of sulphur from gas streams, 
particularly those in «rhich the sulphur content is low and 
occurs as hydrogen sulphide and similar compounds. The 
sulphur is recovered in the elemental form at about 99 per 
cent purity. 

The Stretford Process 2' consists of passing the sulphur-
contaminated gases through a spray of a solution of sodium 
carbonate when the following reaction takes place: 

H 2S + Na 2C0 3í NaHS + NaHC0 3 

The soda solution also contains a soluble vanadate, preferably 
a mixed sodium-ammonium vanadate, in which the vanadium 
initially is in the pentavalent form. The sodium vanadate 
reacts with the sodium hydro-sulphide:-

2NaHS + 4Na VO3 + H2° t N a 2 V 4 0 9 + 2S + 4Na0H 
The vanadium is converted to the tetravalent form and the 
sulphur is precipitated in the elemental form. 

The reduced solution then is passed to an oxidizer tank in 
which the reagent anthraquinone disulphonic acid catalyses 
the oxidation of the vanadium back to the pentavalent state 
according to the reaction; 

2NaOH + N a 2 V 4 0 9 + A D A ( o x i d i z e d ) Z A D A(reduced) + 4 N a V ° 3 + H 2 

The reduced ADA (anthraquinone disulphonic acid) is 
regenerated by additional air, which at the same time forms a 
froth that collects the precipitated sulphur. The solution of 
soda, pentavalent vanadium, and oxidized ADA is then recycled 
to the gas scrubbing stage. 
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Gas that is very heavily contaminated with sulphur, either 
as hydrogen sulphide alone or with sulphur dioxide probably 
is better treated by the Claus Process, but a Stretford 
Process plant still is required to remove the 5 per cent or 
more of sulphur that is not removed by the Claus Process. 

Numerous Stretford Process plants have been installed throughout 
the world, of which some of the largest are at the SASOL 
plants in South Africa. 

5.5 Miscellaneous Uses 

5.5.1 Nuclear Applications 

Alloys of vanadium, stainless steel, and nickel were proposed 
as suitable materials for thin-walled tubing for canning 
fissionable material in a breeder fission nuclear reactor. 
However, the vanadium alloy was discarded because its absorption 
of oxygen from molten sodium, which resulted in unacceptable 
embrittlement of the vanadium. 

In a fusion power reactor of the "Tokamak" type in which 
molten lithium is used for heat absorption and transmission 
a 65 per cent vanadium alloy was proposed for the thin-
walled containment of the molten lithium. Such an application 
might call for between 100 and 1 000 tons of vanadium alloy 
per reactor. However, the fusion reactor appears to be at 
least 20 years in the future, provided that enough lithium 
could be made available for its practical development. 

5.5.2 Inorganic Pigments 

Zirconia-vanadate compounds can be used to produce a wide 
range of blue and yellow pigments for flooring and wall 
tiles, porcelain and enamelled wares, as well as a range of 
intermediate colours. 
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5.5.3 Electronic Applications 

The NMAB report on vanadium 2 5 lists the following electronic 
applications of vanadium compounds: V^Ga as a super
conductor; VC>2 as a thermally or optically activated 
resistor/conductor; vanadium as a "doping" agent for semi
conductors or semi-conductors or semi-conductive glasses; 
vanadium electrodes for special fuel cells or other similar 
applications; and rare earth vanadites as special magnetic 
materials. 

A vanadium-rare earth alloy, YVO^.Eu, is used as the red 
phosphor in colour television tubes. 

5.6 Substitution for Vanadium 

Vanadium, or for that matter any other material, is used 
only for those purposes for which it offers certain specific 
advantages. These may be cost, availability, or technical 
suitability for the app 
shortage, a notable and 
of an alternative that 
substitution will arise 
it is unlikely that any 
vanadium will occur. I 
there is no collusion b 
decide on prices for va 
alternative alloying el 
fair return on investme 
vanadium, therefore, is 
development of more sui 
point of view. 

lication concerned. Given a world 
undue price increase, or the development 
functions better, the question of 

As will be seen in Chapter 7 
short or long term shortage of 

t will also be seen that, although 
etween major producers, they tend to 
nadium that makes it competitive with 
ements, and at the same time offer a 
nt to the producers. Substitution for 
likely to arise only from the 

table alternatives from the technical 



5.6.1 Alloy Steels 

Here the question is not so much the "substitution of vanadium" 
by other metals or materials, as the "substitution of other 
materials by vanadium." In nearly every application of 
vanadium it is used because it imparts certain properties to 
the steel that are unique to vanadium and that justify the 
additional cost of the steel. Henry Ford introduced the use 
of considerable amounts of vanadium steels into his Model T 
automobile because they offered certain advantages. This was 
at a time when other automobile manufacutrers were making 
use of steels that did not contain vanadium. 

It is frequently stated that vanadium and niobium, and to a 
lesser extent molybdenum, are alternative alloying elements 
in steel. This is not correct as all three metals function 
in a different manner in the steel. It is more correct to 
say that, for many specific applications, a suitable vanadium, 
niobium, or molybdenum steel could be produced. In many 
cases vanadium and niobium are both added to a steel, the 
vanadium to improve hardness by precipitation hardening, and 
the niobium to improve toughness by grain refining. 

30 A recent advice is th?t the Nippon Steel and Sumitomo 
Metal in Japan have developed a titanium-bearing steel for 
use in pipeline steel as a substitute for both vanadium and 
niobium. To what extent this titanium steel will prove 
successful is uncertain and it appears that it requirt 5 
special rolling facilities that may not be available in 
other steel mills. 

The question of the cost of the alloying element may not 
be the deciding factor, but rather the overall cost of the 
finished structure, for which the steel may have been 
specially designed as in the case of many Arctic pipe lines, 
or where special ability to be deep pressed is needed. 
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Weldability, resistance to extreme temperatures and to 
corrosion, and to creep under load, together with higher 
working strengths, are all determining factors. 

Finally, the decision whether to use a vanadium-bearing steel 
or any alternative may depend upon the particular steelmaking 
practices at any one mill. More especially this is a question 
of rolling mill practice, speeds of rolling available, and 
reheat or heat treatment facilities available to suit the 
manufacture of one type of steel in preference to another. 

It is unlikely that a serious shortage of vanadium would occur, 
as might develop in the cases of chromium or manganese, but 
this would not be critical as alternatives could be found 
readily. 

5.6.2 Titanium Alloys 

It will be seen from Section 5.2.1 that eight out of the 
nineteen most successful titanium alloys listed contain 
vanadium, including the most popular of all, TÍ-6A1-4V. 
Of the others, two contain niobium and/or tantalum, 
three zirconium, and three chromium, all of which are 
expensive metals, particularly as they must be of high purity 
in this application. Vanadium, when alloyed with titanium, 
may be added in the form of a relatively inexpensive 
aluminium-vanadium alloy made by simple alumino -thermic 
reduction. The conclusion is that vanadium could be replaced 
in titanium alloys only by other m*.tals, which are more 
expensive, and do not offer equivalent all-round properties. 

5.6.3 Catalysts 

The original catalyst proposed for the conversion of SO2 
to SO3 in the Contact Process for the manufacture of 
sulphuric acid was finely divided platinum. Vanadium 
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was introduced later in 1900 by De Haen. The use of platinum 
catalyst offers certain advantages over vanadium, especially 
since it commences to function at about 27°C less than 
vanadium does. As a result more of the catalyst is required 
and at least one additional stage to give the same degree of 
conversion. However, a vanadium catalyst is less susceptible 
to poisoning by arsenic and similar materials that may find 
their way into the gas cleaning system, while the cost of 
both the vanadium and of making up the catalyst mass is less 
than with platinum. The result is that most modern sulphuric 
acid plants use vanadium catalyst, and it is likely that 
platinum might rise substantially in price or become in 
short supply. Therefore, it is most unlikely that platinum 
will replace vanadium in the manufacture of sulphuric acid. 

In other operations in which a vanadium compound is used as 
a catalyst in oxidizing reactions, it is chosen because it 
has proved more cost effective than possible alternatives. 

6 VANADIUM DEPOSITS OF THE WORLD 

6.1 Australia 

Vanadium occurs in a number of places in Australia, but 
mainly in Western Australia. Three types of deposit have 
been noted, viz. in the ash from certain oil shales found 
at Julia Creek in Queensland; in some carnotite-bearing 
calcretes; and associated with titaniferous magnetites in 
gabbros. 

6.1.1 Julia Creek Oil Shale Deposits # 

Julia Creek lies 600 km west of the port of Townsville on 
the railway to Mount Isa, 300 km further west (Fig.6.1). 

* Private communication; CSR Ltd., Australia, June 1981 
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F I G U R E 6 .1 

Location of Ju l ia Creek 

o aoo *vi 6ic*r-

Deposits of oil shale totalling 4 000 million tons, and 
estimated to contain 1 500 million barrels of shale oil, 
have been discovered in the immediate vicinity of the village. 
The deposits are being investigated by CSR Ltd who are carrying 
out a feasibility study for a plan to produce up to 100 000 
barrels of shale oil daily. This project would require a capital 
expenditure of approximately $A2 000 million, and involve 
one of the largest open-cast mining operations in the world. 
Should it be decided to proceed with this project, production 
could commence in about 1993, but it would depend upon the 
ruling oil price. 

The ash from the oil shale at Julia Creek contains approximately 
0,4 per cent vanadium pentoxide. The shale oil to be produced 
would contain about 6 per cent sulphur. Depending upon the 
method adopted by CSR Ltd to remove this sulphur, a large 
quantity of sulphuric acid might be produced. This acid 
could be used tc leach the vanadium out of the ash, and it 
might be posr.ible to produce up to 8 000 tons of vanadium 
pentoxide annually. However, this is unlikely to happen 
before 1993. 
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6.1.2 Carrctite-bearing Calcretes 

Since the vanadium is associated with uranium, any 
production thereof would be as a by-product or co-product of 
uranium mining. Only one deposit of this nature appears to 
be of commercial importance in Australia, and that is at 
Yeelirrie, 640 km north-east of Perth, Western Australia 
(Figure 6.2). This deposit is being investigated by a 
consortium made up of Western Mi »ing Corp (75 per cent), 
Esso Exploration and Production Australia Inc., and 
Urangesellschaft Australia (Pty) Ltd., a subsidiary of the 
West German company. 

The Yeelirrie deposit is reportad to contain 33,8 million 
tons of ore containing an average of 0,14 per cent l^Og, with 
a cut-off grade of 0,05 per cent, and 0,07 per cent V2O5. If 
the present studies involving further test drilling, metallurgical 
research, and testing of the available water supplies indicate 
that the project is feasible, mining may commence in 1984. 
This will entail the working of higher grade, surface enriched 
ore to produce 2 500 tons of yellow cake (95 per cent U3O8), 
and 1 000 tons of V2O5. It is expected that the high-grade 
ore, which will be mined at a rate of 1 200 000 tons annually 
will last about ten years, after which the lower grade 
primary ore could be mined to produce about 1 000 tons of 
U30 8 annually and 400 tons of V 2 0 5 . 3 1 ; 3 2 
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F I G U R E 6.2 

VANADIUM OCCURRENCES IN WESTERN AUSTRALIA 
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6.1.3 Titaniferous Magnetite in Gabbro 

Layered intrusion of gabbro and similar mafic rocks are fairly 
widespread throughout Western Australia. Certain of these 
mafic complexes contain layers of titaniferous magnetite, 
which also contain vanadium. The largest of these complexes 
are at Andover, Balla, Gabanitha-Yarrabubba, Barrambie, 
Windimurra-Challa, Coates, and Jameson Range. Although all 
of these deposits have been investigated primarily as potential 
sources of iron ore, they have all been found to contain too 
much titanium for this purpose. However, two deposits, 
Barrambie and Coates, appear to be viable as sources of vanadium. 

6.1.3.1 Barrambie Deposit 

This deposit lies approximately 470 km ENE of the port of 
Geraldton on the west coast north of Perth (Figure 6.2) and 
currently is being investigated by Messrs Ferrovanadium 
Corporation NL. The geology of the Barrambie deposit has 
been described by Ward 3 3. 

The titaniferous magnetite or titanomartite occurs in a 
series of bands from a few centimetres up to 18 m thick that 
parallels the line of strike of the anorthosite-gabbro complex, 
and which extends for a distance of about 21 km in a generally 
north-westerly direction. The principal magnetite deposits 
occur over a strike length of about 1 800 m in the central 
portion of the complex, where a massive body of ore occurs. 
The vanadium appears to be associated mainly with the 
magnetite, which, to some extent can be separated magnetically 
from the ilmenite present in the ore. 

Exploratory work carried out by Ferrovanadium Corporation 
in 1971 indicated a reserve of 27 million tons of ore 
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containing an average of 0,7 per cent V2O5, 15 per cent Ti0 2» 
and 26 per cent Fe. In addition, reserves of more than 400 
million tons of ore were inferred to a depth of 60 m. 

In 1980, the company was investigating a scheme for 
concentrating the ore at the mine and delivering by pipeline 
an iron-vanadium-titanium concentrate to a proposed smelter 
at Geraldton - total cost: $A225 million. The concentrate 
would be used for the production of steel, a high-titanium 
slag for the production of Ti0 2 pigment, and vanadium 
pentoxide. Under this project the planned production of 
vanadium pentoxide would be 5 485 tons annually. 3 3 

6.1.3.2 Coates Deposit 32 

This deposit, situated near Wundowie, Western Australia 
(Figure 6.2), occurs in a layered intrusion of gabbroidal rocks, 
somewhat similar to the deposits at Barrambie. 

According to the Bureau of Mineral Resources 3 2 "resources of 
more than 45 million tons have been delineated at the Coates 
Mine. High grade ore averaging 0.88% V2O5 is to be mined before 
lower grade primary ore which averages 0.51% V2O5. High grade 
ore is being mined by open cut methods and is sufficient for 
about 10 years with output at full capacity. Expansion of 
production and mining of lower grade primary ore is under 
consideration but will require a different treatment method 
to that currently used". 

Although the primary ore at Coates is comparatively low grade, 
the vanadium is associated with the magnetite in the ore, and 
not with the ilmenite31*. Magnetic separation can be used 
to remove the ilmenite from the primary ore which contains 
only about 0,54 per cent V2°5 to produce a concentrate 
containing 2,0 per cent. 
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The deposit is being exploited by Agnew Clough Ltd, who ha\ -• 
made their first shipment of vanadium pentoxide of 17 tons 
to Japan in July, 1981. The mine and plant are designed to 
produce between 1 600 and 1 800 tons of vanadium pentoxide 
annually for the next ten years, while comparatively high-grade 
ore can be mined. Of this amount between 500 and 800 tons 
have been contracted to Nissho Iwai of Japan, and the balance 
to Klockner AG of West Germany 3 2. 

However, it has been reported J J that 
closed down their vanadium operation 
it has really commenced, probably as 
market for vanadium in Japan. 

6.2 Brazil 3 6 

Abreau 3 6 reports that numerous small deposits of vanadium 
are known in various states in Brazil, but so far none have 
proved to be of commercial importance. Vanadium occurs in 
lead and zinc deposits in the Januária-Itacarambi region 
and also in some iron ores in the Rio Branco region. These 
latter contain 0,9 up to 1,1 per cent V which might possibly 
be recovered in an ironworks slag. Vanadium also occurs 
in the State of Para in asphaltite deposits similar to 
those in Peru. 

Considerable interest has been shown recently in large 
deposits of vanadium-rich titaniferous magnetite at Campo 
Alegre de Lourdes in the north of the State of Bahia (Figure 6.3). 

Personal communication: L van Zyl, Minerals Bureau, 
February, 1962 (ex-RSA Minerals Counsellor, Canberra) 

Agnew Clough Ltd have 
at Coates, even before 
a result of the depressed 
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F I G U R E 6.3 

LOCATION OF THE CAMPO ALEGRE VANADIUM DEPOSITS 

+'-

: +•• 

KEY MAP 

Campo Alegre lies in a somewhat remote area, about 815 km by 
road from the State capital of Salvador, from the nearest 
railhead at the town of Juaziero. 

The vanadium deposits have been explored by the holding company, 
Companhia Baiana de Pesquisa Mineral, using various methods of 
surface trenching and pitting, geophysical prospecting, and 
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diamond drilling. A company report gives a rather incomplete 
account of the deposits: there are eleven outcrops of what 
seem to be part of a layered igneous intrusion similar to the 
Bushveld Complex in South Africa, but on a smaller scale. 
The ore, reported to be a titaniferous magnetite that contains 
an average of 43,94 per cent Fe and 20,53 per cent Ti0 2» together 
with 0,75 per cent V2<>5, does not appear to be amenable to 
physical beneficiation techniques. Using a form of magnetic 
separation it was possible to produce one concentrate containing 
14,6 per cent Ti0 2 and 0,96 per cent V 2 O s and another containing 
48,12 per cent Ti0 2, but with only 0,34 per cent V 2 0 5 ; neither 
of which are commercial grades. Additional tests have indicated 
that the vanadium can be recovered by the sodium-roast and leach 
process, which is used by the three vanadium producers in 
South Africa. The proximity c£ Campo Alegre to the Sobradinho 
hydro-electric scheme has led to suggestions that the deposits 
might be used to serve a plant similar to that of Highveld 
Ste;l and Vanadium Corporation at Witbank, but producing 
bot.i a vanadium-rich slag and a titanium-rich slag, the latter 
hopefully being a raw material for the manufacture of titanium 
white pigments. 

The ore reserves at Campo Alegre have been estimated to be: 

Tons Fe TiO, v2°5 
per cent per cent per cent 

"Measured reserves" 48 605 341 43,94 20,53 0,75 
"Indicated reserves" 29 386 161 - 20,42 0,71 
"Inferred reserves" 19 516 980 - 20,61 0,79 

The precision to which these "reserves" have been estimated is 
noticeable. 

# Dated 1979 
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Although the reserves claimed appear large enough, the 
grade of ore is not high, while the deposits occur in an area 
that seriously lacks infrastructure, except possibly ample 
hydro-electric power. 

There are no reports of any production of vanadium in Brazil 
in either the most recent editions of Anuaria Niniera Brasila, 
or the mineral reports of the State of Bahia, or the latest 
pre-prints of the Minerals Yearbook of the US Bureau of Mines. 
Although local reports on Campo Alegre have sounded optimistic, 
it seems unlikely that these vanadium deposits will be developed 
on any appreciable scale in the foreseeable future. 

There are no indications of any other vanadium deposits in 
Brazil being developed either. 

6.3 Canada 

Canada formerly produced limited quantities of vanadium, but 
sufficient for most of her domestic requirements 3 7» 3 8. The 
sources of this vanadium are interesting. 

Masterloy Products Limited of Ottawa recovered vanadium 
pentoxide from a sodium fluorovanadate residue produced in 
the b< íxite leaching circuit at the Arvida, Quebec, plant 
of Aluminium Company of Canada (ALCAN), and also from the 
fly-ash produced by oil-fired boilers operated by Hydro-Quebec 
and similar ash from imported sources. By 1971 Hydro-Quebec 
had ceased to burn high-vanadium fuel oil from Venezuela, 
and ALCAN changed the bauxite ore being treated at Arvida to 
one with a low vanadium content that rendered the recovery of 
the metal uneconomic. 

From 1965 to 1971 Petrofina Canada Inc. also recovered high 
purity vanadium pentoxide from residual oil that was burnt as 
a fuel at its refinery at Pointe-aux-Trembles, Quebec. Petrofina 
then changed its source of crude oil from Venezuela to the 
Middle East, and the production of vanadium ceased 3 9. 
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Canada now is totally dependent upon imports of vanadium, a 
matter that is causing some concern, with the result that certain 
possible domestic sources of vanadium are being investigated. 
One such source is a very large deposit of titaniferous magnetite 
at Mingan, which reportedly contains 0,19 per cent V, together 
with some chromium. So far this deposit has not proved 
economic, largely because of difficulties in beneficiating 
the ore. A similar, but smaller, deposit containing 0,53 per 
cent V.O, occurs at Chibougamau, Quebec, and it appears that 
the ore from that locality can be up-graded to a workable 
concentrate 3 9. 

Vanadium also occurs in the fly-ash and other residues resulting 
from the utilisation of the Alberta oil sands; these could 
produce at least 800 tons of V 2 0 5 annually. However, the 
two companies at present working these tar sands are having 
quite enough problems without attending to the recovery of 
a rather minor by-product 1 3. 

The present consumption of vanadium in Canada amounts to about 
500 ton", of ferro-vanadium annually; about half of this is 
produced by Nasterloy Products. A varying amount is used as 
catalysts. 

6.4 Chile 

All production of vanadium in Chile has been from the El 
Romeral iron ore mine, situated 25 km north of La Serena in 
the Coquimbo Province, and about 10 km inland. The orebodies 
occur in a mafic complex comprised mainly of basaltic rocks, 
syenite, diorite, with some gneiss and schist. 

In 1979, the ore reserves were estimated to be 75 million 
tons containing 55 per cent Fe (and presumably 0,4 per cent V 2 0 5 ) , 
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with an additional resource of 300 million tons containing 
25 to 45 per cent Fe. The ratio of magnetite to hematite is 
about 98 to 2, and the stripping ratio is about 3,46 tons 
overburden per ton of ore . 

The run of mine ore contains on average 52 per cent Fe, 0,3 
to 0,4 per cent V2O5» 5 per cent Si0 2» 2 per cent Al2°3, 
and 0,25 per cent P. This ore is concentrated to produce a 
shipping ore with the following analysis • 

Romeral Furnace Ore 
Guaranteed 

Fe 63,50 
0,15 

SÍO2 4,50 
Mn 0,10 
A 1 2 0 3 1,00 
CaO 2,10 
MgO 1 ,20 
S 0,01 
Ti 0,17 
(Ti02) (0,28) 
V 0,35 
(v2o5) (0,62) 
Cu 0,02 
Ni and Cr Trace 

The mine is owned and operated by the Chilean iron and steel 
producers, cia. de Acero del Pacifico SA (CAP) which, during 
1979, produced 3,35 million tons of concentrates, of which 
65 per cent was lump ore and 35 per cent fines. Of this 
about 75 per cent was exported to Japan. Between 100 000 
and 300 000 tons are shipped annually by coaster to the 
Huachipato Steelworks at Conception. 

0,20(Nax.) 
6,00 n 
0,20 H 

2,40 n 

3,00 H 

2,00 w 

0,05 •1 

0,23 it 

(0,38) 
0,43 ii 

(0,77) 
0,05 11 

Trace 
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Formerly this steelworks used open hearth furnaces, from which 
it was possible to produce a slag containing about 4 per cent 
V 2 0 5 , which was exported to the United States. The steelworks 
changed to the B 0 F process in 1976, and since then the 
process for the recovery of the vanadium reportedly has become 
too complicated and the production of vanadiferous slag has 
been discontinued. Some shipments of vanadium slag have 
been reported since 1976, but these were made from accumulated 
stocks. 

6.5 Peoples Republic of China (PRC) 

The large scale production of vanadium in PRC has resulted from 
the development of large deposits of titaniferous magnetite 
near Panzhihua in southern Sichuan Province (also written 
Szechuan). These deposits are described ^ 0 as being somewhat 
similar to the Otanmáki deposit in Finland in that they carry 
appreciable quantities of vanadium. Although the Panzhihua 
deposits also cotain cobalt, chromium, and nickel, which 
renders metallurgical treatment difficult, they have been 
dev .-loped by the Chinese as the basis for a large iron and 
steel smelting complex, with the production of vanadium and 
titaniferous slag as by-products. 

The Panzhihua steelworks and ore mines are located on the 
railway running north from the city of Kunming, capital of the 
adjoining province of Yunnan (Figure 6.4). The mines and 
works are situated close to the confluence of the Yalong 
and Jinsha Rivers (better known by the old spelling of 
Yangtse) and thus are reasonably well situated in regard to 
transport and hydro-electric power. Adequate supplies of 
coal are reported in the vicinity. A new city, Dokou, of 
300 000 inhabitants has been constructed to serve this 
industrial complex. 

The BGR 3 1 reports that the Panzhihua works is served by two 
vanadium-bearing titaniferous magnetite deposits. These are 
the Lanshan, which is approximately 1,2 km in length and 
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F I G U R E 6.4 

LOCATION OF THE PANZHIHUA ORE MINES 

Q I N C H A I 
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120 m thick containing 190 million tons of ore, and the 
Chiensan, which is approximately 0,8 km long and 90 m thick, 
containing some 60 million tons. The ore contains 30 per 
cent Fe, 10,5 per cent Ti0 2, and 0,28 per cent V 205. From 
an annual mine production of 6 to 7 million tons of ore, 2,5 to 
3,0 million tons of concentrate, containing 52 per cent Fe, 
12,8 per cent Ti02» a n d 0,51 per cent ^2°5 a r e produced. 

The deposits near Panzhihua account for about 80 per cent 
of the known reserves of vanadium in PRC 1* 1. Yu Jing-Sheng**2 

places the reserves near Panzhihua even higher, stating that 
they total "billions of tons of V-bearing titaniferous magnetite 
which contains more than 10.0 Mt of V2O5 and several hundred 
million tons of TÍO2; t n e o r e a l s o contains chromium, nickel, 
cobalt and gallium in small amounts." 

The steelworks at Panzhihua is reported to include three 
blast furnaces with a combined volume of 3 400 m 3 , three 120 
ton BOF converters, and a rougher rolling mill. The present 
annual output is given as 1,5 m tons pig iron, 1,5 m tons steel 
ingot, and one million tons rolled steel. 

Exactly how the vanadium is recovered is not clear, but Yu 
Jing-Sheng has this to say on the subject1*2: 

"Pig iron was produced successfully in the blast furnace from 
the vanadium-bearing titaniferrous magnetite of Panzhihua 
Mines with the Tio 2 content of the slag as high as 26-28% 
and at a rather low fuel consumption. We have also mastered 
different ways of extracting vanadium, such as atomizing, 
top-blown, bottom-blown, and side-blown converter processes, 
and by means of hydro-metallurgy. A shop using the atomizing 
method for the extraction of vanadium has been on-line. 
Vanadium in the form of ferrovanadium has been produced from 
the slag. Titanium dioxide and sponge titanium of high 
quality are produced from the titanium of the Panzhihua ore. 
Methods for extracting nickel and cobalt have also been 
developed. 
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In the Panzhihua district, we are exploring new procssses for 
the new plants we are going to build in the future. Besides 
the existing atomizing method, we are seeking for a better 
method, but the cost of capital investment and operation, 
vanadium recovery rate, as well as pollution control problems, 
must be taken into consideration. Besides nickel and cobalt, 
we are trying to recover chromium and gallium. Because the 
coking coal reserve in that district is not in balance with 
the ore reserve, efforts are being made to develop new smelting 
processes. In this respect, we are experimenting with various 
direct reduction methods, and methods for the separation of 
iron, titanium, and vanadium from the reduction products." 

The BGR 3 1 reports that the Panzhihua steelworks produce about 
10 000 tons of slag annually containing 13 to 18 per cent V2O5, 
which is shipped to the Maansshaan steel Kill about 250 km 
west of Shanghai, and also a titanium slag containing 30 per 
cent TiO-.. However, recently its output of vanadium-bearing 
slag was estimated to be appreciably higher.* The source 
gives the annual production in 1982 as 30 000 fons containing, 
14 per cent V2O5. t n e steel mill's rated slag capacity is 
50 000 tons. Other PRC vanadium producers are the Chengde Hebei 
Steel Mill (8 000 tons of slag per annum containinc 13 per cent 
V 205) and the Maanshaan Anhui Steel Mill (5 000 tons of slag 
per annum, containing 17,5 per cent V2O5)*. 

In \J8\ the PRC's total annual capacity of vanadium pentoxide 
was estimated to be 5 000 tons 
producing vanadium are: 

»•3 Details of the four plants 

P l a n t Raw m a t e r i a l E q u i p m e n t Annua l c a p a c i t y 

No.2 Shanghai Smelter Vanadium-rich 2 r o t a r y k i l n„ 
steelworks s lag (40 m x 1,9 m) 

b u i l t in 1960 

Works 

Hunan Fe r ro -a l loy 
Plant 

(18% V 2 0 5 ) (40 m) 

2000 -2500 

Jinzhou Fer ro -a l loy Vanadium-rich s lag 2 r o t a r y k i l n s 2500 - 3000 

200 

Nanjing Ferro-alloy 
Plant 

Oil shale 300 

Personal communication: G Rossi, Consul (Minerals and Energy),Tokyo,February 
\')W. 
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The Nanjin plant is reported as producing a high-phosphorous 
grade material, but the others can supply material containing 
a minimum of 98 per cent V2°5> with a maximum of 0,02 per 
cent phosphorous. 

In 1979 the BGR 3 1 estimated the production of vanadium in 
China to have amounted to: 

Year 

(t) 

1977 
1978 
1979 

Contained V 

(t) 

nil 
755 

3 780 

Equivalent V205 

(t) 

nil 
1 348 
6 750 

These figures do not agree with those published by other 
sources; these estimate the Chinese production to have been 
6 440 tons of contained vanadium metal during 1979 and 6 800 
tons during 1 980 4 3 ; '*'* '• ** 5 • It is estimated* that about one 
third of this production is used domestically within the PRC 
while the balance is available for export. The PRC is 
certainly making determined efforts to export both vanadium 
pentoxide to Japan and slag to the United States in an 
effort to earn foreign exchange. These exports already have 
appreciably disrupted the vanadium market. This may be seen 
from the following figures for imports of vanadium pentoxide 
into Japan:* 

Japan's total imports 
Imports from S. Africa 
Imports from PRC 

1979 
(t) 

4 633 
4 072(88%) 

30(0,6%) 

1980 
(t) 

3 403 
3 066(90%) 

85(2,5%) 

1981 
(t) 
3 943 
2 848(72%) 
857(22%) 

* Personal communication: G Rossi, February 1982 
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6.6 Finland 

Finland has produced vanadium since 1956 and until recently 
was the third largest producer in the Western World. The sole 
vanadium-producing company in Finland is Rautaruukki Oy, which 
is the country's largest iron and steel producer, and, to 
a large extent, state owned. The said company operates two 
vanadium producing mines, Otanmlki and Nustavaara, 
the locations of which are shown in Figure 6.5. 

F I G U R E 6.5 

Locations of Mustavaara and Otanmáki Mines 

o too ioo 

6.6.1 Otanmáki Mine*6 

The Otanmaki wine is the older of the two vanadium producers 
and commenced operations in 1953. The ore is described as 
"a vanadium-bearing magnetite-ilmenite with a small amount of 
pyrite" which occurs in rocks that are mainly gabbroic 



76 

amphibolite with some anorthosite. The ore contains no discrete 
vanadium mineral and the metal occurs in crystals of magnetite, 
with very little, if any, in the ilmenite. The ore consists 
of about 40 per cent magnetite (containing about 80 per cent 
of the vanadium), 30 per cent ilmenite, and 1 to 2 per cent 
pyrite. The actual vanadium content of the ore is 0,25 to 
0,3 per cent. In 1978, the ore reserves were estimated to 
be between 20 and 30 million tons. 

Figure 6.6 shows that the ore occurs in near vertical lenses; 
these are 5 to 30 m wide and 70 to 100 m in length and extend 
irregularly over a strike distance of about 2,5 km. 

F I G U R E 6.6 
Section Across the Otanmáki Ore Deposit 

After Isokangas i» 7 
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The deposit is mined underground by sub-level stoping methods 
at depths ranging from 225 to 425 m. As will be seen in 
Figure 6.6 considerable effort is spent on advanced exploration 
by diamond and percussion drilling. 

The annual mass of rock hoisted is about 1 200 000 tons of 
which about 30 per cent is waste. The rock hoisted is crushed 
and most of the waste is removed magnetically in the primary 
magnetic cobbing section before further grinding. The cobbed 
ore is then ground to 0,1 to 0,2 mm and the magnetite, 
together with the contained vanadium, is removed by further 
magnetic separation. The pyrite is floated with xanthates and 
the ilmenite then is recovered by reflotation using fatty 
acid reagents. About 6 000 tons of pyrite are produced annually 
which are sold for SO2 production in the local pulp industry. 
About 145 000 tons of ilmenite concentrates are produced and 
are sold for the manufacture of titanium dioxide pigment. 

The magnetite concentrate is mixed with soda ash and pelletized. 
The pellets are calcined in a vertical shaft furnace during 
which time the magnetite is converted to hard hemat.vte pellets 
and the vanadium to sodium metavanadate, which is recovered 
by leaching with water. The vanadium is recovered from the 
resulting solution by the conventional method of precipitation 
with ammonia and calcining to produrre fused vanadium pentoxide. 
Otanmáki Mine can produce up to 2 300 tons of vanadium pentoxide 
annually. 

6.6.2 Mustavaara Mine**8 

The orebody at the Mustavaara Mine consists of a layer of 
titaniferous magnetite about, 50 to 80 m thick; dipping at 
about 45°, it occurs in the upper part of the Porttivaara 
basic igneous intrusion (Figure 6.7), which 
appears to be a layered intrusion somewhat similar to the 
Bushveld Complex. 
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F I G U R E 6 . 7 

Geology of the Mustavaara Area 

£g3JGf*H»r+n 223 
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After Hukkanen and Lindholm1*8 

The orebody has been proved to a depth of more than 200 m and 
to contain reserves of at least 40 million tons of ore. The 
ore consists essentially of titaniferous magnetite, with 
plagioclase and uralite amphibole. 
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An analysis of the ore and concentrate is given below: 

Constituent Ore (per cent Magnetite 
contained) concentrate 

{per cent 
contained) 

Fe (total) 17,0 62,0 
FeO 11.5 30,0 
F e2°3 12,0 55,0 
V2°5 0,36 1,61 
TiO, 3,1 7,5 
SiO- 41 ,0 2,8 
A 1 2 0 3 15,0 1,2 
CaO 9,2 1,2 
MgO 4,7 0,6 
Na 20 2,3 0,05 

The concentrate produced by magnetic separation contains 1,61 
per cent V20,-, which is comparable to the Bushveld run-of-mine 
ore. The flowsheet of the concentrator at Mustavaara follows 
conventional practice with two-stage crushing, followed by 
three stage autogenous grinding with some of the material 
being ground to -400 mesh. 

The concentrate is mixed with soda ash and pelletized before 
being subjected to the conventional sodium-roast and leach 
process. 

Following is a typical analysis of the vanadium pentoxide 
produced after calcination: 

Per Cent 
V2°5 92,0 
V2°4 6,0 
V (total) 56,0 
F e2°3 0,05 
Si0 2 0,15 
Na 20 0,1 
K 20 0,1 
NH 3 nil 
H 20 nil 
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The rated capacity of the Mustavaara Mine is given by Hukkanen 
and Lindholm as: 

Tons per annum 

Ore mined 1 600 000 
Haste mined 500 000 
Magnetite concentrate 240 000 
Pellets 245 000 
Vanadium Dentoxide 3 000 

There is no market for either the waste tailings or for 
the leached concentrates. 

Although Finland has a capacity for producing 5 300 tons 
of vanadium pentoxide annually and is reported to have produced 
5 100 tons of V 2 0 5 during 1980 and 5 600 tons during 1981 1* 1, 
both Otanmáki and Mustavaara appear to be high-cost operations, 
especially as both use oil-fired roasting furnaces. In 
September 1981, the Finnish newspaper, Helsingen Sanomat 
reported that both mines would be closing down; Mustavaara 
by the end of 1982, while Otanmáki may continue to the end 
of this decade. 

6.7 Norway 

In Norway vanadium occurs in a number of deposits associated 
with titaniferous magnetite of typical magmatic origin. The 
locations of three of them are shown in Figure 6.8. 



81 

F I G U R E 6 . 8 

Locat ions of P r i n c i p a l Vanadium Depos i t s in Norway 

BREMANGER 

EGERSUNO—•>'»" 
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6.7. I Ngirdmore Deposits'*9 

A number of titaniferous magnetite deposits occur on the island 
of Ní4rdmore; the most important are the Ríídsand (also known as 
the Rausand), Meisingset, Heindalen, Gussias, and Horja deposits 
The average grade is about 30 per cent total iron (21 per cent 
as magnetite), 4,5 per cent TÍO2 ' a n <* 0»31 P e r cent V.O 2^5 From 
such an ore it is possible to produce a magnetite concentrate 
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containing 63 per cent Fe, 2,3 per cent TiO-, and 0,51 per cent 
v2°5» together with an ilmenite concentrate that contains 39 
per cent TÍO2 and 0,26 per cent V-O^-

Of the five mentioned above only the Ruidsand deposit is 
being worked. It has an estimated ore reserve of between 12 
and 15 million tons. Since it is situated on the Tingvoll Fjord, 
concentrates produced at the mine can be loaded directly 
into coasting vessels for shipment to a smelter at Bremanger 
(a feature typical of many Norwegian mining operations). In 
1978 the annual production amounted to approximately 120 000 
tons of magnetite concentrate. 

The Bremanger Smelteverk* is situated in the Sognog Fjordane 
county in Western Norway. The fine-grained concentrate from 
RdSdsand is agglomerated by sintering and then smelted in 
specially designed Tysland Hole type electric furnaces rated at 
33 000 kVA to produce a special grade of pig iron. 

After blowing this pig iron with a submerged oxygen lance during 
magnetic agitation, a vanadium slag is obtained which contains 
10 to 13 per cent V-0c- The vanadium-rich slag is treated 
by a special patented process to give a ferro-vanadium 
containing 40 to 50 per cent V. 

The pig iron produced consists mainly of a low-alloy metal 
containing 0,5 to 0,7 per cent vanadium and 0,3 to 0,4 per 
cent titanium, and is marketed under the trade name of Vantit. 
Some low-manganese pig iron for use in the manufacture of 
high duty and malleable cast iron is also produced 

The rated annual output from Bremanger Smelteverk is:-
Pig iron (Vantit or OB grade) 85 OoO 
Vanadium in ferro-vanadium 450 
Ferro-silicon (basis 75% Si) 25 000 
Silicon metal (Silgrain 12 000 

Private communication: H.Nord, Elkcm SA, Johannesburg, 1981 
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The company also owns and operates four hydroelectric power 
stations with a rated annual capacity of 570 GWh. 

It is reported* that, under present market conditions, the 
production of pig iron and Vantit at Bremanger Smelteverk is 
not profitable and this operation and that of the mine at 
Rtfdsand are likely to be closed down shortly. 

6.7.2 Selvag Deposit1*9 

This deposit is located on Lango, one of the Lofoten Islands. 
The reported reserves amount to 10 to 15 million tons of 
ore containing 25 to 30 per cent Fe, 4 per cent TÍO2, 0,17 per 
cent V, and 0,1 to 0,7 per cent sulphur. The deposit is 
situated close to the shore on deep water and would be 
available for open pit mining, but so far ore-dressing 
problems have precluded its exploitation. 

6.7.3 Deposits of the Egersund Anorthosite 
Province1*^ 

These deposits have been worked for iron ore to serve the 
local iron-smelting industry since the eighteenth century. 
Large-scale mining dates from 1918 with the mining of 
ilmenite for the manufacture of titanium white pigments, 
and they are best known now as a source of titanium. There 
are seven major deposits, and numerous smaller, of which 
the two most important are Storgangen and Tellness. Although 
present in the ore, no vanadium is known to be produced from 
these deposits. 

6.8 Peru 6, 5 0 

Although Peru has not been a producer of vanadium for many years, 

it is included because the first large-scale production of 

vanadium came from that country and from a type of deposit that 

has been unique in respect of commercial operation. 

H.Nord, Elkem, SA 
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Vanadium was found in a bed of asphaltite at Minas Ragra, 
near Cerro de Pasco in the high Andes, in 1905 by Eulogio 
Fernandini who first prospected the mine. The dtpcsit 
consisted of a layer of asphaltite about 8 to 12 m thick 
interbedded in country rock consisting of shale, sandstone, 
and limestone of Cretaceous age, and has been worked out 
completely. 

its successful operation over a number of years indicates 
both the manner in which vanadium can become concentrated by 
organic processes through the accumulation of vegetable or 
animal remains, and the possibility of similar deposits of 
organic origin provided commercial deposits of vanadium. 

6.9 South Africa 

In South Africa vanadium occurs in the following types of 
deposit: 

It is found in amounts ranging from 0,05 to 0,81 per cent 
with an average of about 0,2 per cent v̂ Oij in chromitite 
seams of rhe Bushveld Complex51. No attempt seems to have been 
made to recover the metal from this source and such vanadium 
as may report in ferrochromium made from Transvaal ores is 
of no significance. 

Vanadinite (the lead chlorovanadate) occurs in two small 
lead mines that formerly operated in the Marico District 
in the Western Transvaal on the farms Kafferskraal 306 JP, 
and Doornhoek 305 JP, both situated on dolomite limestone 
of the Transvaal Sequence. It has been reported that 
vanadium to the value of R5 000 was produced from these 
two deposits in the past 5 2 but there is little likelihood 
of these mines being re-opened at present. 

Two occurrences of vanadium in lead-zinc bearing quartz veins 
have been reported: on the farm Nooitgedacht, 100 JP 
24 km north-east of Zeerust in the Western Transvaal, and on 
the farm Kindergoed 332 JT, in the mountains immediately north 
of Waterval Onder in the Eastern Transvaal. The latter deposit 
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was worked for lead and silver before 1900 Although later 
prospecting took place there has been no signs of activity 
on this site since at least 1940. 

Vanadium occurs in varying amounts in seams of titaniferous 
magnetite in no less than six layered igneous complexes in 
South Africa; vis. the Rooiwater, E. Transvaal; Mambulu, 
Natal; Usushwana; Kaffirskraal; Trompsburg; and the Bushveld 
Complex. 

Analyses of the vanadium-bearing titaniferous iron ores from 
these deposits are given below: 

Analyaa» af fwth African vm • H i n t tltaatfaraaa Ira* or*** 1 

l i i m i U Caaplas Mwacar C aara laa 
HMka la 
C a a a l a » 
tavaraaal 

C a a a l o a 
laaaraaal 

U l f l r t -
kraa l 
c a a a l a a 
tavaraaal 

Traaas-

m l » 
layar 

Kara 
tayar 

KMMla 
layars 

»9f' 
layara 

Laaar 
layar 

ttaaar 
layar 

Maaaatua 
laaa 

HMka la 
C a a a l a » 
tavaraaal 

C a a a l o a 
laaaraaal 

U l f l r t -
kraa l 
c a a a l a a 
tavaraaal 

•Mta 
c a a a l a s 
lavaraaal 

Ml. of 
Afialyals / a r y l a t a » S ) S 7 S 1 1« 12 S 1» 

S IO] 1.3} 1 .7 * l .S» J . » * 2,0» 1,44 2 ,0» 4 ,72 1.00 1 . 1 * 2 ,Si 

T IO) 12,05 12 ,4) 14 .5* 10,20 14.4» 22 ,01 12,22 12.11 14.04 12 .<* 14,24 

» 1 , 0 , 1.03 J. 15 J . H 3 . M 1,04 1.73 0,12 7,7» 1.1« 2 .41 4,55 

V i 0 , 2 * 0 . 4 } 0,07 0.03 0,7» < 0 , M 4*0.0» 4*0.0» <o.os < 0 . 0 5 0.J0 

r./>, ».«. 4 » , i » • 4 . 0 » S»,*4 44 ,11 44,0» S i . I I 41.42 40.40 44 ,1» 15.0» 

P«0 N.a. 7 , 7 * 10,12 • 0 , 0 ) I I . S I 25.45 22,07 2 4 , H 2 1 , M I S , * 2 15,11 

Mao 0.75 1.04 0 ,7» 0 ,70 0,44 1.7» 1,70 2,14 0,21 3,20 4 ,4 ) 
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ft. ft • not reported 
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Of these deposits the Trompsburg Complex lies at a depth of 
about 1 000 m below surface, and would be quite unworkable 
even if the vanadium content were higher. The Kaffirskraal 
Complex is regarded as being too small and too low grade to 
be economic, even though it is situated close to some of 
the main industrial areas in South Africa. The titaniferous 
magnetite in both the Mambula and Ususushwana Complexes 
does not lend itself to beneficiation to any significant extent 
by physical means and both deposits lie in rather inaccessible 
areas. Some of the Rooiwater material could be upgraded 
by physical methods to produce a concentrate containing up 
to 1,5 per cent V2°5 a n d a s l o w a s 7 t o 1 0 P e r c e n t TiO-, 
but the deposit is not located conveniently in regard to 
either markets or infrastructure. 

Thus it is that, although all of the vanadium-bearing 
titaniferous iron ores in South Africa are of appreciably 
higher grade than, say, those in the USSR and indeed in most 
other places where similar ores are mined, the only deposits 
being worked in South Africa at present lie in the so-called 
"Main Layer" of the magnetitites of the Bushveld Complex. 
Apart from the higher vanadium content these deposits in 
general are situated conveniently in regard to infrastructure, 
especially rail services and electric power. 

6.9.1 Vanadium in the Bushveld Complex 

Lying in the central portion of the Transvaal, this is 
probably the largest and most remarkable complex of its kind 
anywhere in the world, and certainly the most highly mineralized. 
The Complex has been described in many papers and textbooks to 
which the reader is referred for a detailed account. Following 
is a brief account to give a background to what undoubtedly 
are the largest deposits of vanadium known anywhere. 
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The Bushveld Complex is an enormous basin-like igneous mass, 
intruded in two main phases:a lower mafic suite and an inner 
or upper acidic or granitic suite between sedimentary rocks 
of the Transvaal Sequence and sediments and felsitic rocks 
of the Rooiberg Complex. The general geology is shown in 
Figure 6.9. 

The Complex extends for approximately 440 km east to west 
and 260 km north to south. The very slow cooling rate of 
this immense mass of molten magma permitted a high degree of 
differentiation to take place during cooling ?nd solidification 
so that the main mass of the rocks making up the lower mafic 
suite developed a pseudo-stratified formation, in which 
certain valuable minerals separated into discrete layers or 
seams (Figure 6.10). 

In the lower portion, called the Dwars River Subsuite, seams 
of chromitite comprise the largest known resources of chrome 
ore in the world. Above the chromitite seams lies the 
Dsjate Subsuite with the Meiensky Reef which contains the 
largest single known deposit of platinum-group metals in the 
world. Finally, towards the top of the mafic suite the 
Roossenekal Subsuite with seams of titaniferous magnetitites is 
found. 

A characteristic of all the rock layers and minerals seams 
in the Bushveld Complext is their remarkable persistence 
along the strike, covering in some cases over 200 km, and 
the consistency in mineral content in any one layer or seam. 

Transgressive plug-like masses of vanadium-bearing magnetitite 
are found irregularly distributed throughout the mafic suite 
of the Complex, generrlly lying either in the footwall or 
hangingwall of the Roossenekal Subsuite. Of these, only the 
deposit at Kennedy's Vale 361 KT in tie Lydenburg District 
is significant in terms of both tonnage and grade 5 1. 

Nearly all of the seams of titaniferous magnetitite in the 
mafic zone contain vanadium. In practice, mining is generally 
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Map and section of the Bushveld Complex 
Younger rocks observing parts of the centre of the complex have been stripped off 
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F I G U R E 6.10 

Generalised section of the titaniferous-vanadiferous 
in the Bushveld Complex 
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restricted to what are termed the Lower Group of the 
Roossenekal Subsuite (Figure 6.10). The country rock consists 
mainly of gabbro, although, in some cases, the footwall of 
these seams consists of anorthosite. 

In the eastern portion of the Complex the principal unit 
mined is the Main Magnetitite Seam, which is the lowest seam 
in the Roossenekal Subsuite. Dipping westwards at 15* to 
30*, this seam extends continuously from the farm Hoeraroep 
515 AS, in the northern part, of Sekukhuniland southwards to 
some 15 km south of the village of Stoffberg, a distance of 
over 150 km. The thickness ranges from about 1,2 m to 2,7 m 
and the vanadium content throughout the whole distance is 
1,6 1 0,2 per cent V_0-

In the western portion of the Complex the Lower Group of 
seams, of which the uppermost member is considered to be 
equivalent to the Main Seam in the Eastern Transvaal, extends 
from near Bon Accord north of Pretoria, past Brits and turns 
ncrth near Rustenburg to the Pilanesberg, a total continuous 
exposure on strike of about 100 km. North of the Pilanesberg 
the magnetitite seams continue for about another 75 km to 
the Crocodile River and Middelkuil 8 JQ. The vanadium 
values are about 1,8 to 2,1 per cent V_0- and the seam 
thicknesses xange from about 0,9 to 3,4 m. 

The areas selected for mining are those in which the magnetitite 
seams form the dip slopes of the hillsides, and thus permit 
strip mining with the removal of a minimum of overburden. 
The Mapochs Mine of Highveld Steel and Vanadium Corporation 
is a good example of this. The best development of the 
magnetitite seams is around Magnet Heights in Sekhukhuniland, 
part of the National State of Lebowa, but there, although 
the seams attain their maximum thickness, they dip sharply 
info the hillside and can be mined only by underground 
methods. 

There is a good deal of evidence, based on the known character 
of the Merensky Reef and the chromitite seams, that the 
magnetitite seams extend in depth. In one case the seams have 
been proved by deep drilling to a depth of 645 m. However, it 
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is most unlikely that the magnetitite would ever be mined to 
such a depth and for the purpose of estimating ore reserves 
Von Gruenewaldt55 has included ore down to a vertical depth 
of only 30 m. Based upon this assumption and including only 
those seams and some disseminated ore that can be worked 
profitably at present prices and with present technology Von 
Gruenewaldt55 has estimated the reserves of vanadium in the 
Bushveld as follows: 

Western 
Bushveld 

Eastern 
Bushveld Potgietersrus 

Lower Disseminated Upper 

THICKNESS (m) 
ORE (t x 106) 
(30 m vertical depth) 

1,10 
157,5 

1.75 
175,0 

1,70 
243,5 

1,80 
295,5 

1,80 
159,0 

TOTAL 1 030,5 

V 2 0 5 CONTENT {%) 

RESERVES kg x 10 9 

1,8 
2 835 

1,6 
2 800 

1,6 
3 396 

1,6 
4 728 

1,6 
2 544 

TOTAL 16 8 

This figure would appear to be too high. Luytbl gives a more conservative 
figure based upon ore reserves in ground held by mining companies. 
After describing the vanadium-bearing magnetitite seams in 
some detail Luyt states: "Within the geographical limits 
of the above-mentioned exploration programme roughly 220 million 
tons of ore of a grade varying between 1,5 and 2,0 per cent 
V2°5 have been proved at or near the surface. In view of what 
has been stated regarding the persistence at depth, reserves 
must be very large. 

Total proven reserves of all companies are about 232 000 000 
tons." 
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The latter figure, which is based on ore not only proved but 
readily accessible to mining, if not actually developed, is 
accepted as the total reserve of vanadium ore in South Africa: 

Tons of ore 232 000 000 
Grade of ore 1,5 to 2,0 per cent V 2 O s 

Average recoverable V205....l,5 per cent 
Total recoverable V 2 0 5 3 480 000 tons 

When this is exhausted there are about 1 000 million tons of 
additional ore available at somewhat greater depth and less 
conveniently located. 

The titaniferous magnetitite of the Bushveld essentially 
consists of an exsolution intergrowth of a titanium-poor 
magnetite and a titanium-rich magnetite phase or ulvospinel. 
The titanium amounts to about 12 to 15 per cent of the ore, 
and nearly all of it occurs in the ulvospinel, and very litcle 
as discrete ilmenite. The titanium-rich fraction is intergrown 
so intimately with the titanium-poor fraction that it is 
impossible to remove the titanium by physical beneficiation 
methods. 

No discrete vanadium mineral has been found in the Bushveld 
magnetitite Luyt5*; the vanadium mainly occurs replacing 
trivalent iron in the magnetite, with very little occurring 
in such ilmenite as may be present. 

Small amounts of silicate minerals such as plagioclase, 
clinopyroxene, olivine, and amphibole occur as gangue 
minerals in the magnetitite, and, near the surface these 
have been altered to clayey minerals. Although the amount of 
these gangue minerals is small, probably less than 2,5 per 
cent, their total quantity is quite large compared with the 
vanadium content, which is 1,5 to 2,0 per cent V2O5. AS a result, 
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the gangue material can have a deleterious effect on the vanadium 
extraction process if special care is not taken, a matter that 
caused considerable trouble at the vanadium plant at Bon Accord. 

Although the composition of the Bushveld magnetitite varies 
consierably from seam to seam, the analysis of the ore in any 
one seam is remarkably consistent. The following is an average 
of many thousands of samples taken during exploration programmes 
from those seams that are being worked commercially 5 1: 

Per cent 
Fe 55,8 to 57,5 
Ti0 2 12,2 to 13,9 
V 2 0 5 1,40 to 1,66 
Si0 2 0,90 to 1,54 
A 1 2 0 3 2,53 to 3,50 
CaO Less than 0,1 
MgO 0,24 to 1,26 
C r 2 0 3 0,13 to 0,45 
Cu less than 0,02 
Ni 0,03 to 0,08 
P less than 0,05 
S 0,02 to 0,04 

6.9.2 Vanadium Production in South Africa 

The locations of past and present vanadium mines and 
extraction plants are shown in Figure 6.11. 

Apart from some small production of lead-vanadium concentrates 
many years ago from the old Doornhoek lead mine in the Zeerust 
District, the first production of vanadium in South Africa was 
in 1957 by the American owned Minerals Engineering Company, 
which established a mine at Kennedy's Vale in the Eastern Transvaal, 
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F I G U R E C. 11 

Location of Vanadium Mines and Extraction Plants 
in South Africa 
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about 20 km by road south-west of Steelpoort station, the 
nearest railhead. The orebody consists of a carrot-shaped 
pegmatoid plug cutting through the main pyroxenites of the 
Compex. The ore is similar to that in the titaniferous 
magnetitite seams, but is rather higher in vanadium, although 
its use involved a considerable railhaul from Steelpoort to 
Witbank where an extraction plant, rated at 1,4 million kg of 
V2<>5 annually, was established. This plant used the conventional 
salt-roast and leach process with multiple hearth roasting furnaces. 

In 1959 Minerals Engineering was taken over by Anglo American 
Corporation and the name of the company was changed to Transvaal 
Vanadium Co. 

Metallurgists at Witbank were struck by the fact that after the 
1,8 per cent V 2°5 had been recovered there remained a large 
tonnage of iron ore, albeit one that contained far too much 
titanium for possible use in a conventional blast furnace. 
Accordingly a team was established to investigate methods of 
using the titaniferous magnetitite to produce steel as well as 
vanadium. The result, after incorporating ideas originally 
proposed in 1949 by Dr W Bleloch, and methods developed partially 
to produce a special pig iron in Norway by Elkem, as well as 
many other original ideas, was Highveld steel and Vanadium 
Corporation*. This company produced its first commercial steel 
and vanadium-rich slag in February 1968. 

It soon became apparent that the pegmatoid plug-type deposit 
at Kenndy's Vale was too small to supply the greatly increased 
demand for ore that the Highveld plans envisaged. Accordingly 
the mine at Kennedy's Vale was closed in 1972, having been 
replaced by the Mapochs Mine at Roossenekal. This mine, the 
development of which included a 22 km extension of the railway 
branch line from Derwent Junction to Stoffberg to reach 
Roossenekal, is an open-cast operation working the Main Seam 
of the Bushveld magnetitites. 
* HS & V Corp originated in 1960 as the Highvsld Development Co. 
The new name was adopted in 1965. 
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The lump ore is railed to the Highveld works, 13 km west of 
Witbank, where it is smelted by a specially devised process 
involving a partial pre-reduction of the ore with coal, 
followed by smelting to hot metal in submerged-arc electric 
furnaces. The vanadium is recovered as a special slag containing 
approximately 25 per cent V2O5, which is exported as such. 
The hot metal is converted to steel in conventional converters 
and used in the fully integrated works for the production of 
steel sections and plates. 

The ore fines are railed to the Vantra Division* of HS & V Corp. 
where they are used for the production of high-grade vanadium 
pentoxide, with some limited production of ferro-vanadium. 

In 1980 HS t V Corp. produced 787 062 tons of crude steel, 
661 453 tons of rolled products, and 56 737 tons of vanadium 
slag 5 6. The quantity of vanadium pentoxide produced by the 
Vantra Division is not available, but was considerably less 
than the potential output due to cutbacks caused by *-he 
continuing recession in the world iron and steel industry. 5 6 

In 19e>0, Fpderale Beleggings Bpk established a plant at Bon 
Accord, immediately north of Pretoria, for the production of 
vanadium pentoxide from the B^shveld inagnetitite that was 
mined adjacent to the works. This company suffered from 
many vicissitudes arising from metallurgical, air pollution, 
and financial problems and closed down in 1965. The Bon 
Accord plant then was acquired in 1966 by Union Carbide 
Corporation and re-opened in 1968 under the name of Ucar 
Minerals Corporation. 

Restrictions on mining in the area close to the plant at 
Bon Accord led to Ucar Minerals opening a new mine on the farms 
Uitvalgrond 431 JQ and Krokodilkraal 426 JQ, near Brits, 60 km 
west of Pretoria. This mine also worked the Lower Group seams 
of the Busnveld magnetitite. Initially all of the ore was 
hauled by road to the plant at Bon Accord, which was 
extended considerably and with additional equipment for the 
manufacture of proprietary additives such as Carvan and Nitrovan. 

Thf former Transvaal Vanadium Co 
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Limitations of the Bon Accord site led Ucar Minerals later to 
establish a processing plant adjacent to their mine near Brits. 
At present the Bon Accord plant is closed, largely because of 
the weak demand for vanadium caused by conditions in the world 
steel industry. Whether this plant will be re-opened or 
whether Ucar will concentrate all its activities at Brits still 
is open to decision. 

Ucar Minerals recover the vanadium by the conventional salt-roast 
and leach route, but in addition to vanadium pentoxide the 
company also produces the following proprietary steel 
additives: 

Carvan, essentially a vanadium carbide,-
Nitrovan, essentially a vanadium nitride; and 
M.V.O., Modified Vanadium Oxide, essentially V 2 0 3 . 

The present rated capacities of the two Ucar Minerals plants 
are given as: 

Brits 4,8 million kg V _ 0 5 per annum 
Bon Accord . . . 2 , 27 million kg V20,- per annu m 

In 1974 a third vanadium producer came into operation, namely 
Otavi Mining Co., which established a plant for the production 
of vanadium pentoxide at Wapadskloof, a siding on the railway 
from Derwent Junction to Stoffberg, some 10 km south of the 
latter. This operation was since then taken over by a 
consortium of three West German companies, name../ Verein 
Aluminwerke, Norddeutsche Kalkstein, and Norddeutsche 
Affinerie. The company now operates under the name of 
Transvaal Alloys (Pty) Ltd. 

Initially Transvaal Alloys obtained their ore by stripping 
rubble material under tribute from the outcrop of the titaniferous 
magnetitite seams jn the farm Uitvlug 887 KS, situated in the 

* Personal communication : P N ? Guttridge, Union Carbide (SA), 
August 1931. 
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Steelpoort River Valley north of Roossenekal. Obtaining ore 
from Uitvlug necessitates a road haul of about 60 to 70 km 
through hilly country. Once the stockpile of rubble ore 
from Uitvlug, which originally amounted to about 1 000 000 
tons, is exhausted the company will open up its own mine on 
the magnetitite seams south of Stoffberg and adjacent to 
their plant at Wapadskloof. 

Transvaal Alloys use the conventional salt-roast-leach 
process for extracting the vandium, with the modification 
that the ground ore, after mixing with the sodium salt, 
is pelletized and roasted and leached in this form. The 
tailings from the plant, unlike those of Vantra and Ucar 
Minerals, still are in the form of hard firm pellets, 
which would appear to be most suitable for treatment in 
a direct reduction plant to produce a sponge iron, except 
that the titanium content is between 11 and 14 per cent. 

The rated capacity of Transvaal Alloys is about 2 million kg 
of V 2 0 5 annually. 

South Africa's present capacity totals 28,2 million kg of 
equivalent V 2 0 5 per annum. Planned future capacity by 
1983 will amount to 33,2 million kg of equivalent V2°5 per 
annum. The increase in capacity is expected to come from 
additional iron-making facilities at present being erected 
at Highveld Steel and Vanadium Corporation, Witbank. 

6.9.3 Vanadium Deposits in Bophuthatswana 
and Lebowa 

As will be seen from Figure 6.11 a considerable proportion 
of the vanadium-bearing titaniferous magnetitite seams occur 
within the Republic of Bophuthatswana and the National State 
of Lebowa while the operations of Highveld Steel and Vanadium, 
Transvaal Alloys, and the Bon Accord unit of Ucar Minerals 
all lie within the Transvaal province of South Africa, the 
Brits section of Ucar Minerals lies just within the Republic 
of Bophuthatswana. The siting of all of these plants was 
based solely upon the location of suitable ore, geographical 
convenience, and existing or potential infrastructure. 
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Probably the best exposures of the magnetitite are at Magnet 
Heights in Lebowa, and indeed the Mining Corporation, whose 
aim is to develop the mineral potential of the Black National 
States has considered the possible production of vanadium 
from this area. However, the Magnet Heights area is in 
mountainous country, not readily accessible by rail or road. 
In addition, the seams dip into the mountain sides and their 
exploitation would involve expensive underground mining. It 
was for this reason that HS & V Corp (Anglo American) opted 
for the magnetite depsits further south at Mapochsgronden, 
where the seams form the dip slopes of the west-facing 
hillsides, and a rail link could be extended over fairly 
easy country. 

At a time when world productive capacity for vanadium, 
estimated at 133 million pounds of contained V2O5, greatly 
exceeds the estimated demand placed at 93 million pounds 
during 1981 any new vanadium producer could find some difficulty 
in establishing markets. Therefore although Bophuthatswana 
and Lebowa have enormous reserves of vanadium ore, it is 
most unlikely that these will be developed in the foreseeable 
future, except for the existing operations of Ucar Minerals 
near Brits. 

6.10 South West Africa/Namibia 
All known vanadium deposits in SWA/Namibia are confined either 
to dolomite of the Otavi Group or marble of the Swakopmund 
Group, both groups belonging to the Damara Sequence. The 
occurence of vanadates in the Grootfontein and Tsumeb Districts 
(in an area commonly known as the Otavi Mountainland), 
Kaokoland and the Outjo and Swakopmund Districts is without 
exception associated with lead-zinc mineralisation albeit 
very feebly in most cases. 

6.10.1 Tsumeb District 

During the first two decades of this century no less than 
24 vanadium-bearing deposits have been discovered and 
exploited by the Otavi Minen und Eisenbahn-Gesellschaft 
in the Tsumeb District. However, most of them proved to be 
of academic interest only. 
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During the early stages of the development of the Tsumeb Mine, 
the va íadium mineral, mottramite, was first recognised 
in 190t in ore recovered from a footwall lode in the upper 
levels. A total of 158 '.ons of sorted concentrates containing 
12-15 per cent V->°5 w a s produced during 1909 and 1910 J . 

At the Tsumeb South Mine 3 900 tons of concentrate containing 
8 per cent V2O5 were produced over the period 1920-1929. At 
the nearby Friesenberg Mine 10 116 tons of sorted ore averaging 
2,6 per cent V2O5 were recovered over the period 1924-1928 5 . 

In the Bobos area the Karavatu and Uris Mines were intermittently 
in production over the period 1919-1943 yielding a total of 
5 234 tons of concentrate averaging 11,6 per cent V2°5-

6.10.2 Grootfontein District 

The Abenab Mine, abandoned in 1947 by the South West Africa 
Co, was probably the largest known deposit of vanadate ore 
in the world 5 9. 

The lead-zinc-vanadium orebody, which has a roughly cylindrical 
shape spiralling downwards to at least 425 m, is a pipelike 
mass of brecciated country rock, cemented by descloizite-
bearing clay. The pi:*»e was rnin^d to a depth of about 215 m 
when diminishing grade and excessive underground water 
rendered further exploitation unpayable. 

Some 56 600 tons of concentrates averaging 16 per cent V2O5 
were recovered during the period 1923-1947. 

In 1947 the Abenab West ore body, lying close to the Abenab 
pipe was then opened up. Until operations ceased in 1958, 
some 66 890 tons of concentrates averaging 72 per cent lead 
and 13 per cent V2O5 were produced. 

At the Berg Aukas Mine*, located some 15 km east of Grootfontein, 
the ore bodies are situated on the northern limb of a large 
drag fold. 

Another property of South West Africa Company (SWACO) 
discovered in 1913 
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F I G U R E 6.12 

Idealized north-south section through northern 

ore horizon at Berg Aukas, looking east, showing 

geology and the mining layout 
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Two structurally dissimilar types of lead-zinc-vanadium 
deposits occur in tfc• nine: the Northern ore horizon (Figure 
6.12) consists of a series of largely oxidised sulphide 
replacement lenses in which descloizite is a secondary 
mineral; 

Cavities commonly occur within or adjacent to the orebodies 
and are in places filled by dolomitic sand and descloizite. 
The complex Central ore body and the associated Intermediate 
and Eastern ore bodies are located in recrystallised dolomite 
following steep fractures. This cluster of ore bodies is 
arranged en echelon and extremely irregular in outline. 
Galena, sphalerite are disseminated through layers of clay, 
mud and sand containing descloizite. 

Small scale eluvial operations which commenced in the mid-
twenties yielded some 700 tons of concentrates but were 
discontinued in 1928; full exploitation started in 1948 with 
the production of vanadate gravity concentrates. Production 
from 1958 when underground mining and gravity concentration 
started, until 1978, when operations ceased, totalled 146 548 
tons of lead-vanadate; the monthly milling rate averaged 
approximately 10 000 tons of ore. The mine has had to meet 
severe pumping costs. 

The present estimated ore reserves of Berg Aukas comprise 
1 356 000 tons proved ore containing some 17 per cent zinc, 
5 per cent lead and 0,6 per cent V2O5*. 

The Baltika deposit was discovered in 1931 and worked until 
1942 5 8. Some 5 820 tons of vanadium concentrates with an 
average value of about 9 per cent V 2°5 have been produced 
from this mine 6 0. 

Minor quantities of vanadium concentrates were produced at 
Gross Otavi and Uitsab 5 f l 

6.10.3 Other Districts 

In the Outjo District vanadium mineralisation associated 
with a galena-quartz vein has been reported from Urumbe 287. 

Personal communication : P J Schreuder SWACO, 1978. 
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Mineralisation is apparently sporadic and reserves are smal 
Minor amounts of vanadium occur in replacement deposits of 
lead and zinc in marble of the Swakop Group at a locality 
south of the Klein Spitzkoppe, and also in ore from the 
Namib (or Deblin) Lead Mine both in the Swakopmund District 

6.11 Sweden 

Vanadium was first discovered in an iron ore from Smalands 
Taberg in southern Sweden, but there does not appear ever t 
have been any commercial production of the metal in that 
country, and none is produced at present. 

There appear to be five potential sources of vanadium in 
Sweden». One is from alum shales at Randstad, which might be 
worked for their uranium content, in which case vanadium 
would be produced as a by-product. This project has been 
shelved because of the present low prices for uranium. The 
other four sources are from titaniferous iron ores, the 
details of which are given below 61 
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Milsson6 recently reported on two projects, which, if they 
come to fruition, eventually will produce a total of 18 200 
tons of vanadiua pentoxide annually, an amount that the 
present world market would find difficulty in absorbing. The 
two deposits that are being investigated at present are 
Ruotivare and Kramsta; the location of these and of the 
other two deposits are shown in Figure 6.13. 

F I G U R E 6.13 
POTENTIAL SWEDISH VANADIUM SOURCES 

:lT>k̂  HAJ^Í 
After NILSSON' 
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According to Nilsson6 the Ruotivare deposit contains 120 
million tons of mineable ore (more than double the tonnage 
given by Frietsch6*)which can be mined by open pit methods 
with the removal of 70 million tons of waste. The mine is 
planned to produce 5 million tons of crude ore, from which 
2 million tons of magnetite concentrate will be obtained 
containing 65 per cent Fe and 0,33 per cent V {0,59 per cent 
V-0 5) , together with about 480 000 tons of ilmenite concentrate. 
It is proposed to transport these concentrates by pipeline 
over a distance of 130 km to an industrial area to be 
established at railhead near the town of Jokkmokk. The final 
output will include 15 700 tons of vanadium pentoxide and 
215 000 tons of titanium dioxide pigment. This project is 
estimated to cost US$1 000 million and will employ about 
1500 persons. 

Kramsta lies near the town of Jarvsjo in central Sweden. The 
main deposit is reported as bei:.^ 900 m long and up to 100 m 
wide, and has been proved to a depth of 100 m. The ore 
reserves are estimated at 13 million tons containing on an 
average 0,15 per cent V (0,84 per cent V205>and 3,4 per cent 
titanium. Additional ore bodies in the vicinity presumably 
bring the grade and reserves to those given by Frietsch.61 

The present plan is to mine from 1 00C 000 to 1 500 000 tons 
of ore annually at Kramsta, along with about 400 000 tons 
of waste rock, initially by open pit methods. The run of mine 
ore is expected to average 24 per cent Fe, 5,0 per cent Ti0 2 , 
and 0,40 per cent V 2 0 5 . From this a concentrate will be 
produced containing 60 to 65 per cent Fe, 5,5 per cent Ti0 2 , 
and 1,4 per cent V 2 0 5 . The final output is expected to 
include about 2 500 tons of vanadium pentoxide annually. 

Both the Ruotivare and the Kramsta deposits have been 
investigated by the government-controlled Statsgruvor Mining 
Company, but, by June, 1981, no decision had been taken as to 
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whether or not i.o proceed with either project. Neither 
deposit, nor the other two listed above appears to he particularly 
high-grade, especially when compared with the magnetitite seams 
of the Bushveld Complex in South Africa. The economic viability 
of either of these Swedish projects is uncertain in view of 
the present position of over-supply of vanadium and the 
continuing depressed state of the world iron and steel industry, 
and more especially that of Europe. 

The Swedish iron ore industry is dominated by the state-owned 
company LKAB (Luossavaara Kirunavaara Aktiebolaget), and 
this company has reduced production because of rising costs 
and falling markets, and has tended to force a number of 
smaller producers out of business. Both the Ruotivare and the 
Kramsta projects appear to be largely dependent upon the sale 
of iron ore concentrates and/or pellets; but the Ruotivare 
project offers considerable employment prospects in an area of 
considerable under-employment. 

6.12 Union of Soviet Socialist Republics 

The USSR probably is the second largest producer of vanadium 
in the world, ranking second only to South Africa. I is 
difficult to obtain reliable figures for Soviet vanadium 
production; the US Bureau of Mines estimated it to be about 
10 000 metric tons of contained vanadium during 1978 and 1979. 
The only reliable figures are those for exports from the USSR 
which are given below: 
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Recent reports indicate that the exports of vanadium from the 
USSR to Europe, especially the United Kingdom, have decreased 
sharply, even more than indicated above, and that some 
ma^r consumers who formerly relied upon Russian vanadium-rich 
slag have been endeavouring to obtain slag from South Africa. 
It has also been reported 3 7' 3 6 that the USSR has been 
importing vanadium pentoxide from Finland. There does not 
appear to have been any recent increase in Soviet vanadium 
capacity, while their domestic demand for use in Arctic 
pipe line steel must have risen substantially. 

Although he lists no less than twelve types of vanadium 
deposits occurring in the Soviet Union, Borisenko 1 5 states 
that: "In the USSR, the only raw-material sources of vanadium 
are in titano-magnetite and ilmenite ores of magmatic deposits" 
Another source lists sixteen deposits of this type as shown 
below: 
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The deposits are numerous and fairly wide-spread but only three 
are being worked, namely the Gusevogorsk, Kachanar, and 
Pervoural*sk, all of which occur close together in the 
northern Ural Mountains. The first two lie almost on the Ural 
watershed approximately 200 km north of the large industrial 
city of Sverdolov, while Pervoural'sk lies about 50 km west 
of that city. 

6.12.1 The Gusevogorsk and Kachnar Deposits 

These are low-grade iron ore deposits that occur in two 
adjacent mafic plutons: the Gusevogorsk pluton consisting 
of pyroxenite, with some peridotite, hornblendite, and gabbro 
extending 8,5 km north to south and 1 to 3,5 km in width,-
and the Kachkanar pluton, consisting of a gabbro-pyroxene, 
covering an area of 110 km 2. 

In both cases the ore appears to consist of segrations of 
titanomagnetite with solid-solution textural dissociation 
containing 2 to 18 per cent ilmenite that occur within the 
two massifs. The vanadium occurs as traces in the titanomagnetite. 
The iron, titanium, and vanadium contents of the ore from the 
Gusevogorsk open pit mine are given below: 

Amount of Iron, Vanadium, and Titanium in Various 
Structural Types of Ores from the Gusevogorsk Quarry 
(in mass %) 

Type of ore by fabric Iron Vanadium 1 ritanium Proportion 
of total 
ores, % 

0.07. 0.68 5.0 
0.073 0.79 23.7 
0.084 0.82 44.3 
0.088 0.86 17.0 
0.089 0.87 10.0 

Dispersed-segregated 16.8 
Very finely segregated 17.2 
Finely segregated 17.8 
Medium segregated 18.1 
Coarsely segregated 17.4 
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The Kachkanar deposit, which appears to be the main source 
of vanadium in the USSR, is similar to the Gusevogorsk. 
According to Borisenko "the ores are characterized by the 
low amount of economic components (in wt %) : Pe, 15 - 18, 
with a fluctuation from 14 to 34 (quality greater than 16\) ,-
Ti02. 0.8 -2; V 20 5 /o.05 -0.31; platinum metals, in tenths of 
a gramme per tonne; phosphorous and sulphur are practically 
absent." 

According to Sokolov and Grigor'ev 6 3 the total ore reserves 
at Gusevogorsk amount to 3,5 million tons and at Kachanar to 
2,6 million, both with an average iron content of 16,6 per 
cent. This would appear far too low as another source 3 8 

states that "recent enlargement of facilities at the site 
(Kachkanar) has increased the mining rate from 33 mill.tpy to 
40 mill.tpy crude ore". As has been shown above Roskill in 
1977 estimated the reserves at Kachkanar and Gusevorgorsk 
at 11 800 and 2 900 million tons respectively. 

Ore from these two mines is beneficiated magnetically to 
produce a concentrate containing 63 per cent Fe and 0,35 
per cent V, viz. 0,625 per cent V_0 5. This concentrate is 
pelletized and smelted to yield a high-vanadium pig iron. 
On conversion to steel in basic oxygen furnaces, a slag is 
produced containing 15 per cent V 2°5. Fine 6I* however, states 
that the Soviet slag as exported contains only 5 to 7 per 
cent V2C>5-

6.12.2 The Pervoural'sk Deposit 

According to Borisenko15 this deposit consists of titanomagnetite 
mainly disseminated in a hornblendite, with some massive 
titanomagnetite. The disseminated mineral is distributed 
unevenly through the hornblendite from a few up to 30 per 
cent, and the ore normally worked contains from 20 to 30 per cent 
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titanomagnetite. The massive ore contains from 60 to 80 per 

cent of this mineral. The ores contain 14 to 16 per cent 

iron, but their enrichment is relatively simple, and the 

vanadium content can be raised to about 0,53 per cent V, 

viz. 0,93 per cent V.O5. However, Borisenko adds "the 

possibility of using the hornblendite rubble for the production 

of concrete makes the exploitation of the Pervoural'sk deposit 

worthwhile". 

6.12.3 Other Vanadium Deposits 

Borisenko15 lists a number of other vanadium deposits which 

he considers as "promising". 
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Of these deposits, vanadium is being recovered from iron ore 
3 ft 

containing 0,6 per cent vanadium mined at Lisakovska (Lisakovo)3 

This deposit is in the northern part of Kazakhstan and only 
about 280 km from the very large iron and steelmaking centre 
of Magnitogorsk. However, Sokolov and Grigor'ev63 in their 
description of the Lisakovska deposit, make no mention of 
the presence of any vanadium. 

The inclusion of vanadium from the Kerch peninsula on the 
eastern part of the Crimea is interesting. As long ago as 
1967 it was reported in the technical press that the main 
Soviet production of vanadium would be coming from magnetite 
deposits similar to those of the Bushveld Complex in the 
Kerch Peninsula. Sokolov ani Grigor'ev63 describe the iron 
ores of the Kerch Peninsula as "two types of deposits of 
sedimentary oolitic iron ores of Kimmeridgian age". One of 
these types, the so-called "brown ores" contain 1,19 per 
cent V2O5. Thi? places the Kerch iron ores among the 
highest grade source of vanadium in the Soviet Union. It is 
therefore remarkable that Borisenko15 makes only a passing 
mention of the Kerch deposits under his list of those that 
are only "promising" and gives their vanadium content as 
O,0i1 to 0,11 per cent. In view of the falling exports of 
vanadium fr«->m the USSR it seems unlikely that a vanadium 
deposit, containing as much as 1,19 per cent V2O5 is being 
ignored. 

6. 12.4 Reserves 

Smirnov65 always is rather vague on the subject of ore 
reserves and it is quite impossible to estimate the Soviet 
reserves of vanadium from the chapters by Borisenko (vanadium) 
or Sokolov and Grigor'ev (iron ore) in his book. The US 
Bureau of Mines estimate that the total reserves of vanadium 
in the USSR are about 16 million tons of contained vanadium 
metal. 6 6 

It would appear that all of the Soviet deposits of vanadium 
are low grade in comparison with those in other producing 
countries, and, even though the vanadium is produced as a 
by-product of the manufacture of iron and steel, the original 
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iron ores used would be regarded as low-grade by western 
standards. This seems to apply to nearly all of the Soviet 
iron ore deposits as well, with or without vanadium. 

General opinion seems to be that exports of vanadium from 
the USSR virtually have ceased, but this has not been confirmed. 
However, Fine61* has this co say on vanadium in the Soviet Union: 
"Vanalium production and reserves have been ranked as the 
largest in the world. But both Soviet ore and slag are low-grade 
and declining rapidly. Compared to the South African, Soviet 
Union vanadium pentoxide (ore) contains 0.5% V2O5 against 
highveldt 1.5%; its slag is 5-7% against 25%. Poor slag 
quality led in 1978 to the termination of shipments to the 
Netherlands for conversion to alloys before re-export to the 
Soviet Union. Soviet state resource management creates 
additional problems in v.nadium, as inter-Ministerial coordination 
(between ferrous and non-ferrous) is often minimal. Since much 
Soviet vanadium is obtained from associated iron deposits, 
this bureaucratic rigidity leads to the non-recovery of by
product values. Moreover, increased vanadium use in Soviet 
production of high-strength-low-alloy steels for military 
end-use indicates a surging demand. Technical inefficiency in 
vanadium recovery from blast-furnace smelting of magnetite 
ore reduces output substantially. The Soviet Union is now a 
net importer of vanadium from Finland and indirectly from 
South Africa through Western European processors of slag." 

6.13 Unit-id States of America 

Vanadium has been produced in the US for more than seventy 
years and today this country is the third largest producer 
of the metal. 

In the US,the vanadium deposits being exploited are found 
in sedimentary phosphatp deposits, associated with uranium 
in sandstone, or in certain clayey deposits (Figure 6.14). 
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Vanadium has also been reported from titaniferous magnetite 
deposits in a number of areas in the United states, including 
the famous magnetite iron ore deposits of the Adirondack 
Mountains in northern New York State, but it does not appear 
that any of these have been worked commercially. The reason 
may be the low vanadium content although it is comparable to 
similar magnetites worked in the Soviet Union. 

6.13.1 Sedimentary phosphate deposits 

In this type of deposit vanadium replaces some of the phosphorous 
in the main calcium phosphate mineralization; most probably 
both the phosphorous and the vanadium are of organic origin. 

Most of these deposits occur in the south-eastern corner of 
the State of Idaho and up to 1950 the Anaconda Copper Co. 
worked them primarily for the manufacture of phosphoric 
acid. The vanadium reported in the phosphoric acid from 
which it was precipitated as an impure sodium vanadate by 
oxidation with sodium chlorate. Anaconda Copper recovered 
about 100 000 kg of V 2°5 annually in the form of "red cake" 
containing 86 per cent V2O5 and 9 per cent Na20. 6 8 

In other operations the Idaho phosphate rock, which commonly 
contains 0,2 to 0,3 per cent vanadium, is smelted with coke 
in electric furnaces for the production of elemental phosphorous. 
The vanadium reports in the smelter slag, which then contains 
about 6 per cent vanadium and is sold to ferro-vanadium 
producers. The production of phosphorous, and hence of 
vanadium, has declined in Idaho because of the high cost of 
suitable coke in that area, and it is believed that little 
vanadium is being produced at present. 

6.13.2 Uranium-bearing sandstone 

Uranium-bearing sandstone occurs in the Colorado Plateau region 
on the borders of Utah and Colorado, in south-east Wyoming and 
near Edgemont on the border between Wyoming and South Dakota. 
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In these deposits the vanadium occurs mainly in the form of 
carnotite, the uranium-potassium vanadate, and roscoelite, a 
vanadium-containing mica. The origins of both the vanadium 
and the uranium are somewhat uncertain, but both may be of 
organic origin, with a considerable degree of secondary 
enrichment. 

In the Colorado Plateau region vanadium occurs in sandstone 
of Jarassic age and is almost invariably associated with 
uranium. Vanadium has been mined in this region at least 
since 1914 and it is reported that in 1915 some 627 tons of 
vanadium were produced from 47 000 tons of orn, together 
with 19,9 tons of uranium and 6,1 g of radium. In those 
days little interest was shown in uranium, in fact Lindgreen69 

wrote in 1933: "Uranium salts have a limited use for a 
yellowish green glass and for pottery; also as a mordant in 
dyeing. Ferro-uranium is at present not used in the steel 
industry". 

Since 1945 the Colorado Plateau region has been the principal 
source of uranium in the United States, with vanadium now 
being produced as a by-product thereof. Indeed, for a 
number of years the United States government offered an 
enhanced price for vanadium purely as an encouragement to 
uranium producers in the Colorada-Utah border area. The 
production of vanadium therefore varies from year to year 
depending upon the current demand and production of uranium. 

The vanadium-uranium ores are limited to one or two horizons 
in the generally flat-lying sequence of sandstone, with some 
shale and conglomerate. The deposits appear to be associated 
with fossil wood, which confirms the theory that both the 
uranium and vanadium in these deposits are of organic origin. 

6.13.3 Clayey deposits in Arkansas 

Deposits of this type apparently arise from the deep weathering 
of alkali intrusive rocks such as at Magnet Cove and Wilson 
Springs in central Arkansas, about 100 km north-east of 
Little Rock. 
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Union Carbide Corporation operate one mine at Magnet Cove 
and two smaller ones near Wilson Springs. In both cases the 
deposits occur where an intrusive complex has formed a crude 
ring structure. Taylor 7 0 writes of the Wilson Springs 
deposits. "The known mineralization occurs in the highly 
altered and metamorphosed contact zone between the igneous 
complex and the folded and faulted sedimentary rocks common 
to the region. Numerous dikes and sills, which have been 
altered to clay transect the deposits at widely varying 
attitudes. In the mineralized zones, hydrothermal solutions 
have altered the various rock types to clay." 

The ore bodies have a pipe-like shape cutting across the 
stratified country rock and may extend to depths of 60 to 
120 m. 

The presence of both carbonatite and fenite, a rock that is 
formed by "alkali metasomatism at the contact of a carbonatite 
intrusive complex" suggests that the ioneous complexes at 
both Magnet Cove and Wilson Springs originally were carbonatite 
intrusions. The rocks near these deposits appear to have 
been highly altered and subjected to deep weathering so that 
the ore occurs as vanadiferous clays with minor associated 
montroseite. The grade, which averages about 1 per cent 
v2°5» varies widely within tne oreshoots which are distributed 
at random throughout the mineral deposits. 

The ore from both the mines at Wilson Springs and that at 
Magnet Cove is trucked to a central treatment plant at 
Wilson Springs. The plant is designed to handle 1 600 tons 
of ore daily. Use is made of a conventional salt-roast and 
leach extraction process. 

6.13.4 Reserves and Resources 

The reserves and resources situation is summarised below 
from a table presented by Weihs 7 1: 
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Idaho, oyaaino vanadlfaron chal* 0.4 - 0.7 273.0 

tab-total 4S7 appr. 

DopositB in Titanifaroas 
Mvon atatas •aawitlta 0,02 - 0 , t 19 000 appr. 

Total 19 457 

It will be seen that approximately 97,6 per cent of the 
reported vanadium occurs in titaniferous magnetite deposits, 
but although the total tonnage of contained vanadium appears 
enormous, so far as is known none of the deposits of this 
type are being worked for this metal, even if some, such as 
those in New York State, are being mined for both iron and 
titanium. Therefore, the total of 19 000 million kg of 
vanadium contained in these titaniferous magnetites can be 
regarded only as possible resources. 
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The leading vanadium-producing mines in the United States in 
1980 are l i s t e d b e l o w : 7 1 

mil*»* Smrlmmi 

Calaraa* Plate** 

I M r « M * l t f l t r Smalt 
•tort* ftarra 
Sllvar Kail 
•llaam 
•eavar lOear CraehI 
Nils*.* kaaaa 
CoI»•*»••ml» 
•»•»»•, 

Sect lam 7 t -
c a l l i h a » 

Henry 

aoo lay v a l l * r 

taaeUmf » w a i H > - f i > l i l l M «Imam Im tfca » * * . . ! • — 
C w t i i i • * * a t a t a t p t n t t r l — t c » a>> M t t l m 

C a r l » * 4 , » » « m i * » Carmtato C a r » . V a m a t f l f f t i « « i « l a y s w i t » a>lmar 
M a t a l a » 1 * a a a t i M t t t t 

NcKiMlay* Mt • m i l * * »»eftaar - n a x t t r a a a l t a , a a u m ' i w t m a 
M a t t t a f c t » a r l » « r » mm*a;tt« c t a n i l a f • • * « » i » » 4 

tywyaaMtmlta aaé a t t a : ymyae» 
aHa»a>m)fta«f * 4 im • • i « i » * 4 •< 

m*>mtf**a. CO «ml mm Car» I «a C a r » . _ «^», . . 
M l . l , . . . " " " " • • « • « • « " . « T - M « 

N a m t r a s a . CO k a l a m * aammatt • t a a i n l i * . c a t ami i t » , tyvymaw 
Saa M l « » a l . C O Plamear Vravaa Imc V r a m l m l t * . c a r mat I t t . tymyaaM 
Sam aUammk.CO M l M Carfcleto C a r » , H I M I R I I I , c a r m m t l t a , cyvyaaM 

n a t a l » • • * 

Saa J - a a . VT 

Saa J » M , VT 

Car>»*>», I P 

C a r t » * » . 1» 

Omia» C a r t l O a C a r » , 
n a t a l a t i * 

a t l a a C a r p . 

Kama am t a I m a W i t r t a l 
Cmaa ica la ca 

S t a a f l e r Cmaaucal Ca , 
F a r t l l t i a r • m a i m 
»1« 

>mlt a 
•mlta 
tmt t e 

V i M i n l t r , c a r M t l i t , i y « y a * a a l t * 

« r a a i m l t a , c a r m a t l t e . t * v y a * ) * m i t e 

»ma»al»a>rlta • , < oftaaammtlc amate 

Pkaaafeor t ta am* • « • • • M a t t e a n a l * 
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It wi l l be seen that «11 of these ere operating on vanadiferous 
c l a y s , uranium ores , phosphate rock, or sha le . Although i t 
i s Knovn that some of these mines have s ince closed temporarily 
i t may be assumed that in a l l cases the i r orebodies may be 
c lassed as "reserves", and allowing for extensions of these 
deposits the f igure of 457 mi l l ion of contained vanadium i s 
accepted as the United States reserves . 

6.13 5 The Vanadium Industry of the United S ta te s 

K e i h s 7 1 has l i s t e d the various plants in the United States 
which process vanadium, together with the raw materials 
used: 

Man* «r « I I I Cn*»t* ••»•) «tat» «anaeUM t>»« awtarlals 

Jit I»* Cor» 

Cottar Carp 

Enrrsy 'vols Maetaar 
l i*fvl»*rd ffinarolr 

• r*»a>ie»ii Cora 
root* »in#rai co 

«»lf Chaalcal • 
netal ! •««leal Corp 

«arr-WciJaa 
c*a* i ta i cor» 

natal laraieal i*c. 
SMeldalloy Cora 

Knioft CorfrléV Car* 

tit»ion Carrier Cora 

union Carvltfa Cot* 

* • » • ( t i l t 

Cat*** c u r i*l I I 

WMta ware 
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»r»«»ria. Tf 

Carta*», I» 

ein«c«at*T, * j 
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P M I f f l t , CO 

Car I ana*. Aft 

•ranl#e>-*aaa4lv* t r r i fr*n) tl»a 
C»l«raa)a r iataa» 

Vranl«a>-aj«lyMrn««i-«nn»o)t»n 
or»» f ro* tna Colaratf» M e t * » * 

VtaM •*>-*»»•< I «a» or** 
*»•!#*>•'• fro» a ) w r t l c m*ê 

t a r r l a * o t l l l t w frollrrt 
Slaaj» fraat Iran an* * t * v l 

oparat la* ' in aawtnar» Atricat 
« I I r * r l#**> 
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Par *•'•>•»••?*•>**• • •••)» 
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Schottman 1* 5 summarised the important s t a t i s t i c s of the 
US vanadium i n d u s t r y as f o l l o w s : 

Production, Imports. Consumption. Expot s of Vanadium in the 
United S t a t e s of America 

( in kg x 1 000 of conta ined V, e x c e p t where noted) 

197ft 1*77 !97S » 7 9 1910* 

Production (recovered basis} U S ( M 4 735 4 131 5 235 4 591 
Imports for consumption: 

Ores, slams, residues 2 725 2 55ft 2 031 2 220 1 000 
Vanadium pentoxide (anhydride) 554 407 «72 •24 909 
Ferro- vanadi urn 235 30» 355 4«9 277 

exports: 
Oxides and vanadates 90 174 9*4 594 304 
Ferro-vanadium 550 299 595 5*0 545 

Shipments fro» Government 
stockpile excesses n i l n i l n i l n i l ni l 

Consumption (intermediate 
products, reported 4 291 4 7S3 « 027 6 lo t 5 045 

Consumption, apparent 2/ • S90 7 290 7 422 7 301 5 36* 
Price (average, per ka V ^ l $6,3« M,45 U ,97 »7,46 17,79 
Stocks: Producer and consuxer. 

year end 3 725 3 9M 2 775 3 079 3 636 
Net iaport rel iance 3 / as a 

per cent of apparent consuaption 37 35 3« 2» 15 

t/Es timet»; 1/ Produced fro* domestic eaterials: 2 / Includes processing losses froa 
low-srade imports,- y_ net iaport reliance • imports - exports * adjustments for 
Government and industry stock chances. 

It will be noted that the production of vanadium in the 
United States varies from year to year. Production from 
domestic sources during the period 1976-1980 has ranged from 
63 to 85 per cent of the apparent consumption. This is a 
factor depending upon both mine production and local consumption, 
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The United States remain:! a major importer of vancdium in 
the form of slag, vanadiur- pentoxide, and, to a lesser extent, 
ferro-vanadium: it is also an exporter of semi-finished 
products such as ferro-vanadium and catalyst materials. 

During 1979, the sources of imports of vanadium into the 
United States wtrt:-

South Africa 66,«. per cent (approximately) 
Finland 33.1 " 
Canada 0,4 " 

It is believed that the People's Republic of China is attempting 
to penetrate the US vanadium market with supplies of slag and 
pentoxide. No figures are available to indicate how successful 
this intrusion has been. 

6.14 Venezuela 

Vanadium, along with nickel, occurs in most crude petroleum, 
mainly in the form of stable porphyrin-metal complexes or 
similar compounds. Porphyrins are organic compounds somewhat 
similar to both chlorophyl and haemoglobin; a similarity that 
has been taken as additional evidence of the marine sedimentary 
origin of petroleum and related deposits such as oil shales. 

The vandium concentration is crude petroleum ranges from 
1 ppm to 1 200 ppm in the case of one particular Venezuelan 
crude. For most crudes the vanadium content usually is less 
than 100 ppm and often less than 10 ppm. Crude oil obtained 
from oil shales and tar sands appears to have a vanadium 
content of about 100 ppm. 

The average vanadium concentration in crude oil from Venezuela 
amounts to about 200 ppm. At the present annual production of 
150 million to"s of crude oil, this represents a potential 
supply of some 27 million kg of vanadium from Venezuela. The 
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National Materials Advisory Board Report on Vanadium^3 

estiaates the resources of vanadium in Venezuela at 
90 Million kg in crude oil containing 230 ppm V, with 
inferred resources at 1 260 million kg. 

Vanadium was recovered formerly from ash and residues at a 
Canadian oil refinery that was then operating on Venezuelan 
crude. It also is recovered to a limited extent from the 
slag and fly-ash from certain oil fired power stations in 
the United States, for example that of the Long Island 
Lighting Company, which burns fuel oil from Venezuela. 

Vanadium mainly has a nuisance value, but new techniques may 
lead to its recovery in the refinery, in which case Venezuela 
could become a significant producer of vanadium. 

7. WORLD SUPPLY AND DEMAND 

7.1 Supply 

Western World production of vanadium by countries from 1950 
to 1969 is shown in Table 7.1, which has been compiled from 
figures published by the Institute of Geological Sciences 
up to the time that they ceased the publication of their 
Statistical Summary of the Minerals Industry. This table 
shows only mine production and in most cases the vanadium was 
produced as a by-product of working some other mineral, for 
instance lead and zinc in Northern Rhodesia (there has been no 
recorded production of vanadium since this country became Zambia), 
and in South West Africa, or uranium in the United States. The 
small production in France is reported as being a by-product 
from aluminium plants, but whether the bauxite from which this 
vanadium originated was of French or foreign origin is not known. 
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Unfortunately no figures seen to be available for the Soviet 
Union and Eastern Bloc countries. 

Table 7.2, which is based on a table from a BGR report on 
vanadium31, gives the world mine production of vanadium for 
the period 1969 to 1979, while Table 7.3 gives the corresponding 
figures in terms of contained vanadium pentoxide. The 
latter is preferred by some authorities. The figures given 
by the BGR 3 1 agree fairly closely with those published by 
the USBM in their Minerals Yearbook, and also those published 
by Roskill 7 2. The discrepancies appear mainly to have 
arisen from differing estimates of production in the USSR 
and the people's Republic of China. 

Mining Annual Review1*1 reports the production of vanadium 
during 1980 and 1981 as follows: 

Metric tons of contained V 
1980 1981e 

United States, 
(recovered basis) 4 591 4 192 

Australia 273 890 
Chile 455 127 
South Africa 11 364 10 870 
other Market Economy Finland 1 810 

Countries 3 182 Norway 230 
P.R. of China 6 818 3 810 - 5 820 
Soviet Union 10 000 10 000 

World Total 36 682 31 930 33 950 

e = Estimate. 

The 1981 figures are estimates, and the original figures were 
in pounds. Conversion to metric tons gives an impression 
of undue accuracy. 



T A B L E 7 . 1 

W e s t e r n W o r l d * Wine P r o d u c t i o n o f Vanadium by C o u n t r i e s ; 1 9 5 0 - 1 9 6 9 
I I » Long Ton» of C o n t a i n e d V) 

C o u n t r y 1 9 5 0 1951 1952 1953 1954 1955 1956 1957 195B 1 9 5 9 1 9 6 0 1961 1962 1963 1964 1965 1966 1967 196B 1969 l ' ,o9 
Angola - - — — - - - - 27 10 1 18 3 

Argent ina 1 n . a . n .a n . a . n . a . n . a . n . a . n . a . n . a . 4 n . a . n . a . 2 2 

Finland — — — 38 259 384 496 558 626 62» 686 968 949 955 1154 1179 1125 
France — — — — — — — 38 117 49 100 54 — 56 33 83 71 95 69 96 
Mexico — — — — — — — . . — — — - - — - - - - 1 

Northern Rhodesia — 86 43 — — — — — — — — 232 4 -- -- — — 
Nortiay — 730 840 990 
United States 2052 2757 321« «MS 4402 4449 5032 6513 6488 6600 7185 5678 6828 5399 4629 S037 5076 4431 5788 4979 
South Africa — — — 7 283 286 586 1271 1244 1237 1142 1355 1526 1888 2017 5443 
South «est Africa 290 521 475 490 511 570 275 200 413 642 749 1023 904 1015 966 1128 120« 960 500 500 

Total. Western 
World 2796 4009 3162 4961 5100 5106 5355 7018 7703 8078 9200 9000 9700 8400 7700 8600 8600 9200 10500 13000 

Figures for South Africa include vanadium in slag, vanadium pentoxlde 
and some proprietary vanadium additives. 
South Nest Africa is for lead vanadium concentrates. 
Norway is for ferro-vanadium and vanadlferous pig iron. 
France Is for vanadium as a by-product of aluminium smelting. 

Corresponding figures for the USSR and other (astern Bloc countries 
are not available. 
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WorlO Nine Production of V inadiua by Countries : 1969 to 1979 " 

(Metric tons of contained v) 

Country 1969 1970 1971 1S72 1973 1974 1975 1976 1977 1978 1970 
South Africa 5 585 6 465 7 680 7 320 8 210 8 150 10 645 9 875 11 240 11 250 12 340 
Soviet Union 6 SOU 7 000 6 500 7 500 8 000 8 000 8 TOO 8 000 9 000 9 500 10 000 
United States 5 060 4 825 4 765 4 435 3 970 4 420 4 305 6 690 5 900 3 875 5 010 
P.R. of China — -— — — — ... — 755 3 780 
Finland 1 345 1 315 1 110 1 190 1 260 • 485 1 275 1 450 1 865 2 80S 2 810 
Norway 755 760 705 590 470 480 725 700 600 500 690 
Chile 545 555 600 655 960 580 600 1 090 860 690 455 
South West Africa 500 400 795 530 650 820 560 700 750 440 -
France 95 - - - - - - - - - -

By Groups of Countries 
Western industrial 
Countr ies 12 82n 13 365 14 260 13 535 13 910 14 535 16 950 18 715 19 60S 18 430 20 850 

Developing 
Countries 1 045 955 1 395 1 185 1 610 1 400 1 160 1 790 1 610 1 130 455 

Western World 13 865 14 320 15 655 14 720 IS 520 15 935 IB 110 20 505 21 21S 19 560 21 105 
Eastern Bloc 6 500 7 000 6 500 7 500 6 000 8 000 8 000 8 000 9 000 10 25S 13 780 

World Total 20 365 21 320 22 155 22 220 23 520 23 935 26 110 28 505 30 215 29 815 35 085 

Based on Table 6 in the BGR Deport No. XIV. Vanadium31, which in turn is based on Information 
fro» USBH Minerals yearbook, SA Mining a Engineering yearbook and sundry company reports. 



T A B L E 

World nine Production of Vanadium l y Countries : 1969 t o 1979' ' 

(Metric tons of contained v 2 ° 5 ' 

Country 1969 1970 1971 1972 1974 1975 1976 1977 1979 

South Africa 9 970 11 540 13 710 13 065 14 655 14 550 19 000 17 630 20 065 20 080 22 030 
Soviet Union 11 60S 12 495 13 390 13 390 14 2 B0 14 280 14 280 14 280 16 065 16 960 17 850 
United States 9 035 8 615 8 505 7 915 7 085 7 890 7 685 11 940 10 530 6 915 8 945 
P.R. of China 1 350 b /50 
Finland 2 400 2 345 1 9B0 2 125 2 250 2 650 2 275 2 590 3 330 5 005 5 015 
Norway 1 310 1 355 1 260 1 055 840 855 1 295 1 250 1 070 895 1 2 30 
Chile 975 990 1 070 1 170 1 715 1 035 1 070 1 945 1 535 1 210 810 
South West Africa 890 715 1 420 945 1 160 1 465 1 000 1 250 1 340 785 --
France 170 — — — — — — — -- -- --

By Groups of Countries 

Western Industrial 22 885 23 855 25 455 24 160 24 830 25 945 30 255 30 410 34 995 32 895 37 220 
Countries 

Developing Countries 1 865 1 705 2 490 2 115 2 S75 2 500 2 070 3 195 2 875 2 015 810 

Western World 24 750 25 560 27 945 26 275 27 705 28 445 32 325 36 605 37 870 34 910 38 030 

Eastern Bloc 11 605 12 495 11 605 13 390 14 289 14 280 14 280 14 280 16 065 18 310 24 600 

World Total 36 355 38 055 39 550 39 665 41 985 42 725 46 605 50 885 53 935 53 220 62 630 

B a s e d on T a b l e 6 i n BGR R e p o r t No. x i v . V a n a d i u m , 3 ' w h i c h i n t u r n i s b a s e d on i n f o r m a t i o n from 
USBn M i n e r a l s Y e a r b o o k , SA M i n i n g * E n g i n e e r i n g Yearbook and s u n d r y company r e p o r t s . 
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There is reason to believe that there was no production of 
vanadium in Chile during 1980, and that any sales were from 
accumulated stocks. Also, as far as can be ascertained 
there was no production in Australia during 1980, and only 
very limited output towards the end of 1981. 

Table 7.4, which is based on estimates by Messrs Highveld 
Steel and Vanadium Corp. gives the expected production of 
vanadium during 1981 and l c82. 

T A B L E 7.4 
Estimated Production of Vanadium by Country 

(Metric tons) 

V; 
1981 

V 
198: 

v 2 o 5 

I 
Country V; 2°5 V 

198: 
v 2 o 5 

I 
V 

South Africa 21 100 11 816 23 400 13 104 
South West Africa nil nil nil nil 
USA 12 600 7 056 16 100 9 016 
Finland 5 000 2 800 5 000 2 800 
Australia 400 224 1 100 616 
Norway 400 224 400 224 
Japan (from residues) 700 392 700 392 
Total Western World 4 

, * • 
40 200 22 512 46 700 26 152 

P.R. of China 5 900 3 304 6 000 3 360 
USSR 16 000 8 960 17 200 9 632 
To^al Eastern Bloc 21 900 12 264 23 200 12 792 

World Total 62 100 34 776 69 900 39 144 

These forecasts may be rather optimistic in some respects 
in so far as the Western World is concerned. It is believed 
that Finland already has reduced production of vanadium. 
Australia, after a very limited production during the latter 
part of 1981, abruptly ceased, so that no production can be 
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expected from there during 1982. Norway also is reducing 
if not ceasing production altogether. 

Figure 7 .1 shows the mine production of vanadium graphically 
since 1950, being based on the figures given in Tables 7.1 and 
7.3. A forecast is extrapolated to 1985 which is based on 
the 1981 and 1982 estimates given in Table 7.4, and for 1985 
by the National Materials Advisory Board 2 5. 

Figure 7.2 shows the world production of vanadium from 1969 
to 1980, based on the figures in Table 7.2, giving the 
breakdown between the major producing countries. The production 
figures for the USSR are estimates, particularly since the 
Soviet Union has ceased to export vanadium, mainly as slag, to 
the West. The figures for the Peoples Republic of China 
show vanadium being produced only from 1977 onwards. It is 
almost certain that production commenced before this date, but 
was not recorded in any statistical reports. 

The world-wide distribution of vanadium production during 1979 
is shown in Figure 7.3. 

A study of the production figures from 1950 onwards as given 
in Tables 7.1 and 7.2 shows how production from complex copper, 
lead and zinc deposits such as Rhodesian Broken Hill (now 
Zambian), Tsumeb, and Berg Aukas virtually has ceased following 
the depletion of the oxide ores in which the vanadium minerals 
occurred. Apart from a small attempt at production from 
asphaltite in Argentina, there has been no production from 
this type of deposit since those in Peru became exhausted. 
Production in the United States has fluctuated considerably, 
because a large proportion of the vandium in that country is 
obtained as a by-product of uranium mining, and thus is dependent 
upon the vicissitudes of that industry. Several different types 
of vanadium deposits are worked in ti.e United States, but none 
of these »re vanadium-bearing titaniferous magnetites. Apart 
from the United States, vanadium in all other producing countries 
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F I G U R E 7 . 3 

WORLD VANADIUM PRODUCTION : 1979 

35 085 TONS 

PR CHINA 
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| | WESTERN WORLD 6 0 . 7 % 

COMMUNIST WORLD 3 9 . 3 % 
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is derived from such magnetite deposits. In some cases these 
deposits are worked primarily as iron ores, with the vanadium 
being recovered as a by-product. 

7.2 Demand 

The consumption of vanadium by selected countries and regions 
from 1969 to 1979 is shown in Table 7.5 3 1; unfortunately it 
has not been possible to bring this table up to date for 1980 
and 1981. 

These consumption figures are shown graphically in Figure 7.4, 
which has been translated from the same source 

To some extent these figures of vanadium consumption may be 
misleading as they show the immediate consumers only. A 
considerable proportion of the vanadium consumed in many 
countries is re-exported in the form of manufactured steel 
products, especially heavy duty pipes for oil and gas lines. 
This probably is the case for vanadium shown as consumed in 
the United States and Japan. 

Details of the consumption of vanadium in various forms, such 
as ferro-vanadium, in the principal consuming countries during 
recent years are given in a most comprehensive manner in 
reports of the BGR 3 1 and of the Roskill Information Service. 3 8 

7.3 Future World Demand 

Numerous attempts have been made to forecast future demand 
for vanadium, some of which will be discussed shortly. As 
the main use for vanadium is in iron and steelmaking, the 
demand for this metal will be related to the prosperity or 
otherwise of the world iron and steel industry. However, as 
will be seen from Table 7.6 and Figure 7.5 there is no 
cle3r-cut relation between steel production and vanadium 
consumption. 



T A » H 7.5 

WOULD CCMSUWTIOH OF VANADIUM BY SELECTED COUNTRIES AMU REGIONS i 1969 to 1979*' 
(in Metric tons) 

Country 1969 1970 1971 1972 1971 1974 1975 1976 1»77 1978 1979 

*"« c'.eruny 
France 
<;reae Britain 
Italy 
Austria 
Sweden 
Dost of Europe 

1 010 
540 
850 
360 
440 
640 
160 

3 M 0 
670 
810 
440 
M O 
620 
480 

2 360 3 260 
440 520 
570 4"»0 
150 500 
440 470 
620 720 
440 610 

1 760 3 090 
620 580 
700 610 
460 370 
530 570 
7B0 850 
810 680 

2 680 
530 
520 
460* 
410 
850 
780 

2 430 1 880 
560 510 
480 560 
530* 460« 
480 460 
880 470 
970 970 

) 840 J 680 
590 510 
690 670 
B50* 870* 
520 660 
900 810 
970 B70 

Europe other than 
the Eastern Bloc 6 200 7 040 5 220 6 570 7 680 6 750 6 2)0 6 300 6 110 8 270 8 070 
Japan 
nest or Asia 

1 470 
20 

1 560 
70 

1 630 
100* 

1 660 
100* 

1 810 
100* 

2 110 
150* 

2 170 
280* 

2 740 
ISO* 

2 260 
200* 

2 840 
200* 

8 070 
2S0* 

Asia other than 
Eastern Bloc 1 490 1 630 1 730 1 760 1 910 2 260 2 450 2 890 2 460 3 040 3 480 
Canada 240» 240 250 240 300 420 350 320 350 420 620 
United States 7 240 6 410 6 100 6 540 7 760 7 670 7 130 8 870 7 280 7 410 7 160 
Best of Ajserica 250 270 260 280 270 670 240 380 590 560 720 
Total Aaerica 7 730 6 920 6 610 7 060 8 330 8 760 7 720 9 570 8 220 • 390 9 100 
Other Western 
World countries* 50 50 50 50 50 50 60 60 60 60 70 
Total Western 
World countries 15 470 l> 640 13 610 15 440 17 970 17 820 16 460 18 850 17 050 19 760 10 720 
OSSB* 
Other (astern Bloc* 

1 770 
2 220 

1 980 
2 160 

2 190 
2 140 

2 
2 
340 
490 

2 400 
2 660 

2 590 
2 570 

3 
2 
700 
770 

4 060 
2 820 

4 760 
2 970 

5 
3 

130 
180 

5 
3 
450 
5)0 

Total Eastern Bloc 3 990 4 140 4 330 4 830 5 060 5 160 6 470 6 880 7 730 8 510 8 980 
World Total 19 460 19 7BO 17 940 20 270 23 030 22 980 25 730 25 730 24 780 28 270 29 700 

e - Estimated 
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F I G U R E 7.4 

NORLD CONSUMPTION OF VANADIUM BY 
SELECTED COUNTRIES AND REGIONS!1969-1979 

in 1000 tons 
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T A B L E 7.6 

World Production of Crude Steel and Vanadium 

Year World Production World Production Vanadium 
of Crude Steel of Vanadiua Production 
(metric tons) (kg V) kg V/100 tons 

Steel 
1969 574 600 000 20 365 000 3.54 

1970 594 400 000 21 320 000 3,58 
1971 582 600 000 22 155 000 3,80 
1972 630 300 000 22 220 000 3,52 
1973 698 400 000 23 520 000 3,37 
1974 709 000 000 23 935 000 3,38 
1975 645 500 000 26 110 000 4,04 
1976 676 600 000 28 505 000 4,21 
1977 675 600 000 30 214 000 4,47 
1978 717 200 000 29 815 000 4, 16 
1979 747 500 000 35 085 000 4,69 
1980 717 400 000 36 682 000 5r09 

Sources: Steel production I1SI 
Vanadium production Table 7.2 of this report. 

It will be seen from these figures that from 1969 to 1974 
the consumption of vanadium per 100 tons of steel remained 
almost constant, dropping at a rate of only about 0,05 kg/100 
tons per year on average. For the whole period from 1969 
to 1980 there was a slow but steady annual growth in demand 
of 0,13 kg per 100 tons of steel, while the annual increase 
over the last seven years from 1974 was about 0,23 kg. 

In the absence of any better figures when estimating the 
future demand for vanadium, zero growth per 100 tons of steel 
will b3 assumed for the "Low" figure, a growth of 0,13 kg for 
the "Medium" figure, and 0,23 for the "High" figure. 
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FIGURE 7.5 

RELATIONSHIP BETWEEN CONSUMPTION OP VANADIUM 
AND PRODUCTION OF CRUDE STEEL 

Before attempting to predict the future demand for vanadium, 
the forecasts that have been made by other writers or bodies 
will first be discussed. 

Table 7.7 gives the USBM's anticipated future demand for 
vanadium as at December 1977. The very wide range between 
"Low" and "High" values for the year 2000 should be noted. 
Also, under the heading of "Probable", the share of the United 
States in total world consumption, amounting to 36 per cent, 
seems somewhat high. This may have arisen from the rather 
high annual rate of growth in demand predicted for vanadium 
in the United States of 5,2 per cent, which raises the 
average growth on a world-wide basis to 4,4 per cent. 
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T A B L E 7.7 

S « i r y of fortcMti of I» sad »«»t-of-World Vsnsdiut Pensnd : l»7fc - 20007'' 
(••trie tens) 

Ï555 Probsfele svereZT 
1976 Porecest B»no^ n ^ * * 1 ' , „ ^ * ~ u . l growth r . t . 

""""" ' 197» - 2000 

5,2 per cent 

4,0 per cent 

Lew High 1985 2000 

United States: 
Total 6 890 17 300 54 000 14 000 30 000 

Cuaulstive 307 000 623 000 104 000 427 000 

•test of the World: 
Totsl 
Cuau'stive 

19 500 37 300 
673 000 

SS 500 
848 000 

28 500 
220 000 

52 000 
814 000 

World: 
Totsl 
Cissulstive 

28 400 55 000 
980 000 

109 000 
1 471 000 

42 500 
324 000 

82 000 
1 241 000 

4,4 per cent 

Table 7.7 also gives the predicted cumulative consumption 

of vanadium. This, even at the "High" figure of 1 471 000 tons 

of vanadium, is well within the known reserves of vanadium. 

This quality could be easily supplied from South African 

reserves alone. 

The US Bureau of Mines predicts a constant growth rate for 

the USA, the rest of the world, and in the total world demand. 

This eeems unlikely and annual growth rates may be expected 

to decline to match the levelling off of trade in the developed 

countries and a falling growth rate in most of the Third World 

countries. In this respect the forecasts made by the 

Bundesanstalt fur Geowissenschaft und Rohstoffe31 seem more 

plausible. 

According to their view, world consumption of vanadium rose from 

19 460 metric tons in 1969 to 29 700 tons in 1979 as shown in 

Table 7.5 of this report. This represents an annual growth rate 

of 4,3 per cent. However, in their forecasts for 1979 to 1995, 

(Table 7,8), the BGR has been very conservative, and has 



T A B L E 7. B 
Projected Vanadlui Consumption In the World by Selected Countries and Regions 

for the years 1985. 1990 and 1995*' 

Consumption in tonm Proportion per cent 
1975 1 9 Í 4 19 9 0 1555 1575 198 5 1990 I'l 9 5 

Federal Republic of Germany 3 680 4 050 4 420 4 790 12,4 11,3 10,7 10,4 
France 
Great Britain 
Italy 
Austria 
Sweden 
Rest of Europe 

510 5B0 600 610 1,7 1.6 1,5 1.3 
670 630 660 680 2,3 1.7 1,6 1.5 
870 1 000 1 150 1 310 2,9 2.8 2.8 2.8 
660 700 800 900 2,3 2.0 1.9 1.9 
C10 920 1 010 1 090 2.7 2.6 2.5 2,4 
870 1 200 1 400 I 620 2.9 3.3 3.4 1.5 

Europe except Eastern Bloc 8 070 9 080 10 040 11 000 27,2 25,3 24,4 23,8 

Japan 
Rest of Asia 

3 230 
250 

4 100 
530 

4 890 
760 

5 590 
1 000 

10,9 
0,8 

11.4 
1,5 

11.9 
1,8 

U.I 
2.2 

Asia except Eastern Bloc 3 480 4 630 5 650 6 590 11.7 12.9 13,7 14,3 

Canada 620 600 710 860 2,1 1.7 
United States of America 7 760 8 700 9 350 9 990 26,1 24,2 
Rest of America 720 1 070 1 390 1 670 2,5 3.0 

1.8 1,9 
22,7 21,6 
1,4 1,6 

Total America 9 100 10 370 11 470 12 520 10,7 28,9 27.9 2»,1 

Balance of Western World 70 90 120 160 0.2 0,2 0,3 <>,4 

Total Western World 20 720 24 170 27 280 30 270 69,8 27,3 66.3 65,6 

USSR 
Other Eastern Bloc Countries 

5 450 
3 530 

7 000 
4 720 

8 200 
5 600 

9 400 
6 480 

18,3 
11.9 

19,5 
13,2 

19,9 
13,8 

20,4 
1<I,0 

Total Eastern Bloc Countries 8 480 11 720 13 880 15 880 30,2 32,7 33.7 34,4 

World Total 29 700 15 890 41 160 46 150 100,0 100.0 100,0 100,0 
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assumed an annual growth rate of 3,2 per cent from 1979 to 1985, 
with the total world consumption of vanadium rising to 35 890 
metric tons in that year. From 1979 to 1995 an average annual 
growth rate of 2,8 per cent has been assumed, which gives a 
consumption of 46 150 tons/a of vanadium in 1995. The BGR 
predictions are based upon fairly sophisticated studies of 
the use of vanadium in certain major consuming countries, 
and not just the USA, but details of the calculations have 
not been given. 

Th2 BGR forecast is interesting because it postulates a 
considerable increase in the consumption of vanaaium by Eastern 
Bloc countries compared with the West. This may well be true 
if based upon the vanadium likely to be used in certain very 
large oil and gas pipeline projects planned for the USSR, as 
well as increased vanadium production, and presumably consumption, 
in the People's Republic of China. However, it is expected 
that a large proportion of Chinese vanadium production may find 
its way in the form of slag to the United States, and pentoxide 
to Japan, rather than being consumed within China itself. 
The US share of world vanadium consumption is shown as 
dropping from 26,1 per cent in 1979 to 21,6 per cent in 
1995, in comparison with the US Bureau of Mines forecast 
quoted above in which the US share of vanadium amounts to 
some 36 per cent. 

The National Materials Advisory Board (NMAB) of the U S A 2 5 

make certain definite forecasts about the future demand for 
vanadium, both in the United States and world-wide. Their 
report was compiled by a panel of experts, which based its 
forecasts mainly on careful studies of the future demand 
for vanadium in certain areas of consumption, and largely 
used figures that had been compiled by the US Bureau of Mines. 
(Table 7.9). 

Table 7.9 is based on Table 1 of the NMAB report 2 5, with 
pounds converted to kilograms, and with the addition of the 
annual growth rates calculated from the forecast figures 
given in the original. 



T A B L E 7.9 

Projected United States Demand* for vanadium 2 S 

(I 000 kg contained vanadium) 

End Use 1980 Average Annual 1985 Average Annual 1990 
Growth Rate Growth Rate 
I980 to 198S 1985 to 1990 

*-• 
. — , , 0 

'fool Steels 514 nil 514 nil 514 
engineering alloy steels 1 591 2,96 1 841 3,54 2 191 
Carbon steels 636 1.39 682 1,30 727 
High-strength low-alloy steel? 2 818 3,88 3 409 2,05 3 773 
Cast steel 241 5,39 313 5,37 407 
Cast iron 172 5,46 224 6,42 306 
Stainless a heat resistant steels 23 3,65 28 3,37 33 
Superalloys 20 2,13 23 1,92 25 
Titanium alloys 468 1,M 495 0,90 518 
Chemical applications 

6 

488 

972 

6,22 

3,30 

660 5,86 

2,70 

877 

TOTAL 6 

488 

972 

6,22 

3,30 8 189 

5,86 

2,70 9 370 

Note: (irowth rates have been calculated on the original pound 
values and may not quite agree due to rounding off of the 
conversion to kilograms. 



1975 

United St cites 5 624 
«Hhor Western Hemisphere I 069 
rotdi 1 Western Hemisphere 6 693 
Western tuiufie " " 6 057 
Asia (except Jorth Korea and 

Peoples' Republic of China) 2 240 
Africa ami Middle East 204 
Total Western'World " 15 194 

Eastern Europe | 705 
USSR 7 101 
Peoples* Republic of China 

and North Korea 662 
Total Cownunist Nations 9 467 

<;RANI> TOTAL 24 661 

<:rand Totals b r o t h e r sources: 
US Buieau uf Mines''- 27 652 
w : » 1 ' 22 930 

T A B L E 7. (0 

Es t (mated World Demand for Vanadium 

( M e t r i c t o n s c o n t a i n e d V) 

1976 1977 1970 1979 

5 701 6 261 6 541 6 872 
1 247 I 222 1_ 74 1 578 
6 948 7 482 L - 1 5 8 449 
7 126 7 533 8 122 8 602 

2 545 3 079 3 385 3 716 
256 305 33J 302 

16 873 18 400 19 953 21 149 

I 850 1 905 2 109 2 316 
6 :<J6 7 940 8 246 8 551 

607 014 916 1 0IB 

0 831 |0 740 II 351 It 885 

25 705 29 140 31 304 33 034 

28 172 30 285 31 102 34 019 
25 7J0 24 700 2B 270 29 700 

1980 1981 1985 1990 

7 104 7 584 8 297 9 Oil 
1 858 2 086 1 064 4 556 
9 162 9 671 11 151 11 565 
9 162 9 544 II 122 11 387 

4 174 4 428 5 548 7 380 
411 509 891 I 601 

22 910 24 152 28 911 15 915 

2 418 ? 469 2 749 1 258 
8 700 8 811 10 150 12 165 

1 120 I 247 I 654 2 316 

12 318 12 549 14 761 17 739 

35 248 16 699 4 3 672 53 674 

35 960 42 500 
15 890 41 160 
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In preparing the NMAB forecast, the panel took the figure 
of US consumption of 4 720 short tons (4 291 000 kg) of 
contained vanadium during 1976 as their basis, which agrees 
with that given by the OS Bureau of Mines in 1980 7 5. However, 
the NMAB forecast figure of 15 338 000 lb (6 972 000 kg) 
for US consumption in 1980 is considerably higher than the 
actual consumption recorded for 1980 by the USBM 7 5, which was 
only 6 138 short tons (5 581 000 kg). If, the USBM figure of 
6 972 metric tons is assumed as the base, and the annual growth 
rates used are those estimated by the NMAB panel, the total 
forecast consumptions of vanadium in the USA become: 

1985 6 565 metric tons 
1990 7 500 metric tons. 

The NMAB report 2 5 also gives an estimated forecast of the 
total world demand for vanadium which is presented here as 
Table 7.10. In addition, the corresponding figures for the 
world total have been added according to the US Bureau of 
Mines and the BGR. 

For comparison, the historical and expected annual growth 
rates for world consumption of vanadium are given in Table 7.11 

T A B L E 7.11 
Historical and Estimated Annual Growth Rates For 

the World Consumption of Vanadium 

Figures based on 
riod NMAB Report 2 5 USBM 7 5 BRG 3 1 

% p. a . % p . a . % p . a . 

1975-1976 4,23 H 2,60 H 12,21 H 
1976-1977 13,36 E 6,74 H -3,69 H 
1977M978 7»43 E 2,70 H 14,08 H 
1978-1979 5,53 E 11,95 H 5,06 H 
1979-1980 8,86 E 3,28 H n/a 
1975-1979 7,58 E 5,93 H 6,68 H 
1979-1985 4,76 E 3,3t3 E 3,20 E 
1979-1990 4,51 E n/a 3,01 E 
1979-1990 4,21 E n/a 2,78 E 

H = Historical E = Estimated 
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The first point that is obvious, more particularly from the 
figures in Table 7.11, is the difficulty in finding any 
agreement in statistics from different sources, even of the 
highest repute. Second, there is a wide fluctuation in the 
annual growth rate based on historic data from year to year, 
especially in a commodity such as vanadium for which the 
total world demand only exceeded 30 000 tons in 1978. Third, 
the NNAB report appears to have been the most optimistic, 
but it was published in 1977 when the world iron and steel 
industry was at a peak of prosperity. All three authorities 
predict a continuing drop in the annual growth in demand for 
vanadium; the BGR is the most conservative, and, in view of 
the continuing recession in the world iron and steel industry, 
their forecast may be close to the future prospects. 

Weihs 7 1 presented a fairly optimistic view of the future for 
vanadium in the United States, certainly until 1985, when 
he estimated that the demand for this metal in that country 
would reach 16 million lb (7,3 million kg) of contained V, 
which represents an annual growth in consumption of 3,9 per 
cent (Pig.7.6), 

F I G U R E 7.6 

VANADIUM CONSUMED IN STEEL-USA 

ItSO 1tS4 It»» 1M2 I t M 1*70 1*74 1»7I I t » 1IM 

Afttr weiHS " 



144 

This increase in the consumption of vanadium in the USA is 
ascribed by Weihs to: 

(i) The increased use of HSLA steel in the average 
American c u , which is expected to increase from 
180 lb in the average 1980 model to about 400 lb 
per vehicle in 1986, in an attempt to reduce the 
overall weight of these automobiles; 

(ii) The use of vanadium-containing HSLA steels in 
certain major oil and gas pipelines planned over 
the next few years; 

(iii) Consumption of vanadium in titanium alloys, which 
is expected to amount to about 680 000 kg annually 
during the next few years in the United States; an 

iiv) Consumption of vanadium chemicals should show an 
annual growth rate of 3,6 per cent. 

Weihs also stated: "as a rule of thumb, the steel industry in 
the USA uses about 50 tons of vanadium per million tons of 
steel produced". This agrees closely with the figure of 
5,09 kg per 100 tons consumed during 1980, as given in Table 7.6 
above. 

Another speaker 7 6 at the same symposium on vanadium is quoted as 
saying "world usage of vanadium should increase by an average 
of 4% per year over the next five years as consumption is 
boosted by strong demand for line pipe steel and the progressive 
substitution of vanadium for ether alloys". Indeed, all 
major vanadium producers are pinning their hopes on the large-
scale construction of gas and oil pipelines during the next 
few years. Table 7.12 summarizes a series of tables published 
in the journal Pipe Line Industry 7 7 which list the pipeline 
projects under construction or planned througnout thr world. 
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T A B L E 7.12 

Pipelines Under Construction or Planned 
as at January 1982 

(in km) 

United States Outside USA Total World 
Gas lines (including CO^) 
Crude oil lines 
Liquids lines 
Offshore lines 

13 792 16 403 30 195 
2 299 11 309 13 608 
6 048 12 699 14 008 
2 157 2 984 5 141 

Total 24 296 43 325 67 621 

These figures do not include the Soviet Union or the People's 
Republic of China, and, as discussed in Appendix III, some very 
long gas lines are planned for high pressure operation to 
bring natural gas from the north of Siberia to Western Europe. 
These latter are expected to include 5 500 km of main line 
having a diameter of 1 420 mm. Also listed in the same 
issue of Pipe Line Industry are no less than ten projects 
involving 16 500 km of pipelines under study or in the 
planning stages for the transport of coal slurry within the 
United States alone. 

Of the oil and gas pipe lines included in the 67 621 km 
given in Table 7.12 the majority range in diameters from 500 
to 1 520 mm, sizes for which vanadium-bearing HSLA steels 
are eminently suitable. 

The total length forecast for 1982 L- about 9,8 per cent 
higher than the actual figure for 1981, which totalled 
61 594 km. 

This is most encouraging for the vanadium producers, but 
unfortunately there appear to be some difficulties. First, 
the construction of major trui. . gas pipelines from northern 
Siberia to Western Europe is strongly opposed by the United States 
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government on the grounds that the supply of such a large 
proportion of the energy requirements of Western Europe by 
the Soviet Union would place these countries at the mercy 
of the Soviets who could turn off gas supplies at will. 
Second, since there is no longer an acute shortage of oil, 
some of the partners are now wanting to withdraw from the 
consortia that were planning to construct the major oil and 
gas pipelines from the North Slope across Canada and into 
the United States. Third, most of the pipeline projects 
listed by Pipe Line Industry appear to be scheduled for 
completion in 1982, some in 1983 and 1984, and very few 
for completion in 1985 or 1986. Therefore, most of the 
steel for these pipelines probably has been made already, 
using whatever vanadium was required. Thus the future for 
pipeline construction and for the consequent demand for 
vanadium may not be as promising as the construction forecasts 
may suggest over the next five to ten years. 

Sage 7 8, writing in 1979, stated of vanadium: "statistics 
indicate that over the last fifteen years the non-communist 
world market has been growing at an average rate of about 
2.5% and that if this continues to the year 2000 it will 
mean that by then the consumption will be over 130 x 10" lb 
(59 x 10°kg) V 2 0 5 per annum." This is equivalent to an 
annual demand of about 33 x 10 6 kg of contained vanadium. 
Unfortunately it is not known exactly which set of statistics 
Sage used for his calculations.* Sage further states: 
"If molybdenum remains in short supply, new vanadium-bearing 
steels may also be developed for heat-treated engineering 
steels and possibly other steels which at present coi.tain 
molybdenum; some estimates of the future demand for vanadium 
suggest that an overall growth rate of 4% or more will be 
achieved". This is not very different from the growth rate 
of 4,4 per cent per annum predicted by the US Bureau of Mines. 

The figures for consumption given by the BGR (given in Table 7.5) 
indicate an average annual growth rate from 1969 to 1979 of 
3,12 per cent for the Western World and of 4,67 per cent for 
the total world. 
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Certain forecasts for the consumption of vanadium are shown 
graphically in Figure 7.7. of these. Graph A has been 
calculated by obtaining a straight trend line by linear 
regression for vanadium consumption as shown in Table 7.5 
from 1969 to 1979 inclusive. Then having obtained intercepts 
on the abscissae for 1969 and 1980, the average compound 
growth rate was calculated at 4,67 per cent per annum. This 
figure was used to extra-polate the exponential gr >wth curve, 
which gave the following forecasts for the consumption of 
vanadium: 

Year Total Norld Western World 
(metric tons) 

20 346 
23 724 
27 663 
32 257 
37 613 

(metric tons 

1980 29 524 
1985 37 093 
1990 46 602 
1995 58 548 
2000 73 .57 

The forecasts for the Western World consumption have been 
calculated in the same manner from the same source, and this 
indicates an annual growth rate of 3,12 per cent. 

Graph B gives the plot of historical data from 1969 to 1979 
and then the forecasts by the BGR as shown in Table 7.8. It 
will be seen that the BGR forecast is the most conservative 
of all, but it should be noted that its base is the consumption 
figure for vanadium as given in their report 3 1, a figure which 
is very much lower than the figures for production given in 
the same report. This latter would have raised the base 
value for 1979 from 29 /00 tons to 35 085 tons, and this 
would have placed Graph B above Graph E. 

Graph C is based on the forecasts by the NMAB 2 5 (Table 7.9), 
which indicates an annual growth rate of 4,31 per cent. Graph D 
is based on the US Bureau of Mines forecasts7*1 (Table 7.7) 
with an annual growth rate of 4,4 per cent. 
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Graphs E, F and G are the high, low and medium predictions 
by the present author. All of these estimates, which are 
given in Table 7.13, are based on the future demand for 
vanadium per 100 tons of crude steel as given above, and on 
forecasts of the future world production of crude steel. 
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Both forcasters agree on an annual growth rate of almost 
zero until 1988 with such growth as may take place occurring 
in "Developing Countries" such as South Africa, Mexico, Brazil 
and South Korea. This is a view very different from those 
held only a few years ago on the future production of steel. 

Based on these figures and this line of reasoning, and in 
the absence of any better hypothesis, the predictions shown 
in Table 7.13 are offered for the future demand for vanadium. 

The graphs for the forecasts by the National Materials Advisory 
Board (C), the US Bureau of Mines (D), and the present "Medium" 
forecast (G), correspond quite closely, despite being calculated 
from different premises (Fig. 7.7). 

Table 7.14 lists the most important resources of vanadium 
throughout the world, with some estimate of their extent and 
grade. This table is based on one presented in the NMAB 
report 2 5 to which certain additions have been made, notably 
with respect to certain deposits in Australia, one in Brazil, 
and two in the People's Republic of China. The list includes 
many deposits that are most unlikely to be worked in the 
foreseeable future. 

Table 7.15, which has been compiled largely from information 
supplied by Messrs Highveld Steel and Vanadium Corporation of 
South Africa, together with material from other sources noted, 
shows the present and planned capacities of existing vanadium 
producers and their expected production during 1981 and 1982*. 
Only fifteen out of the 55 deposits listed are being worked. 

More particulars about the main producers and processors 
of vanadium are given in Appendix IV. 
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S a g e 7 6 , using information supplied in the NMAB report 2 5, 
has prepared estimates of the vanadium reserves in the 
leading producing countries, and the predicted date of -heir 
probable exhaustion. These are shown in Table 7.16. A 
similar estimate and forecast prepared by BGR 3 1 is shown in 
Table 7.17. The latter is more interesting as it includes 
the reserves of both the Soviet Union and the People's 
Republic of China. It will be noted that South Africa and 
the Soviet Union between them have 94,5 per cent of the 
known world reserves of vanadium. In fact, unlike the known 
world reserves of many other metals, including, for instance, 
manganese, chromium and to a considerable extent, iron ore, 
98 per cent of the world's vanadium is held by developed 
industrialized countries and only 2 per cent in developing 
countries. 

T A B L E 7.16 

Reserves of vanadium from current sources in non-communist world 78 

Country 

Proved 
reserves, 

106lb V 2 0 5 

equivalent 

Rate of 
extraction 
at max. 
output, 
106lb 
V205/year 

Date of 
exhaustion 
at current 
extraction 
rate, 
year A.D. 

South Africa 
USA: Colorado 180 

Arkansas 120 
Wyoming 500 

Finland 
Norway 
Venezuela 
Australia (Barambie) 
Chile 
India 

68 000 

800 
500 
500 

400 
800 

54 
9/12,0 
15 
3 
12 
1,5 

3238 
2000-2205 
1988 
2149 
2021 
2300 
2460 

Total proved world reserves 72 200 99,5 2700 
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T A B L E 7.17 

Estimated Lives of Vanadium Reserves as at 1980 3 1 

Country 

Production 
1979 

M. Tons V 

Proved and Probable Reserves 
1980 

H. tons x 1000 V Estimated life 

South Africa 12 340 
Soviet Union 10 000 
United States 5 010 
P R China 3 780 
Finland 2 810 
Norway 690 
Chile 455 

7 800 
7 260 

105 
135 
50 
20 
135 

632 years 
726 years 
21 years 
36 years 
18 years 
29 years 
297 years 

Groups of Countries 

Western Industrial 
Countries 20 850 8 220 394 years 

Developing Countries 455 320 703 years 
Western World 21 305 8 540 401 years 
Eastern Bloc 13 780 7 395 537 years 
World Total 35 085 15 935 454 years 

The figures given in these tables imply that:-
(i) There is no shortage of vanadium throughout the World; 

in fact there is a position of over-supply with existing 
producers cutting back on production, 

(ii) The known reserves of vanadium are more than adequate for 
the foreseeable future, while the majority of these 
reserves are in industrialized countries, 

(iii) Although certain current producers appear likely to drop 
out within the next few years, e.g. Bremanger in Norway 
and some of the American producers, there will be adequate 
capacity, especially in view of the planned expansion 
elsewhere, for instance at Highveld Steel ard Vanadium 
Corporation, in South Africa; and 

(iv) There is little room for an entirely new producer to 
enter the vanadium market at present. 
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8. THE EXTRACTIVE METALLURGY OF VANADIUM 

8.1 Beneficiation 

The vanadium ores that are being worked are nearly all low 
grade, 0,2 to 2,0 per cent ^2°5' a n <* commonly are exploited for 
the recovery of the vanadium as a by-product of lead, uranium, 
phosphorous, or iron, although this is not always the case. 
Some form of beneficiation of the ore is desirable, but this 
is not always possible in practice. 

8.1.1 Lead-Vanadium Ores 

As far as is known the only mine that has worked a combined 
lead-vanadium ore in recent years was the Berg Aukas Mine 
in South West Africa. Production at Berg Aukas ceased in 
1978, but may be recommenced. 

This mine worked both oxide and sulphide ores, with which the 
vanadium minerals, descloizite and vanadinite, were associated. 
Details of the recovery process are as follows: 

The coarse sulphides are first separated by hand sorting, and 
then the fine sulphides are recovered by normal flotation 
methods, leaving the oxide minerals in the tailings. The 
first of the oxide minerals to be recovered are those of 
vanadium in a second-stage flotation operation using Aerofloat 
with mixed xanthates, and lead nitrate as an activator with 
calcium cyanide as a depressant for the cerussite. At this 
stage flotation is under alkaline conditions with a pH value 
of 9.5 obtained by the addition of lime to the conditioner 
cells. 

The vanadium is recovered as a "lead-vanadium concentrate" 
and was sold as such to a lead smelter. In due course, the 
vanadium reported in the smelter slag, from which it was 
recovered by the conventional salt-roast and leach process. 



155 

A very detailed account of the development and operation of 
the plant for the flotation of vanadium ore at Abenab West 
Mine of the South West Africa Company, is given by World Mining 9 . 

8.1.2 Titaniferous Magnetite Ores 

Where the ore consists es entially of magnetite with discrete 
and relatively coarse ilmenite, as at the Otanmaki Mine in 
Finland, it is possible to concentrate the magnetite by 
magnetic separation. Most of the vanadium occurs in the 
magnetite concentrate, and at Otanmaki this practice raises 
the vanadium content from 0,25 to 0,30 per cent V in the 
run of mine ore to 0,6 per cent V in the concentrate, and, 
in addition, produces a magnetite with sufficiently low 
titanium content to be used as a blast furnace feed after 
the extraction of the vanadium. 

In most vanadium—containing titaniferous magnetites, 
including that from the Bushveld Complex in South Africa, the 
titanium, occurring mainly as ulvospinel, is so intergrown 
with the magnetite that contains the vanadium that it is 
impossible to remove the titanium or to effect any significant 
up-grading of the vanadium by physical beneficiation methods. 
The practice in these situations if beneficiation is deemed 
desirable is to smelt the ore during which operation the 
vanadium becomes concentrated in the resulting slag. This 
is done with the Soviet vanadium ores at Kachkanar, where 
magnetic concentration is used to produce a useable iron ore 
concentrate, and to raise the vanadium content from 0,05 to 
0,31 per cent V 2 0 5 to about 1,96 per cent. The vanadium 
reports in the pig iron from the blast furnace smelting 
operation, and then in the slag from the basic oxygen furnaces 
used for converting the iron to steel. This slag contains 
about 15 per cent V 2 0 5 and is suitable for a feed to the 
conventional salt-roast and leach process to obtain high 
purity vanadium pentoxide. 
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It is believed that a similar process is used at the Panzhihua 
iron and steelworks in the People's Republic of China, where 
the ore requires beneficiation to produce a useable feed for 
the blast furnaces. 

As mentioned above, the titaniferous magnetitites* of the 
Bushveld Complex in the Transval are not amenable to physical 
beneficiation techniques, while containing such a high 
percentage of titanium that it would form a slag of such 
high viscosity that it would choke a normal blast furnace. 
However, it was to make the fullest use of this apparently 
promising iron ore and to produce a vanadium-rich material 
that would find a ready market among the vanadium converters 
and processors throughout the world that the Highveld Development 
Co. Ltd developed the process used by Highveld Steel and 
Vanadium Corporation Ltd. A simplified flow sheet of the 
Highveld Process is given in Figure 8.1« 

FIGURE 8.1 
The Highveld Process Flow Sheet 8 0 
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WASTIS4.AG I « * a i r * C * A ' T A M 0 
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* However, the grade of the Bushveld magnetitites is sufficiently high in 
vanadium to permit the recovery of this metal by the salt-roast and leach 
process with little or no preliminary treatment, as is done at Ucar Minerals 
at Transvaal Alloys and at the Vantra Division of Highveld. Details are 
given in the next section. 
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To reduce consumption of electric power the ore, mixed with 
the correct proportions of coal as the prime reductant and 
limestone for fluxing, is fed into a series of rotary kilns 
in which the ore receives a partial pre-reduction of about 
37 to 45 per cent depending upon requirements. The "oal is 
converted to a char suitable for use in the smelting urnace, 
and the limestone or dolomite is burnt to a magnesian lime, 
while the whole charge is fully pre-heated. 

The high-titanium iron ore is then smelt in a submerged-arc 
furnace in which the temperatures are high enough to slag 
off all the titanium*. On leaving the smelting furnace the 
hot metal is passed to the shaking ladles which are top 
blown with oxygen. During this stage the vanadium is oxidized 
and forms as a slag, which is skimmed off. The rest of the 
operation follows conventional steelmaking practices. 

The vanadium-rich slag contains approximately 25 per cent 
v2°5 and is eminently suitable for the production of high-
purity V2O5 by the conventional salt-roast and leach process. 
This slag is crushed and cleaned by a magnetic separator for 
the removal of any metal that may have been carried over, 
and the majority is exported in that form. 

The Highveld Steel and Vanadium plant with a rated capacity of 
13,6 million kg of V2O5 in slag, includes 10 rotary pre-reduction 
kilns, 6 smelting furnaces, 2 rated at 30 MVA and 4 at 45 MVA. 
The nominal furnace rating is 320 tons hot metal per day. Work 
is in progress to install three additional pre-reduction 
kilns and one smelting furnace rated at 65 MVA. This will 
increase the rated capacity of the whole works to 18,6 
million kg of V 2 0 5 in slag. 

* The titanium slag contains the approximate equivalent of 37 per 
cent Ti02- So far it has not proved possible to recover the 
titanium, "hich mainly is in the form of lower oxides than TÍO2 
and as spi.tne, CaTi0 4. A small quantity of crushed titanium 
slag is sold to Iscor for use as a flux, and to protect the 
refractory linings of the blast furnaces. 
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8.2 Manufacture of Vanadium Pentoxide 

The standard method of producing vanadium pentoxide is the 
sodium-roast and leach process. 

In general, the process consists of blending the milled ore, 
; lag, or concentrate with a carefully controlled quantity of 
a sodium salt, and then subjecting it to an oxidizing roast. 
The sodium reacts with the vanadium to form a water-soluble 
sodium vanadate that is recovered from the calcine by 
loaching. The sodium vanadate solution is treated with ammonia, 
usually in the form of an ammonium salt, after which the 
vanadium is precipitated as an insoluble ammonium vanadate. 
The ammonium vanadate is calcined to drive off the ammonia 
leaving a residue of vanadium pentoxide, which normally is 
fused in an electric furnace and cast onto a water-cooled 
wheel or drum to produce flakes of fused pentoxide, which 
is the basic material for most vanadium products. 

During the roasting operation the vanadium in the raw material 
is converted into a sodium polyvanadate of the general formula: 

(x)Na 20.(y)V 2O s.(z)O 

The parameters x,y, and z may vary according to the roasting 
temperature, the sodium concentration, and the pH of the 
solutions involved. One or more of the following vanadates may 
be formed: sodium orthovanadate (Na3V0 4); sodium pyrovanadate 
(Na.V 0 7 ) ; sodium metavanadate (NaV03>; or sodium hexavanadate 
( N a 4 V 6 0 1 7 ) . 

It does not appear to matter very much which of these compounds 
is formed or in what combination, but it is possible for 
certain more complex vanadium salts to be formed during the 
roasting operation; these may prove to be insoluble in water 
and unrecoverable in the leaching step. 

Certain of the gangue constituents in the ore also may be 
important, even if these appear to be in relatively minor 
quantities. This problem is discussed in considerable detail 
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by Burwell , who gives steps that can be taken to overcome 
some of them. Calcium, particularly in the form of calcium 
carbonate, for instance, is liable to form insoluble calcium 
vanadate, Ca0.3v205- This can be prevented by adding pyrite 
to the charge to the roasting furnace, in which case the 
calcium carbonate is converted into the less reactive calcium 
sulphate. 

Clayey materials in the vanadium ore mined at Wilson Springs, 
Arkansas, also in the weathered portions of the Bushveld 
magnetitite, may when present in sufficient quantities, cause 
trouble during roasting. The problem in the latter case appears 
to be the formation of a complex aluminium-silico-vanadate 
that is insoluble in water, but soluble in a caustic soda 
solution. The answer, in this case, was careful control of 
the sodium feed with the ore and the roasting temperature. 8 2 

The sodium salt that is added to the vanadium ore may be 
sodium chloride, sodium carbonate (soda ash), sodium sulphate, 
or a mixture of these. Burwell 8 1 prefers the use of sodium 
chloride, not only because it is the cheapest sodium salt, but 
because it is selective in its preferential reaction with 
vanadium. Sodium chloride was used initially at the Minerals 
Engineering plant in Witbank, and also the plant operated 
by Federale Beleggings at Bon Accord. 

The use of sodium chloride has certain serious disavantages 
because a considerable quantity of HCl vapour is evolved during 
the roasting operation. Provided that the flue gases are 
maintained at a temperature above the dew point of HCl, this 
poses no problem within the plant. Emissions of HCl can 
cause serious environmental damage and as a result both of 
the two plants named have since been converted to the use of 
a less harmful salt. The alternative would have been to install 
costly gas-cleaning equipment capable of handling wet HCl vapour. 

Burwell 8 1 argues that soda ash is non-selective and liable 
to form sodium compounds with any silica, phosphorous, and 
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alumina present i n the ore, and these interfere with the 
recovery of vanadium from its solutions. Sodium sulphate, 
or salt cake, is selective for vanadium but requires a higher 
roasting temperature (in excess of 850°C). 

Transvaal Alloys presently use sodium sulphate, while the 
Vantra Division of Highveld uses a mixture of sodium carbonate 
and sulphate, which is an impure soda ash produced as a by
product by certain local pulp and paper mills. The use of 
sodium sulphate does lead to the emission of some S02 fumes, 
but these do not appear to be serious or to have raised any 
objections. 

The raw ore, mixed with the sodium salt, may be roasted in 
its finely ground state, as is the practice at Vantra and 
the Bon Accord plant of Ucar Minerals. Alternatively these 
fines may be pelletized, using the sodium salt as the binder, 
and roasted in this form, during which operation the green 
pellets are indurated into hard strong pellets, still with a 
high degree of porosity. Pelletizing is employed at both 
the Finnish vanadium plants and also by Transvaal Alloys at 
Wapadskloof. The use of pellets is said to make leaching 
more efficient, while the leached pellets emerge hard enough 
to be used as feed for an iron blast furnace. Indeed, such 
pellets from the Otanmáki Mine in Finland, being very low in 
titanium are used for this purpose, but those from Transvaal 
Alloys and the Mustavaara Mine in Finland are dumped as waste. 

The roasting operation may be carried out in either rotary 
kilns or in multiple hearth furnaces of the Wedge or Herreshoff 
type. Both Transvaal Alloys and the Bon Accord plant use a 
rotary kiln, while Vantra has both types of furnace. 

At the Coates vanadium mine in Western Australia, the lateritic 
ore is calcined in a three-stage fluidized bed roaster. The 
first stage, using waste gas from the second stage, is used 
to drive off contained moisture. The main roasting with the 
sodium salt takes place in the second stage, which is fired 
with fuel oil, while the third stage provides air cooling of 
the calcine and preheating of the air for the combust c/, >n the 
sneond stage. 
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As already indicated control of both the temperature and 
the duration of the roast is critical, and, to a large extent, 
depends upon the gangue material in the ore, and its propensities 
of reacting with the sodium and the vanadium to form insoluble 
vanadium compounds. The operating conditions for the furnace 
must be determined for each type of ore, but it is probably 
safe to say that the Bushveld vanadium ore is about the 
cleanest and easiest to treat. 

The calcined material is discharged hot from the furnace 
to the leaching plant. There are various ways in which the 
leaching of the soluble vanadium can be achieved; in fact, 
each of the four vanadium plants in South Africa uses a 
different method, and these are described as examples of practice 

The Vantra Division of Highveld Steel & Vanadium employs the 
method used originally by Minerals Engineering. The calcine is 
discharged into one of two rectangular concrete tanks equipped 
with bottom gratings to allow percolation of the leaching 
soluticn. The solids are discharged after leaching by means 
of scrapers. Two tanks are used, one being charged while 
the other is being leached. 

At Transvaal Alloys, which is the newest plant of the four 
in South Africa, the material discharged by the rotary kiln 
is in the form of firm pellets. These are passed into a 
series of deep narrow tanks, through which the leach solution 
is passed counter-current. When fully leached the pellets 
are discharged through a valve in the hopper bottom of the 
tank, a system that reduces labour considerably. 

At their Bon Accord plant, Ucar Minerals employ a system of 
four Akins spiral classifiers in series for leaching the 
calcine, with the solids moving counter-current to the leaching 
solution. This sytem was inherited from the former Pederale 
Beleggings operation. At their plant near Brits, Ucar Minerals 
use a system of washing filters in series with the filter cake 
being repulped with leach solution, moving counter-current, 
between each filtration step. 
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The le?7h solution is strongly alkaline, and is treated with 
sulphuric acid to reduce it to a pH value of between 2 and 3, 
when the vanadium is converted to a vanadic acid low in sodium. 
The vanadium is precipitated from the solution by the addition 
of ammonia, possibly by sparging the solution with NH 3, but 
more crmmonly by the addition of either ammonium chloride or 
ammonium sulphate. At Vantra the use of ammonium sulphate 
is preferred both because of the use of sulphuric acid for 
control of the pH and because the vanadium is precipitated in 
the form of ammonium poly-vanadate, rather than the meta-vanadate. 
The former provides a less slimey precipitate that is easier to 
filter. 

The precipitated ammonium vanadate is calcined to drive off 
the ammonia and produce a powdery vanadium pentoxide. In theory 
the ammonia could be recovered by recycling, but in practice 
it is decomposed into N2 and H2 and lost. For some purposes, 
vanadium pentoxide powder is preferred and it is shipped to 
consumers in drums. However, since V2O5 powder is dusty, 
irritant, and somewhat toxic, the commodity is generally fused 
in an electric "globar" type furnace and the molten material 
poured continuously onto a water cooled rotating drum or wheel 
to produce the "Fused Cake" of commerce, which accounts for 
at least 90 per cent of the vanadium pentoxide produced. 

The spent leach solution, which has a pH value of about 2 is 
neutralized and concentrated by evaporation for the recovery 
of the sodium in the form of a solid salt, which is returned 
to the head of the circuit for re-use. 

The method of producing vanadium pentoxide described above 
is standard for most other raw materials besides titaniferous 
magnetites, like steelworks slags and residues such as boiler 
fly-ash. The higher the vanadium content the better, and in 
this respect the Highveld slag containing 25 per cent V2O5 is 
to be preferred to the lower grade slag available from the 
Soviet Union. 

The original patronite ore from the asphaltites formerly 
mined at Minas Ragra in Peru provided an ash on calcining, 
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containing 20 per cent or more V2°5 which was used directly 
in the manufacture of ferro-vanadium containing 30 to 40 
per cent V. 

The sodium-roast and leach route as described above also was 
used formerly for the recovery of the vanadium from the uranium-
vanadium sandstone ore of the Colorado Plateau region in the 
USA in the days when vanadium was the principal product with 
uranium only a by-product. The salt roast did not affect the 
uranium, while the tailings from the recovery of vanadium 
were most suitable for acid leaching to recover uranium. When 
uranium became the prime product, and lower grade ores were 
worked, the raw ore was ground and leached with sulphuric acid 
to extract the uranium first. The vanadium then is recovered 
from the spent uranium solution by solvent extraction (using 
an organic solvent) from which it is stripped, using 5 per 
cent sulphuric acid. 

Seme of the vanadium-bearing phosphate ores of the Idaho -
Wyoming fields in the USA were worked for the production of 
phosphoric acid by treatment with concentrated H2SO4. The 
vanadium reported in the resulting phosphoric acid, from which 
it was precioitated as an impure sodium vanadate by oxidation 
with sodium chlorate. This precipitate could be purified to 
remove all phosphorus. More recently, these phosphate deposits 
have been worked for the production of elemental phosphorus 
by electric furnace smelting. In such operations the vanadium 
reports either in the furnace slag or in a small amount of 
ferro-phosphorus obtained by the simultaneou. reduction of 
iron present in the ore. 

8.3 Production of Vanadium Metal and Allied Materials 

Vanadium readily reacts with and absorbs oxygen, nitrogen, 
hydrogen, and carbon, which makes it difficult and costly to 
produce pure vanadium metal. Further, the presence of these 
impurities renders the vanadium metal brittle to the point 
of being almost useless. It is fortunate, therefore, that 
for most applications it is not necessary to use the pure 
metal, but rather the master alloy, ferro-vanadium, or one 
of the similar proprietary additives in iron and steelmaking, 
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and a vanadium-aluminium alloy for use in making titanium alloys. 
Not only are these alloys easier and cheaper to prepare, but 
they are less affected by the presence of the impurities noted 
ibove. Indeed, as has been pointed out in Chapter 5, the 
addition of nitrogen in certain grades of steel in the form 
of vanadium nitride is highly beneficial, and as will be seen 
below this can be achieved using a special nitrogen-bearing 
master alloy. 

Because the manufacture and uses of vanadium master alloys are 
more important commercially than that of the pure metal, they will 
be discussed first. 

8.3.1 Manufacture of Ferrovanadium 

The greatest use of vanadium is in steclmaking,(see Table 5.1) 
and for this purpose ferrovanadium or certain similar additives 
are utilized. 

Ferro-vanadium is produced by the reduction of vanadium pentoxide, 
most commonly in the form of fused flake, by means of carbon, 
silicon, or aluminium. Certain companies, for example Elkem's 
Bremanger Smelteverk in Norway, have developed techniques for 
making ferro-vanadium directly from a vanadiferous slag, 
but this is unusual. 

8.3.1.1 Carbon Reduction 

Reduction with carbon is carried out in a submerged-arc 
electric furnace, usually of rectangular shape using three 
electrodes in line to create a high energy zone for effective 
operation. The charge consists of fused-flake V2O5, coke 
or char, steel scrap and fluxes; the iron needed is not 
obtained by using iron ore. The power consumption varies 
according to the grade of alloy produced and Sieveking83 gives 
a figure of about 7 500 kWh per ton of metal for an alloy 
containing 40 per cent V, 11 per cent Si + C, and 49 per cent Fe. 
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The manufacture of ferro-vanadium by carbon reduction is 
considered to be obsolete, because the alloy produced has a 
higher carbon content than is desirable for most applications. 
The method is used by Union Carbide for the manufacture of 
their proprietary additive, Carvan, which consists of 85 per 
cent V, 12 per cent C, and 2 per cent Fe. In the manufacture 
of Carvan, the carbon content in the original alloy is reduced 
to the desired amount by smelting under vacuum. 

8.3.1.2 Silicon Reduction 

In this route the reductant is a high-grade ferro-silicon 
containing 75 per cent Si. Carlson and Stevens describe 
a two-stage smelting process in which fused-flake V2°5 i s 

smelted with ferro-silicon, lime, and fluorspar to give an 
impure ferro-vanadium containing about 30 per cent V, but 
undesirably high silicon. The silicon content of the alloy 
is reduced to acceptable amounts by the addition of further 
pentoxide and lime. The smelting operation is performed 
in an electric arc furnace. 

Elyutin et al 8" 1 states that the Russian VD1 grade of ferro-
vanadium, containing approximately 40 per cent V, is produced 
in a single-stage smelt using the following charge: 

kg/ton of alloy 
Vanadium pentoxide (90 per cent V2O5)....800 
Ferro-si licon (75 per cent Si) 400 
Secondary aluminium 90 
Lime 300 
Iron scrap 370 
Graphite electrodes consumed 30 

Elyutin also mentions the surprisingly low power consumption of 
1 500 kWh per ton of alloy. This does not include the 
power consumed in the manufacture of the ferro-si1 icon. 

The silicon reduction route for ferro-vanadium has not 
been used widely, but an interesting variation has been 
developed by Foote Mineral Company for the manufacture of their 
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proprietary additive, Solvan, by the direct reduction of a 
high-vanadium slag. Again a two-stage process is used. In 
the first stage a vanadium silicide alloy containing about 
20 per cent Si is produced by the smelting of the vanadium-
bearing slags with silica, fluxes, and a carbonaceous reducing 
agent. This vanadium silicide is reacted with further 
molten slag, using lime as a flux to produce the material, 
Solvan (see Appendix IV for the approximate composition). 

8.3.1.3 Alumino-thermic Reduction 

This is the simplest and easiest _iw-thod of producing ferro-
vanadium and depends basically upon the reaction: 

10A1 + 3 V 2 0 5 J 6V + 5A1 203 

The reaction is strongly exothermic and once it has been 
started it generates sufficient heat not only to melt the iron 
required to make up the alloy but also to allow an effective 
separation of the slag and alloy. In its simplest form the 
alumino-thermic process is operated in an open steel crucible 
with a refractory lining, which is usually the high alumina 
slag from previous reductions crushed and rammed in place. The 
charge consists of fused flake vanadium pentoxide, steel scrap, 
preferably small sized material such as punchings from a boiler 
shop, fluxing materials, and aluminium powder or granules. The 
proportions are those required stoichiometrically to produce 
the required grade of ferro-vanadium, possibly with some extra 
aluminium to provide additional heat required to melt the 
steel scrap and to allow a good separation of slag and metal. 
The charge is ignited by a special "fuse mixture" consisting of 
barium peroxide and aluminium and/or magnesium powder. The 
reaction, once initiated, is extremely rapid and a one and half 
ton batch of ferro-vanadium can be produced in 5 to 10 minutes. 
The rate of reaction is dependent upon the size of the aluminium 
used as a reductant. The finer the aluminium powder the faster 
and more spectacular is the reaction. Some producers prefer 
aluminium granules to powder because these give a slower and more 
sedate reaction. 
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On the completion of the reduction the molten charge is left 
to cool and solidify, the cooling period ueing long enough 
to obtain a full separation of slag and metal. 

The alternative method is to carry out the alumino-thermic 
reaction in an electric arc furnace. The electric arcs are 
used to initiate the reaction and to superheat the molten 
slag and metal in order to obtain an improved separation. 
In this way rather less aluminium is required as the reductant, 
and a better recovery of vanadium from the slag. 

8.3.2 Manufacture of Vanadium Metal 

8.3.2.1 Commercial Grade Vanadium Metal 

Commercial-grade vanadium is made by the alumino-thermic 
reduction of vanadium pentoxide in a manner similar to that 
used for the production of ferro-vanadium, but without the 
addition of the iron. The product is a "regulus" of vanadium 
metal but containing 15 to 20 per cent aluminium. This alloy 
is suitable for alloying with titanium as most alloys of that 
metal which contain vanadium also contain as much if not more 
aluminium. 

Commercial-grade vanadium metal is used as the starting point 
for the production of high purity ductile vanadium in some of 
the methods to be described. 

8.3.2.2 High Purity Vanadium 

Vanadium metal offers considerable promise as a material for 
canning fuel elements and other applications in nuclear reactors 
but, as discussed in Chapter 5, a very high purity vanadium 
metal is required. Very small amounts of contaminants including 
oxygen, nitrogen, and hydrogen can cause an unacceptable degree 
of embrittlement in the vanadium metal. Therefore, all methods 
of manufacturing high purity vanadium are designed essentially 
to refine either the raw materials or the metal itself, and also 
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to exclude all contaminants as far as is possible. Thus, 
vanadium metal is an expensive commodity that is produced only 
in limited quantities. Nevertheless, three companies in Britain 
alone offer high-purity vanadium metal, but the methods of 
manufacture used by them is not known. 

The following five methods of producing high-purity metal 
have been described in various papers, but none of them appear 
to have progressed beyond the laboratory pilot plant stage. 

The chloride route has been described by Tyzack and England 5 

in some detail. In this method a reiatively impure vanadium 
chloride VCl 4 f is prepared by the direct chlorination of 
ferro-vanadium. This is refined by fractional distillation 
to remove all other metal chlorides present, and is then 
reduced with hydrogen at 580°C; first to VCI3 and then to VC1 2, 
before .he latter is finally reduced, again with hydrogen, 
now at 1 000°, to high-purity vanadium metai powder. For 
this latter operation very high-purity hydrogen is required; 
all traces of oxygen and nitrogen are removed by passing the 
gas through turnings of uranium metal. 

The vanadium powder thus obtained can be compacted by 
sintering under vacuum or argon. The metal is about 97,6 
per cent pure and, of the impurities, 0,25 per cent is oxygen 
and .,1 per cent hydrogen, both of which can be removed 
partially by heating under a high vacuum. 

Also described by Tyzack and England85 the oxide process 
consists essentially of the reduction with double-distilled 
calcium metal of high-purity vanadium trioxide, V2O3. The 
v2°3 * s Prepared from carefully refined vanadium pento?:ide 
by reduction with hydrogen at 600°C, and is used to save on 
expensive calcium. The final reduction is carried out in 
a refractory lined mild steel "bomb" in the presence of either 
iodine or high-purity sulphur, which are added to provide 
additional heat of reaction. 
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Billets of ductile vanadium metal up to 800 g have been 
produced with the following analysis: 

Per cent 

Oxygen 0,004 
Nitrogen 0,006 
Hydrogen 0,006 
Calcium less than 0,3 
Carbon 0,07 
Vanadium Balance 

Foley, Ward and Hock 8 6 described a method of producing ductile, 
high-purity vanadium metal by the reduction of highly refined 
vanadium trichloride with magnesium metal under an inert 
atmosphere of argon. In effect, this route is the Kroll Process 
for producing titanium and zirconium applied to vanadium. 

Vanadium trichloride is used because it is more stable than 
the tetrachloride and it is easier to separate from vanadium 
oxychloride. The trichloride is made from the tetrachloride 
which has been prepared by the chlorination of ferro-vanadium 
as in the chloride route described above. 

The vanadium metal is recovered as a spongy mass, which can 
be cleaned readily and can be broken up for remelting under 
argon into water-cooled copper moulds to produce massive metal. 
About 99,5 per cent pure vanadium is obtained, which, after 
re-melting, has a hardness of 150 to 180 VPN; 

The system described by Carlson, Schmidt and Krupp 8 7 starts 
in a manner very similar to that used for the production of 
commercial grade vanadium metal, using alumino-thermic reduction 
to produce a vanadium regulus containing about 11 per cent 
aluminium. This is crushed and heated under vacuum to produce 
a vanadium sponge of about 99,9 per cent purity, the 
aluminium being distilled off together with oxygen and other 
volatiles. 
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It is essential to use vanadium pentoxide of a purity of 
about 99,8 per cent for the starting material, and similarly 
high-purity aluminium of 99,85 per cent as the reductant in 
order to avoid contamination of the final product. The 
reduction is carried out in a refractory lined steel "bomb" 
that has been carefully purged with argon to avoid pick up 
of oxygen or nitrogen. After electron-beam melting the metal 
has the following typical analysis: 

Per cent 
Aluminium 0,010 
Carbon 0,015 
Chromium less than 0,008 
Copper less than 0,002 
Iron as Fe 0,012 
Nickel 0,002 
Nitrogen 0,008 
Oxygen 0,005 
Silicon 0,050 
Vanadium Balance 

Sullivan 8 8 described work carried out by the US Bureau of 
Mines on methods of refining vanadium bŷ  means of electrolysis 
in a bath cf fused salts. The initial work was with a 
relatively high-purity vanadium produced by reduction with 
calcium using a bath composed of 38 per cent NaBr, 44 per 
cent Kc>r, and 18 per cent VBr2 • These results were ercouraging 
and vanadium of lower purities were electrolysed in baths of 
various compositions as shown below 8 8: 

Major lapurities in Vanadiu» Feed Materials 

reed t 
MO. Al C Fe N o SI V 

I 1 ,7 0,05 0,80 0,12 1,1 0,30 95 
2 9,7 0,05 0,85 0,06 1,1 0,64 80* 
3 7,5 0,06 0,58 0,07 0,3 0,79 88 
4 2,3 0,04 1 .37 0,06 1 ,3 0,65 94 
•> 6,0 0,04 0,88 0,66 0,5 0,64 90 
6 0,8 0,03 2,25 0,04 3,3 0,24 92 

* Alto contains 6,4 per cent Ti . 

1 nolten-ealt Electrolyte! 

Elec
trolyte 

Teap, 
•c 

Heel % Elec
trolyte 

Teap, 
•c NaCl LICll •• • eCl: CeClj KC1 VC1 2 

1 860 a» 12 
2 620 30 51 . - . 13 
3 620 . 37 - - 47 16 
4 625 17 - 40 - 25 16 
i 620 39 - . 44 .. 17 
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These rather impure specimens of vanadium yielded vanadium 
metal of a very high purity and low hardness with a high 
degree of ductility as indicated by the following88: 

Hirdntit Velwes end Me)or Impurities m 
Electrorefined Venediusi 

» H a r d n e s s 
F e e d No. E l e c t r o l y t e M Cr Cu re 0 Tl O t h e r » • 

1 » » C l - V C l 2 0 , 0 2 0 . 0 3 0 , 0 2 0 . 3 8 0 , 0 7 < 0 , 0 1 < 0 . 0 I t.0 
2 M e C l - v c l j 0 , 0 3 0 . 0 5 0 , 0 1 0 . 2 4 0 . 0 » 0 . 0 1 < 0 , 0 1 ta 
t NeCl -VCj 0 . 0 1 0 . 0 4 0 , 0 1 0 . 2 7 0 , 0 7 < 0 , 0 1 < 0 . 0 1 62 
4 L1C1-KC1-VC1 2 < 0 , 0 1 0 , 0 5 0 , 0 3 0 . 1 1 0 , 0 3 < 0 , 0 I < 0 , 0 1 21 
Í. L1C1-KC1-VC12 0 , 0 1 0 . 0 2 0 , 0 3 0 , 0 4 0 , 0 4 < 0 . 0 1 « 0 , 0 1 32 

Methods of producing high-purity ductile vanadium have 
been developed and this metal is offered for sale by commerical 
companies, but the costs and complications of producing such 
vanadium on an industrial scale are so high as to preclude 
the more extensive use of the metal in industry. As an alloying 
element in iron, steel, and titanium, vanadium is invaluable. 

9. VANADIUM IN THE ENVIRONMENT 

This chapter deals with the biological and environmental effects 
of vanadium, and certain problems that may arise through its 
presence or usage. 

Vanadium is fairly widely distributed in the earth's crust 
and also in the oceans. It also occurs in certain deposits 
of organic origin, notably: certain crude oils, especially 
those from Venezuela; coal deposits, as minor amounts reporting 
in the coal ash; certain phosphate deposits as in the Idaho -
Wyoming region; and in certain uranium-vanadium deposits, in 
which both of these elements may be of organic origin. 
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Therefore, it might be suspected that vanadium could play an 
important role as a trace element in biology. However, this 
does not appear to be the case since it is not one of the 
elements listed as being essential to plant life, even as 
a micronutrient. In fact Epstein 8 9 writes: "One species 
of green algae, Scendesmus obliquus, has been reported 
to require vanadium, an element not known to be essential 
for any other plants" 

Vanadium is not among the trace elements used in hydroponics 
or other methods of growing plants using culture solutions. 
Lai and Subra Rao 9 in their work on micro-element nutrition of 
plants make several references to vanadium in plant nutrition, 
but then forty-four elements from aluminium through thallium 
and uranium to zinc are mentioned as being found in the 
structures of different plants. The effects of these may be 
either beneficial or detrimental; vanadium does occur in 
many plants, but the evidence regarding pronounced effects one 
way or the other is contradictory. 

The author has not come across any references to harmful effects 
from vanadium, except one quoted by Fowles 8 from a work by 
Faulkner Hudson written in 1964. According to this quotation 
vanadium can have serious effects, and based on this Fowles 
writes: "Vanadium compounds are toxic to both humans and 
animals and should be considered as industrial hazards of 
the same order as selenium and tellurium". However, one 
large producer in South Africa, which is a member of a very 
large group well known for observing sound safety and health 
practices, does not regard vanadium as a serious danger other 
than in the form of vanadium pentoxide dust. The opinion of 
this company is that casual exposure to this dust is of no 
consequence, but does require that all persons working in one 
area of the plant where it occurs must wear dust masks. Over
exposure to vanadium pentoxide dust causes acute irritation to 
the eyes and i.asal passages, as well as certain other obvious 
symptoms. Vanadium poisoning is non-accumulative, and any 
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disagreeable symptoms vanish in a short time once exposure to 
the dust has ceased. No signs of any permanent effects have 
been observed over the twenty years or more that the plant has 
been operating. 

9.1 Plant Effluents 

Those plants that use sodium chloride in the sodium-roast 
and leach process can emit undesirable quantitites of HCl fumes, 
unless special fume treatment equipment is installed. There 
also is the risk of sodium chloride reporting in the liquid 
effluent and finding its way into local water courses to 
the detriment of the environment. The use of sodium sulphate 
does not appear to be obnoxious, and though some traces of 
S02 c a n b e detected around such plants, the total emissions 
do not appear to have caused any problems either to persons 
working in the plant or to nearby vegetation. The world 
famous veterinary research institution of Onderstepoort lies 
within two kilometres of the Ucar Minerals plant at Bon Accord. 
Any noxious emissions, gaseous or liquid, from this plant would 
arouse the severe displeasure of the authorities concerned. 

9.2 Corrosion by Vanadium Pentoxide 9 1' 9 2 

Many coals and crude oils contain vanadium in small to trace 
quantities. In the case of coal, the vanadium content generally 
is too low for sufficient quantities to pass into the fly-ash 
and cause trouble through corrosion on the boiler tubes and 
more particularly the superheater tubes. However, in the 
case of certain fuel oils, corrosion arising from vanadium 
in conjunction with sodium and sulphur can be a very serious 
problem indeed. 

Table 9.1 gives the vanadiur:, sodium, and nickel contents 
of certain residual fuel oils. 
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T A B L E 9.1 

Vanadium, nickel and sodium content 
of residual fuel o i l s 9 1 

(parts per million by weight) 

Source of 
Crude Oil Vanadium Nickel Sodium 

5, 5 5 22 
1 5 -

7 _ 1 
173 51 -
47 10 8 

13 _ 350 
6 2,5 120 
11 - 84 

_ 6 480 
57 13 72 

380 60 70 
113 21 49 
93 - 38 

Africa 
1 
2 

Middle East 
3 
4 
5 

United States 
6 
7 
8 

Venezuela 
9 

10 
11 
12 
13 

During the oil-refining processes vanadium, along with sodium 
and sulphur, becomes concentrated in the residual oils that are 
used as bunker fuels. 

The action of the vanadium appears to be threefold. First the 
vanadium compounds have low fusion points as indicated: 

°C 
Vanadium pentoxide 690 
Sodium metavanadate : Na20.V205 629 
Sodium pyrovanadate : 2Na 2O.V2°5 6 4 0 

Sodium orthovanadate : 3Na 2O.V 20,- 849 
Sodium vanadylvanadates: 

N a 2 0 . V 2 0 4 . v 2 O 5 626 
5Na 2O.V 20 4. 1 1 V 2 ° 5 535 

These compounds flux the harder deposits of other materials 
that form a protective coating on the boiler tubes and expose 
the nickel in the heat-resistant steels commonly used for 
the boiler tubes to attack by any sulphur present. 
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Second, the molten vanadium salts themselves have a considerable 
corrosive as well as erosive effect on the steel tubes. Third, 
the presence of vanadium salts enhances the conversion of any 
sulphur present from SO2 to the more reactive and corrosive 
S0 3. 

The effects of increasing vanadium content in the ash from 
the fuel oil are shown in Figure 9.1. 

F I G U R E 9.1 

Effect of vanadium concentration on oil-ash corrosion 91 
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8 80 
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This problem of corrosion in oil-fired boilers may be 
partially overcome by the selection of the fuel oils burnt, 
and, where this is not possible,-by careful attention to 
firing practice especially the control of excess air. A more 
recent development is the use of additives such as alumina, 
dolomite, or magnesia in finely ground form to the fuel oil. 
Otherwise the only option is the use of special corrosion-
resistant chromium-nickel alloy steels for the boiler and 
superheater tubes. 



176 

9.3 Particulate Emission of Vanadium 

Porstner and Wittmann11 have compiled considerable data on 
the estimated metallic emissions arising from burning fossil 
fuels, and emissions of vanadium rank high as indicated in 
Table 9.2, which shows the estimated total emissions for 
eleven metals from burning both coal and oil. 

T A B L E 9.2 

Metal emissions from fossil-fuel burning11 

Fossil-fuel mobilization 
Coal Oil 
Tons/year Tons/year 

Cobalt 700 30 
Chromium 1 400 50 
Copper 2 100 23 
Nickel 2 100 1 600 
Vanadium 3 500 8 200 
Mercury 400 1 600 
Cadmium 140 2 
Selenium 420 30 
Arsenic 5 000 10 
Zinc 7 000 40 
Lead 3 500 50 

Some of this vanadium certainly passes into the atmosphere, 
presumably as very fine particulate emissions, but as will 
be seen from Table 9.3 the amount is almost negligible compared 
with some other metals that are regarded as having cumulative 
toxic effects. 



177 

Enricna«nt o: nntait ir. *uno»ph«ric p*rt.;lct rela^iv* tc th* e trr . ' s crust• 

Enncrubtnt. factor (EF • ix/St) (x/St) 
• t s crust 

Ur.ir.ti 
urbar. 

Scat» 
Air 

north Atlantic 
Waatarlia* 

South 
»olt 

Lo* Laval marina 
atnoaph. particulatai 

Iron 1, 0 (St) 1.1 2,1 1,0 (St) 
Aluainua C, 5 1,0 (St) 1.0 <St) -
Cobalt 2 3,5 <,? 0.45 
chromiuc 11 - - 1.2 
Nickal 12 - - 1.5 
VanadluK «2 13 1,4 1.4 
Copp«r 83 8« 93 3,4 
Zinc 27C 40 « 13 
Araanic 31C - - -
Sllvar 630 - - -
Mareury 1 100 - - -
Cadmua I 900 30C - -
Laad 2 30C 2 300 2 soo 49 
Salami» 2 500 It 000 18 000 -
Antivony 2 800 3 000 1 300 " 

It should be noted that the EF value shown in Table 9.3 
indicates an increase above the concentration that might be 
expected from normal crustal weathering; that quantity being 
taken as unity. 

These authors make the interesting comment that the higher 
vanadium enrichment over the North Atlantic probably arises 
from steam ships burning vanadium-rich fuel oils. 1 1 

It is worth noting that this work by Forstner and Wittmann 1 1 

is directed particularly to the effects of metallic pollution 
that could be harmful in the environment. There ij no 
recorded instance of vanadium emissions ever having proved 
harmful, and there does not appear to be any likelihood that 
such harm from vanadium might arise in the future. 

http://Ur.ir.ti
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10, RECOVERY AND RECYCLING OF VANADIUM 

Although a number of companies recover vanadium from slags, 
ashes, and residues, this vanadium in nearly every case is 
primary metal, and few attempts have been made to reclaim 
secondary vanadium. Two companies in the United States, 
namely Union Carbide Corp and Gulf Chemical & Metallurgical Corp 
recover vanadium from spent catalysts. It is probable that 
other companies in Europe and Japan may be recovering second
hand vanadium from catalysts and similar material. 

In the manufacture of sulphuric acid, which is the principal 
use for vanadium catalysts, the vanadium commonly is in the 
form of the bisulphate adsorbed onto kieselguhr or ground 
pumice as a carrier and formed into tablets or pellets. The 
actual percentage of vanadium in the catalyst material may not 
be very high. Indeed, Harrer'3 states: "One disadvantage of 
vanadium (as compared with a platinum catalyst) is that it 
cannot be economically recovered from the discarded mass". 
Some firms appear to be recovering vanadium, but spent catalysts 
surely must be a dirty, low-grade, and erratic source of supply. 

The recovery of vanadium from scrap iron and steel presents 
quite a different problem. Where possible, scrap known to 
contain vanadium will be segregated and re-used in the 
production of vanadium-containing alloy steels. This will apply 
especially to in-works scrap. From random scrap steel it will 
be difficult, if not impossible, to reclaim any significant 
amounts of vanadium. However, another problem will arise, 
which applies to all micro-alloying elements such as niobium 
and molybdenum as well as vanadium. In the course of time 
these elements will report in signficant percentages in most 
steels as tramp elements, so that it may become difficult to 
obtain the precise quantities required for alloying. 
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The recovery of secondary vanadium it seems, will therefore 
never become a major operation as is the case with chromium 
and nickel in stainless and similar high alloy steels, 
vanadium, along with some other elements, may well become a 
nuisance. 

11. RESEARCH AND DEVELOPMENT 

Most of the research and development work that is being 
carried out at present on applications of vanadium, particularly 
its use in steel, is being performed under the aegis of the 
Vanadium International Technical Committee, which is best 
described by quoting from its own literature: " The Vanadium 
International Technical Committee (Vanitec) is a committee 
of technical representatives from 20 companies in Europe, 
North and South America, Japan and South Africa who are 
engaged in the mining of vanadium-bearing ores, extraction 
of vanadium in various forms and in the preparation of 
vanadium oxide, slags, ferrovanadium and other steel additions, 
aluminium-vanadium for titanium alloys and vanadium chemicals. 
This Committee organises research and development programmes 
on vanadium-bearing materials, particularly steels, with the 
object of extending the use of the metal and nas research 
contracts with many universities and research laboratories 
of steel companies in many parts of the world. 

In order to disseminate information on the manufacture 
and use of vanadium-bearing materials, Vanitec issues publications 
and reprints of papers, all of which are available free of 
charge to genuinely interested parties " 

Vanitec has been largely responsible for the promotion of 
various seminar.-; and conferences in different countries 
dealing with problems and applications of vanadium. Most of 
the material published by Vanitec originates as papers 
presented at these and other meetings. It is worth noting 
that :nost of these papers have been presented by experts 
in the iron and steel industry and by end-users of vanadium-
bearing steels. 



180 

It should also be noted that Vanitec is a technical body whose 
objectives are the development and extension of the use of 
vanadium. It is in no way a trade association or cartel-type 
body of the nature of CIPEC or OPEC, and it has no control 
whatsoever over the supply or pricing of vanadium in any form. 

The headquarters of Vanitec are in London; the postal address is 
Vanadium International Technical Committee 
Westgate House 
9 Holborn 
LONDON, EC1N 2NE 

A list of the more important publications by Vanitec which 
were available at the time of completion of the manuscript 
is given in Appendix VI. 

12 CONCLUSIONS 

1. The principal vanadium-producing countries in order of 
annual production are South Africa, the USSR, the People's 
Republic of China, and the United States of America. Finland 
formerly was in third place, but is reported to be curtailing 
production and has been supplanted by the PRC. 

The USSR has virtually ceased supplying vanadium to the Western 
World, while certain other countries besides Finland, which were 
notc-d as smaller producers of vanadium, including Chile and 
Norway, either have or are about to cease production. The 
PRC is likely to increase its exports of vanadium as a means 
of earning foreign currency; 

2. Vanadium is of great importance as an alloying element 
in iron and steel, particularly in the manufacture of the 
"High-Strength Low-Alloy" structural steels, especially those 
used for oil pipelines under severe Arctic conditions. Vanadium-
bearing steels, in many instances, compete with similar low-
alloy steels based upon molybdenum and niobium; 
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3. Because of the continuing recession in the world iron 
and steel industry, the demand for vanadium has fallen and 
there s now a position of oversupply. However, a revival 
in the demand for vanadium is expected as the result of 
certain major oil and gas pipelines projects that are planned. 
Further the growth in demand for vanadium appears to be 
appreciably higher than the expected growth in world demand 
for steel, indicating an increasing usage of vanadium in steels; 

4. The most effective titanium alloys are those that contain 
vanadium and in this application there are few effective 
substitutes; 

5. Vanadium is the preferred catalyst for the conversion 
of SO2 to SO3 in the Contact Process for the manufacture of 
sulphuric arid. It is possible to replace vanadium with 
platinum group metals, but these are more expensive and 
liable to poisoning. 

Vanadium is the preferred catalyst in a numter of organic 
chemical processes that involve oxidation reactions; 

6. The known reserves of vanadium are more than adequate 
for the foreseeable future, and no shortage of supply is 
anticipated. •«••» 

The largest known reserves of vanadium occur in the Bushveld 
Complex in South Africa, but the reserves in the Soviet Union 
and the Peoples' Republic of China also are reported to be 
very largr- • 

7. The increased demand for vanadium over the past 10 to 12 
years has been the result of intensive research and development 
in the use of vanadium-bearing steels. This research has been 
sponsored largely by the Vanadium International Technical 
Committee (Vanitec), whose valuable work must be continued; and 

8. Unfortunately, South Africa, which is the major producer 
of vanadium, does not use vanadium-bearing steels more than they 
are at present; South Africa then could provide a large-scale 
deraonstratirr, of the advantages of the use of vanadium as an 
alloying element in steel. 
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A P P E N D I C E S 



A f f E N O I X 

Details of Certain Venadiuei Minerals 

Mineral location Colour Texture Associate» 

Hatronite 
ivs,, ur w.s..) 

Sulvaftite 
IX'u.S.V.S.I 

Ninas Ragra, Peru 

SULPHIDES 

Greenish-black 

Burra-Burra. South Australia) Bronze yellow 
Utah 

Massive with conchoid*I 
fracture 

Massive and crystalline 

guisqueslte, gypsuaj altera to 
vanadates 

4. Duloti'uite 
IJW..0,,.4M?0) 

4. Ataico 
(V J,O s.M.O> 

5. Havujotte 

e. Duiuiui te 
IVU(OH) ,) 

7. Vanoaite 
(ÏÍV/^.V^.ttt^u) 

K. Curvusite 
V^Qk.bV,Us.nll20) 

**. Muutsrogritt.' 
(v^o.asoj.ioujU) 

1U. Barnesite 
<R*,0. IV^Oj. JH20> 

11. Steigerite 
lAi.V,U».to\H,.0> 

12. brackebuschite 
12(Pb.Nn.Fe)o.v^Q ; >H^t>t 

19. Cuprodescloizitw 

(4 «:u.2it.ri>)0. IV.As)j0 5 

II - 0) 

14. Dasloizite 

(4IZn,Cu,Pt>)O.V^0s.M20> 

OXIDES 

Southwestern Colorado Beddlsh-brown 

Alai Mountains, Turkestan Bluish-red 

MonuiKint Valley, Arizona Park brown 

Montrose, Colorado 

Western Colorado; Arizona; 
New Mexico 

Western Colorado! Utah 

Mines Beara, Peru 

Grand County, Utah 

Gypsua Valley, Colorado 

State of Cordoba, Argentina 

Ziababve. Africa; Meaicoj 
New Mexicoj Arizona 

Zlababwe, Africa; Mexico; 
Mew Nexicoj Arizona» 
Berg Aukas. SNA 

Light brown 

Yellow 

Black 

Greenish-brown 

Cherry red to 

brown and black 

Very fine fragments 

Mosslike aaaaee 

Soft, fibrous 
silky luster 

Vitreoua luater 

Black to dark 
brown 

Crystalline aggregates 
dark-brown velvety 
coating 

Blue-black Massive with conchoida 
fracture 

SUt»HATtS 

Blue Granular aggregate and 
Mssaeillary Masses 

VANADATES 
Deep red, 
brownish-red 

Powder, waxy luater 

Crystalline, naaslve or 
as radial fibers 

Crystalline, Massive 
fibers with aansiilary 
surface 

In sandstone with tyuyaaunlte, 
rauvite, hewettlte, ateigerite, 
and llaonlte 

In sandstone with ewntrosite, 
pareexMtroslte, vanadlferoua 
silicate, ureninite, and 
coffinlte 

In sandstone, replaces sand 
grains and v alca, gypeua 

In sandstone with vanoxlta, 
gypsu» 

Alteration product of 
patruriite 

With corvuslce in fractures of 
sandstone 

Hith lead Minerals, descloUlte 
and sandstone 

Hith lead Minerals, quarts, 
and cuprodeaclolilte 



Pyrobelonite 
(4PbO. 7HnO. .iV^Oj. iH^'J) 

Decheni te 

vana-Jinitt-

Kndlictutt* 
.t-b-.IV.ItóO-Jj.PbCl) 

Huegel l te 
(Hydratud Zn.Pu Vanadate) 

Turanite 

Uzbekite 

UCuO.V.^.JH^Ol 

Vu I tor I tute 
(MCu.Ba.CaíO.V^l).,. l1--!!̂ ) 

Culciovolborthite 

(lcu.Cdl jV^O,,. tCu.Ca) 

(Ul)>) 

Taiuieite 

(l'Cal). -'Cul'. V^O^.H^O) 

Uama-jarit*-

(Ha,, lt'« .»>) Í.VLOJ ,, (Oil ) 2 ) 

tk-'vettrte 
«:aU. JV^O^.'W^:)) 

M-jtahewi-ttit • 

(fao. iv,iv»).o> 

UCal).JVi,0;i.llHi.u) 

pmtmloitt.' 
l2<.Ti.O.W^O>J.4H..D) 

lCaO.V 0..4ll,Oj 

Mk-'tarussite 
d'ao.v ,ot .ÏH,i» 

Langban , Sweden 

Nieder-Schlettenbach, 
Bavaria, Germany 

Zimipan, Mexico, Arizona-
New Mexico; Argentina; 

New Mexico; South Dakota 

Heichenbach, Baden, Germany 

Russian Turkestan 

Uzbekistana District, 
Peruviana, Russian 
Turkestan 

Ural Mountains, Russia; 
Colorado 

Colorado: Southeastern utahj 
Baku City, Russia 

Alai Mts., Ferghana, 
Russian Turkestan 

Postmasburg District of 
Cape Province, S.Africa 

Minas Raqra, Peru; Paradox 
Valley, Montrose Co., 
Colorado 

Ninas Ragra.Peru; Paradox 
Valley, Montrose Co., 
Colorado; California 

Minas Ragra, Peru; Colorado 

Canyon Pintado, Colorado 

Montrose <y>,, Colorado 

Montrose Co., Colorado 

IX* 1 r i o i t v 
(Cou.Sro.V..u s. MI.O) 

Montrose Co., Colorado 

ft"" '" •—&?*?• ' / " r T W ^ i ^ ^ ' i r t ^ " * ^ ES*TÍ1*M-Í<,r»'; <! -"-V"! *<**»(-"- <*< »' 

Bright to deep 
red 

Red, brownish-
red 

Red, yellow, 
brown 

yellow 

yellow to brown 

Olive green 

Green 

Saall aciculsr crystals 

Massive, nodular 
botryoidal 

Crystalline, compact 
fibrous ct.st* 

Small crystals 

Microscopic crystals 

Radial aggregates 

Dark-green cruata of 
needles 

Possibly related to desclolzlte 

With laad Minerals, descloizita, 
and quartz 

With laad Minerals, daaclolzltt, 
and quartz 

With copper Minerals 

Yellow to green 

Yellow to graen 

Globular masses 

Fine masses and aggregate», 
crystalline and granular 

With copper minerals 

With copper minerals and 
calcium vanadates 

Dark olive green 

Very dark brown 

Deep red 

Pine fibrous and botryoidal 
masses 

Needles and prisms 
aggregates 

Fibrou? aggregates, 
luster 

With copper minerals 

Sitaparlta and ephesite 

In petronlte, with other 
vanadates, and in sandstone 

Deep red Fibrous aggregates On patronite 

Orange 

Green 

Light yellow 

Light yellow 

Pale yellow to 
green 

Granular aggregates, 
effloreacent coatings 

Granular aggregates, 
efflorescent coatings 

Granular aggregates, 
efflorescent coatings 

Fibrous acicular crystals 

On sandstone, with other 
vanadates and oxides 

On sandstone, with other 
vanadates 

On sa.-dstone- vanoxite and 
corvusita with pascolte 

on sandstone with rossite and 
pascolte; dehydration of 
roslte 
On sandstone with mstarossite 



i» . iliBulotitt.-
(Cau.-'V .1),, '>t ,(>> 

J4. Koritaiidlnltt-* 
lCaO.V>01,.'>V -Ob. HH ; 0) 

iS . Melanovanadlte 
lA'dO. )V,O s..'V i,0 1,) 

J»>. S i n c u s i t v 
(CaO.V 20 l l.P,<> b.bH <0) 

17. Kervanite 

ití. No lamtc 

J». Pucherite 

40. Uvauite 

41. Fergftanite 
UUO.VjO^.éH.O) 

42. Cdinoii *e 
U 2 0 . 2 U O J . V i i i ; > 3 ^ 0 ) 

4i. TyuyoMunite 
(CaO. 2U0 3 . V <,O i. «H^O) 

44. Rauvite 
(Cao. iua, . 6v^o 5. iQupt 

4b. S e n g i e r i t e 
( 2Cu0 .2U0 3 .V . .O s . lttH>0> 

4b. Roscoe l i t* 
1 2 K ? 0 . 2 W 2 0 3 . (Kg.Fe)O. 
3V,.Os. 1 OSiOj . AU>0) 

47. Ardennite 
iaMn0.4Al_,03. (As.VJ^Oj. 
asio2.SH^O) 

Montrose <-u. , Colorado Hlack to 
yellow-green 

Ninas Ragra. Peru Dull green 

Hinas Raqra, Peru Black 

Sincos, Peru Leek green 

Montrose Co., Colorado 

Pish Hook Bay (Beaver Lodge Black 
Region), Saskatchewan 

Saxony, Genaai y; San Die.jo 
Co., California 
Tenple Hock, Utah 

Province of Ferghana, 
Russia 
Western Coloradoj eastern 
Utaln South Australia) 
Pennsylvania 
western Colorado; Eastern 
Utah, Perglutna P.» 'ince, 
Russia 
Teaple Mountain, Utah 

Belgian Congo 

Western Colorado 

Ala Valley, Italy: Sal» 
Chateau, Belgium 

Reddish-brown 

Brownish-yellow 

Sulphur yellow 

yellow 

yellow 

Purple 

SILICATES 
Brown, greenish-
brown 

yellow to brown 

Platy crystals 

Massive or fibrous 
aggregates 

Fibrous with silky luster 

Small opaque Hexeg. 
plates with sub
total! Ic luster 

Pine granular aggregates 

yellow scales 

Earthy aggregates 

Very fine crystals 

Crystalline aggregrates 

Micaceous 

On sandstone associated with 
duttonite, •elovanadlte, 
native seleniua, aontrosite, 
paraaontrosite, vanadlferous 
silicate, uraninlte, cofflnite 

After patronlte with other 
calcium vanadates 

After patronlte with other 
calciiw vanadates 

With oxides, gypsis* end vanadates 
In sandstone 

With carnotlta and V alca in 
sandstonei with calciua 
vanadates 

Disseeiinated in sandstone with 
tyuyejnlnit* 

In pores and fractures of 
sandstone, with carnotite 

In pores of sandstone with 
carnotite, hewettlte, etc. 

In sandstone with vanadium 
oxides 

Pro>>ably V.tS^* nS. 
REFERENCE 

Dunn. M.E and Edlund. O.L., 1971. Vanadium in Rare aetals handbook, Ed. Haaprl, C.A., 2nd ed 
Krieger Publishinq. Huntington, New Kork. 



A P P E N D I X II 

SPECIFICATIONS FOR VANADIUM-BEARING HSLA STEELS 

According to Davidson1, ISCOR in 1969 produced a number of HSLA steels, 
generally simular to those specified in BS.968 : 1982, but also to 
ASTH A/441, HSLA structural manganese-vanadium steel, and ASTM A 375, 
LSLA hot-rolled sheets and strip to the American Petroleum Institute spe
cification 5LX46 and 5LX52 for high test pipeline steel. ISCOR practice 
at that time was to use niobium for the thinner sections and plates, and 
vanadium steels ror those 12,5 mm and more in thickness. 

The specifications of some of these vanadium HSLA steels are given below:-

V-bearing Fully-Killed Steel 
C 0,16 Mn 0 ,96 P 0,008 S 0,020 Si 0,22 Cr 0,40 V 0,048 

Yield Stress Tensile Strength Elongation % YS/TS 
(G.L. = 8") 

i" thick 23,8 35,55 22,5 0,67 
|" ;_hick 24,0 35,9 22,0 0,67 
1" thick 24,0 35,2 22,0 0,68 
12" thick 23,0 34,35 28,0 

(G.L.<=5,65/Á) 0,67 
Charpy -15 °C 

1" 
3" 
i" 
12 

34 ft 
34 ft 
22 ft 
25 ft 

lbf 
lbf 
lbf 
lbf 

C 0,16 Mn 1 ,01 P 0,007 S 0,026 Si 0,25 Cr 0,38 V 0,041 
Yield Stress Tensile Strength Elongation % YS/TS 

(G.L. = 8") 
i" thick 24,5 34,7 22,5 0,71 
IV thick 24,0 34,2 23,0 0,70 
2" thick 22,65 34,75 29,0 

(G.L.=5,65/fi) 0,65 
*3" thick 19,3 31,2 36,0 
*Test piece normalised (G.L.=5,65/A) 0,62 
Charpy at -15 •c 

j.. 38 
Ik" 28 
2T* 25 

ft lbf 
ft lbf 
ft lbf 

3" 74 ft lbf (normalised) 

1 
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ISCOR also manufactures all three grades of the well-known proprietary HSLA 
steel Cor-Ten, the analyses of which are given below: 

Cor-Ten A Cor-Ten B Cor-Ten C 

c 0,12 max 0,10/0,19 0,12/0,19 
Mn 0,20/0,50 0,90/1,25 0,90/1,35 
P 0,07/0,15 0,04 max 0,04 max 
s 0,05 max 0,05 max 0,05 max 
Si 0,25/0,75 0,15/0,30 0,15/0,30 
Cu 0,25/0,55 0,25/0,40 0,25/0,40 
Ni 0,65 max - -
Cr 0,30/1,25 0,40/0,65 0,40/0,70 
V - 0,02/0,10 0,04/1,10 

It will be noted that Cor-Ten B and Cor-Ten C both contain vanadium, whereas 
the original Cor-Ten A doeu not. The following table gives the mechanical 
properties specified for Cor-Ten A. 

Yield Stress Tensile Strength Elongation % Elongation % 
p.s.i. min. p.s.i. min. G.L.=2" G.L.=8" 

To }" incl 50 000 70 000 22 19 
Over J" to 
liM incl. 47 000 67 000 - 19 
Over li" to 
3" 43 000 63 000 24 

It will be seen that both the yield strength and the ultimate tensile strength 
of Cor-Ten A drop with increasing thickness of the plates or sections. 
Cor-Ten B, which contains 0,02-0,10 per cent vanadium, has values of 50 000 
psi for yield strength and 70 000 psi tensile in thicknesses up to 4 inches, 
while those of Cor-Ten C are 60 0C0 psi and 80 000 psi respectively for plates 
up to 1 inch thickness. 

This illustrates the value of vanadium as a grain refining and toughening 
agent that ÍP particularly well suited to the thicker sections of steel. 

ISCOR manufactures considerable tonnages of Cor-Ten A, but this is. largely 
restricted to thicknesses of less than i inch, while Cor-Ten B is made for 
the heavier plates and sections. Cor-Ten C is not produced normally. 
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Sage gives very useful details on the specifications of HSLA steels, and 
the following details have been abstracted from his paper. Table II.1 gives 
the specifications of four leading grades of American HSLA steels. It 
will be noted that the two older grades are straight carbon steels with a 
relatively high manganese content. These steels, A 242 and A 440, have 
much the same performance characteristics as A 441 and, if anything, are 
rather better than A 572, but they can be joined only by bolting and/or 
rivetting and are quite unsuitable for welded structures. Weldability has 
been achieved by reducing the carbon content from 0,28 per cent in the case 
of the A 440 steel to 0,22 in the A 441 and by the addition of 0,02 per cent 
vanadium. The same applies to the A 572 steel. 

Additional ASTN grades of HSLA steels include seven grades under specification 
A 588 of which the following is typical of one of the proprietary grades to 
this specification:-

Carbon 
Manganese 
Phosphorus 
Sulphur 
Silicon 
Chromi um 
Copper 
Vanadium 

Per cent 

0,1 - 0,19 
0,90 - 1,25 
0,04 (maximum) 
0,05 (maximum) 
0,15 - 0,30 
0,40 - 0,65 
0,25 - 0,40 
0,02 - 0,10 

These steels, because of their low carbon content, can be welded and the 
addition of small amounts of vanadium raises the strength and toughness by 
precipitation hardening of the ferrate. The strenqths obtainable with these 
steels are:-

Thickness 

Ultimate Tenpile Strength 
lb/in2 

kg/mm2 

Yield point 
lb/in2 

kg/mm2 

Up to 4" 4" to 5" 5" to 8" 

70 000 67 000 63 000 
49,22 47,11 44,30 

50 000 46 000 42 000 
35,16 32,35 29,53 

The chromium and copper have been added primarily to improve resistance 
to corrosion. 
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ASTN specification A514 of 1968 covers a range of quenched and tempered HSLA 
steels, to which chromium and molybdenum have been added to increase harden-
ability, with very small amounts of boron added to reduce the formation of 
ferrite. Vanadium is added to increase the strength of the steel by preci
pitation hardening. A typical analysis of an A514 steel is:-

Per cent 

Carbon 0,10 - 0,20 
Manganese 0,60 - 1,00 
Phosphorous 0,035 (maximum) 
Sulphur 0,04 (maximum) 
Silicon 0,15 - 0,35 
Nickel 0,70 - 1,00 
Chromium 0,40 - 0,65 
Molybdenum 0,40 - 0,60 
Vanadium 0,03 - 0,08 
Copper 0,15 - 0,50 
Boron 0,002- 0,006 

The permissible ultimate and yield point strengths for different plate thicknesses 
are given below:-

Thickness Ultimate Tensile Strength Yield Point 

Up to 115 000 - 135 000 lb/in2 100 000 lb/in2 

(Up to 19 mm) (80,87 - 94,93 kg/mm2) (70,32 kg/mm2 

in to 2i in 115 000 - 135 000 lb/in2 100 000 lb/inJ 

(19 mm to 63,5 mm) (80,87 - 94,93 kg/mm2) (80,32 kg/mm2) 
2* in to 4 ins 105 000 - 135 000 lb/in2 90 000 lb/in2 

(63,5 mm to 102 mm) (73,84 - 94,93 kg/mm2) (63,28 kg/mm2) 

In the United Kingdom HSLA steels are covered by BS 4360 of 1979', the 
principal details of which are shown in Table II.2. In addition the guaranteed 
weldability is given as determined by the following formula for the 
"Carbon Equivalent": 

— Cr > Mo + V Ni + Cu 
Carbon Equivalent = C + 6 + 5 + J5 

In West Germay there does not appear to be any Deutsche Industrie Wormen (DIN) 
specification for HSLA steels, although there is a draft specification Issued 
by the Verein Deutsche Eisenhuttenleute. This specifies the properties of 



T A B L E II. i 

SUMMARY OF BS 4360 FOR H S L A STEEL PLATES2 

l i t tkljt.-
Chuuucdl c 

l d d l 
o a p o s i t i o n 
« « a n a l y s i s 

» Y e n s i l e s t r e n g t h 
t o n / i n 1 

< k g / W ) 

Y i e l d s t r e n g t h t o n s / i n 2 

( k g / a » * ) 
Charpy V-

i m p a c t 
n o t c h 
t e a t o a p o s i t i o n 

« « a n a l y s i s 

Y e n s i l e s t r e n g t h 
t o n / i n 1 

< k g / W ) 
Up t o 5 / i " 

1 5 , 9 
mm 

V» - »*" 
1 5 , 9 - 3 8 , 1 

1» - 2\" 
3 8 , 1 - 6 3 , 5 

ma 

2» - 4" 
6 3 , 5 - ! 0 1 . 6 

mm 

Temp 

•c 
Energy 
minimum 
a v e r a g e 

ll-C taax S i Hl4 O M X V/Nb ia<iX S max P Rax 

Y e n s i l e s t r e n g t h 
t o n / i n 1 

< k g / W ) 
Up t o 5 / i " 

1 5 , 9 
mm 

V» - »*" 
1 5 , 9 - 3 8 , 1 

1» - 2\" 
3 8 , 1 - 6 3 , 5 

ma 

2» - 4" 
6 3 , 5 - ! 0 1 . 6 

mm 

Temp 

•c 
Energy 
minimum 
a v e r a g e 

ll-

f t l b (mm) 

4 1 Al 0 , J 5 - - - 0 , 0 5 0 0 , 0 5 0 2B - 33 
( 4 4 . 1 - 5 2 . 0 ) 

- - - - - - -

4 ) A O . J i - - - 0 , 0 5 0 0 , 0 5 0 28 - 33 
1 4 4 , 1 - 5 2 , 0 ) 

1 0 , 0 
( 2 5 , 2 ) 

I S , 5 
( 2 4 , 4 ) 

1 5 , 0 
( 2 3 , 6 ) 

1 4 , 0 
( 2 2 , 1 ) 

1) k> U,^.' - 1 . 5 - 0 , 0 5 0 0 , 0 5 0 28 - 33 
( 4 4 . 1 - 5 2 . 0 ) 

1 6 . 0 
( 2 5 , 2 ) 

1 5 , 5 
( 2 4 , 4 ) 

1 5 , 0 
( 2 3 , 6 ) 

1 4 , 0 
( 2 2 , 1 ) 

RT 20 2 
( 5 0 , 8 ) 

41 C Ú.1B - I . 5 - 0 , 0 5 0 0 , 0 5 0 2B - 33 
( 4 4 . 1 - 5 2 , 0 ) 

1 6 , 0 
( 2 5 . 2 ) 

1 5 , 5 
( 2 4 , 4 ) 

1 5 , 2 S 
( 2 4 , 0 ) 

1 4 , 5 
( 2 2 , 8 ) 

0 20 2 
( 5 0 , 8 ) 

41 0 0 . 1 6 - 1 .5 0 . 1 0 0 , 0 4 0 0 , 0 4 0 28 - 33 1 8 , 0 1 7 , 5 1 6 , S 1 5 , 5 ( - 1 0 30) 3 
( 4 4 , 1 - 5 2 , 0 ) 1 2 8 , 3 ) ( 2 7 , 6 ) ( 2 6 , 0 ) 1 2 4 , 4 ) ( - 2 0 2 0 ) ( 7 6 , 2 ) 

4 1 E O . l b 0 . 1 0 - 1 .5 - 0 , 0 4 0 0 , 0 4 0 28 - 33 1 8 , 0 1 7 , 5 1 6 , 5 I S , 5 ( - 2 0 4 5 ) 
0 , 5 0 ( 4 4 . 1 - 5 2 . 0 ) ( 2 8 , 3 ) ( 2 7 , 6 ) ( 2 6 , " ) ( 2 4 , 4 ) ( - 3 0 

(-SO 
35) 
20) ( 7 6 , 2 ) 

SU A O.J1 - 1 . 6 - 0 , 0 5 0 0 . 0 5 0 32 - 40 
( 5 0 , 4 - 6 3 , 0 ) 

- - - - - - -

>u B O.JO - / 0 . 5 O 1 . 5 0 . 1 0 0 , 0 5 0 0 , 0 5 0 32 - 4 0 
( 5 0 , 4 - 6 3 , 0 ) 

2 3 , 0 
( 3 6 , 2 ) 

2 2 , 5 
( 3 5 , 4 ) 

2 2 , 0 
( 3 4 , 6 ) 

2 1 , 0 
( 3 3 , 1 ) 

- - -

SO C O.JO - / 0 , 5 0 1 . 5 0 , 1 0 0 , 0 5 0 0 , 0 5 0 32 - 4 0 2 3 . C 2 2 , 5 2 2 , 0 2 1 , 0 ( - 5 30) 3 
( 5 0 , 4 - 6 3 , 0 ) ( 3 6 . 2 ) ( 3 5 . 4 ) ( 3 4 , 6 ) ( 3 3 , 1 ) ( - 1 5 2 0 ) ( 7 6 , 2 ) 

-.Ll U U . l i l O, 10- 1 .5 0 , 1 0 0 , 0 4 0 0 , 0 4 0 32 - 40 2 3 . 0 2 2 , 5 2 2 , 0 t ( - 2 0 30) 3 
O . 5 0 ( 5 0 , 4 - 6 3 , 0 ) ( 3 6 . 2 ) ( 3 5 , 4 ) ( 3 4 , 6 ) ( - 3 0 20) ( 7 6 , 2 ) 

S'> C 0,.'_> -/O.fcO 1 . 6 0 , 1 0 0 , 0 4 0 0 , 0 4 0 36 - 45 
( 5 6 , 7 - 7 0 , 9 ) 

2 9 , 0 
( 4 5 , 7 ) 

2 8 , 0 
( 4 2 , 5 ) 

2 7 , 0 
( 4 2 , 5 ) 

- 0 20 1 /4 
(19 ) 

V J E 0 . " - / o . t o » . 6 0 , 1 0 0 , 0 4 0 0 , 0 4 0 36 - 45 2 9 , 0 2 8 , 0 2 7 , 0 2 6 , 0 ( - 2 0 •.5) 
2» 
( 6 3 , 5 ) ( 5 6 , 7 - 7 0 , 0 ) ( 4 5 , 7 ) ( 4 2 , 5 ) ( 4 2 , 5 ) ( 4 0 , 9 ) ( - 3 0 

(-SO 
35) 
2 0 ) 

2» 
( 6 3 , 5 ) 



7 

different grades of steel, especially in respect to ultimate tensile 
strength, yield point, and Charpy V-notch strength under different tempera
tures. Unfortunately the chemical analyses only specify maximum carbon, 
sulphur, and phosphorous in the steel, with no reference to alloying elements. 
The same applies to the Japanese Iron and Steel Institute specification 
No. G 3106 for HSLA steels, except that this also sets the maximum manganese 
content. The weldability of the Japanese HSLA steels also is determined 
by the "Carbon Equivalent", in this case by the formula: 

Mn Si Ni Cr (to V 
Carbon Equivalent = C + 6 + 2 4 + 4 0 + 5 + 4 + 1 5 

Prom the foregoing it might seem that HSLA steels are manufactured and used 
primarily in the heavier thickness plates from about 12,5 mm right up to 
100 mm or more. Further, it would also appear that niobium is used for 
plates and sheets less than 12,5 mm thick and that vanadium is used mainly 
in the thicker sections. This is not strictly correct as vanadium-bearing 
HSLA steels have been developed and used successfully in light sheets from 
less than 1,8 to 3 mm in thickness. The possibilities of using these light 
gauge HSLA steels in vehicle manufacture have attracted the efforts of both 
steel manufacturers and automobile makers some of whom have combined their 
research to produce steels with good forming characteristics, good weld-
ability, especially with spot-welding, and with a considerable degree of 
corrosion resistance. 

These developments in steels for the automobile industry have been described 
in considerable detail in Vanitec publication No. V 029, anil summarised in 
Vanitec Monograph 2, on Cold-Pressing Steels'*. (See Appendix V ) 

HSLA steels for cold-pressing of components are made in the United States 
to SAE Specifications J 410C and ASTM Specification A 715-75, which are 
summarised in Tables II.3 and II.4 below. 
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T A B L E II.3 

SAE SPECIFICATION J 4IOC (SUMMARISED) 

Extract from SAE J410C 

Chemical Tensile "ronerties Bend 
Composition, Test* Composition, 

Yield Strength 
Test* 

Grade 

Composition, 
Yield Strength U.T.S. Blong 

on 2 in 
% 

dia/ 
thickness 

Blong 
on 2 in 

% 
dia/ 

thickness 
C Mn Other N/mn 2 ksi N/mmz ksi 

Blong 
on 2 in 

% 

950X 0,23 1,35 n tr< H- C 345 50 448 65 22 1,0 
95 5X 0,25 1,35 o 3 n 

aotr 
379 55 483 70 20 1.0 

960X 0,26 1,45 414 60 517 75 18 1,5 
965X 0,26 1,45 3 1 

t- 3 
ft H-

448 65 552 80 16 2,0 
970X 0,26 1,65 rt to rt a <o * a. 

i 

483 70 586 85 14 3,0 
980X 0,26 1,65 

rt to rt a <o * a. 
i 552 80 655 95 12 3,0 

* Longitudinal at RT, 180° without cracking 

Suggested minimum inside radii for cold bending 
(ratio bend radius to thickness) 

Sheet Thickness 
Grade 

Up to 0,180in 0,180-0,260in 0,250-0,500in 
(4,57mm) (4,57-3,35mm) (6,35-12,7mm) 

950X 1,5 2,5 2,5 
955X 2 3 3 
960X 2,5 3,5 3,5 
96 5X 3 4 4 
970X 3,5 4,5 4,5 
980X 3,5 4,5 4,5 

(up to 0,375in 
9,53mm) 
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T A B L F JI.4 

ASTM SPECIFICATION A 715-75 (SUMMARISED) 

Extracts from ASTM A715-75 

Type of 
Steel 

Composition, wt-% Type of 
Steel 

C Mn Si Cb V N 

2 0,15 1,65 0,60 - 0,02 0,005 
3 0,15 1,65 0,60 0,005 0,03 0,020 
7 0,15 1,65 0,60 0,005 0,005 0,020 

Grade 
Yield Strength U.T.S. Elong on 2in % Bend 

Test* 
dia/ 

thickness 

Grade 
ksi N/mm2 ksi N/mm2 >0,097in 

(2,46mm) 
<0,097in 
(2,4frM!) 

Bend 
Test* 
dia/ 

thickness 

50 50 345 60 415 24 22 1 
60 60 415 70 4R5 22 20 1 
70 70 4*5 80 560 20 18 li 
80 80 560 90 620 18 16 li 

•Transverse at RT, 180° without cracking up to 0,23in (6mm) thick 
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In Nest Germany s imi lar s t e e l s are produced t o VDEh s p e c i f i c a t i o n s QStC 
460TN and 500TM, which are summarised in Table I I I . 5 . 

T A B L E XXI.5 

SUMMARY OF GERMAN SPECIFICATIONS 

Extract from Stahl-Eisen-Werkstoffblatt 092* 

Grade 

Conposition,wt-% 

Grade C Si Mn P S Other 

QStE 460 TM 
QStE 500 TM 

0,12 
0,12 

0,50 
0,50 

1,60 
1,70 

0,03 
0,03 

0,03 
0,03 

i 

+ 
+ 

Grade 

Tensile Properties 
! 

Bend j 
Properties • 

Grade 

Yield strength U.T.S Elonq. 
on 5d % 

Bend Test* 
dia/thickness 

Grade N/nmJ ksi N/mm2 ksi 

Elonq. 
on 5d % 

Bend Test* 
dia/thickness 

QStE 460 TM 
QStE 500 TM 

460 
500 

520-670 
550-700 

75,4-97,2 
79,8-101,5 

19 
17 

1 
1 

*VerT?" Stahleisen mbH, Dússeldorf + Transverse at RT, 180° without cracking 
•Ail steels also contain Al, V, Cb or Ti, singly or in combination 

The function of vanadium in the thinner HSLA steel?, especially those 
intended for automobile manufacture, is explained in Vanitec Monograph No.21* 
from which the following passage is quoted verbatim: 

"Additions of vanadium, through grain refinement and vanadium carbonitride 
precipitation, progressively increase the yield strength of carbon-manganese 
steel strip and plate, and this effect of vanadium is enhanced by raising 
the nitrogen content of the steel. In basic oxygen and open-hearth steels 
which contain about 0,005% nitrogen, the addition of 0,1^% vanadium will raise 
the yield strongth of \2 mm ptrip from 1-0 N/mm' (SO k.<;i) to Sr>(> N/nm' (R0 ksi) 
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".... The vanadium carbonitride precipitation also raises the ultimate 
tensile strength and, in steels containing 0,051% nitrogen and 0,14% vanadium, 
tensile strength: in excess of 655 N/mm1 (95 ksi) are obtained. 

"In vanadium-columbium steels, the fine grain size is produced by the 
columbium, and this raises the yield strength to about 360 N/mm* (52 ksi). 
Additions of 0,08% vanadium through the formation of precipitates, probably 
of vanadium-columbium complex carbonitrides, can raise the yield strength 
to over 550 N/um1 and the tensile strength to over 625 N/mm* (90 ksi)". 

In all steels used for cold pressing, in which deformation may take place across 
as well as parallel to the line of rolling, it is preferably by desulphurizing 
in the ladle with calcium compounds. Alternatively use could be made of 
additions of rare-earth oxides to ensure that such sulphur as may be present 
is in finely divided and dispersed particles, and not in stringers of malleable 
manganese sulphide drawn out along the direction of rolling. Such stringers 
can form lines of weakness leading to cracking during deformation. 

There would be little point in using thinner components that might be allow
able because of the use of stronger steel if these components were subject 
to corrosion. It is usual, therefore, to add up to 0,2 per cent copper to 
the steel, which amount does not affect the other properties of the steel. 
Chromium also may be used for this purpose. 

The vanadium-nitrogen and vanadium-niobium steels are joined easily by spot 
welding techniques; a low current and high pressure usually being required. 

The HSLA vanadium steels for cold forming for the automobile and similar 
industries usually are marketed under proprietary trade names by the steel 
manufactures that have developed these steels. Such steels include: 

Jones & Laughlin Steels Corp Van 50, Van 8, and Van-QN 
Republic Steel Corp Maxiform 80 
Steel Company of Canada Ltd Stelmax 50 * 80 
Stahlwerke Peine-Salzgitter AG PSQ 46 8. 80 
Iscor Supraform 
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A P P E N D I X III 

APPLICATIONS OF HIGH-STRENGTH LOW-ALLOY STEELS 

1. Bridge and Building Construction 

In the United States HSLA steels with yield points of up to 35,16 kg/mm1 

are used. For thicknesses up to 12,5 mm niobium-containing steels are 
used, but for thicker sections steels containing vanadium and nitrogen are 
employed. Higher strength steels in the 63,28 - 70,31 kg/mmJ range to ASTM 
specification A-441 for manganese-vanadium steel are used and also quenched 
and tempered steels to specification A-514, described above1. 

In the United Kingdom steels of grades 43, 50B, and 50C falling under 
specification BS 4360 of 1979 are used. These are shown in Table 2, Appendix 
and generally are similar to the steels to ASTM specification A-572, details 
of which are given in Table 1 in the same Appendix. 

An excellent example of the use of vanadium-containing HSLA steels in very 
large bridge construction is the Costa e Silva Bridge linking Rio de Janeiro 
with the city of Niteroi. The central span of this bridge across the main 
shipping channel measures 300 m and is the longest single-span box-girder 
in the world and carries a six lane highway. A vanadium steel to BS 4360 
Grade 55 was largely used for the fabrication of this box-girder and those of 
the approach spans. This steel has a minimum yield strength of 422,5 N/mm' 
and was supplied in plates ranging in thickness from 10 mm to 45 mm which were 
produced by British Steel Corporation. The girders were prefabricated in 
Britain as far as possible. The final assembly on site involved a very large 
footage of field welds using automatic submerged arc welding where possible, 
but a large amount of hand welding also was required3 . 

In Japan both 'as-rolled' and normalized steels, and quenched and tempered 
steels generally similar to the American A 514 grades are used widely in 
bridge construction, and use is made of prefabricated welded sections that 
are bolted together on site. 

The World Trade Centre Building built by the Port of New York Authority 
in New York City, has twin tower buildings 412 m (110 storeys), high. It 
is claimed to be the tallest building in the world, and was built using 
vanadium-bearing HSLA steel for the framing. The said steel was supplied 

1 
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by Yawata of Japan, now part of Nippon Steel Corp. to specifications Helton 
60, 60R, 62, and 80C. These steels have yield strengths ranging from 541 
to 686 N/mm2. The use of these high-strenqth steels reduced the average 
weight of steel per square metre of floor area from 205 kg to 78 kg 3. 

2. Pressure Vessels 

In the United States carbon-manganese-silicon steels to ASTM specification 
A 537 are used largely for pressure vessels requiring plates up to 32 mm. 
For heavier vessels requiring plates up to 100mm in thickness, silicon-killed 
vanadium steels are used. Otherwise both in the United States and in Britain, 
the practice is to use the higher quality bridge steels, including the vanadium-
bearing steels to ASTM specifications 514 and 517 that have been heat treated, 
for pressure vessels. 

In Japan a similar steel is used with a yield point up to 90,000 kg/mm2 having 
the following analysis:-1 

Per cent 

Carbon 0,18 (maximum) 
Manganese 0,60 - 1,20 
Silicon 0,15 - 0,35 
Copper 0,15 - 0,5? 
Nickel 1,5 (maximum) 
Chromium 0,40 - 0,80 
Molybdenum 0,60 (maximum) 
Vanadium 0,10 (maximum) 
Phosphorous 0,03 (maximum) 
Sulphur 0,03 (maximum) 

3. Mobile Structures 

The properties of HSLA steels are well suited to their use in the construction 
of mobile equipment, trucks and trailers, and railway rolling stock. 

For general use in mobile structures,steels containing 0,2 per cent carbon, 
with manganese and additions of vanadium or niobium most commonly are used. 
Such steels have yield strengths of up to 35,16 kg/mm2 and are used in the 
as-rolled condition. Certain other steels, known as "controlled cooled steels", 



1 
are used for their improved forming and welding characteristics. These 
steels have a maximum carbon content of 0,12 per cent, but a fine-grained 
structure arising from the rapid cooling after rolling that compensates 
for the low carbon content. Some of the more recently developed controlled 
cooled steels contain vanadium. In these steels the fine grain size is 
induced by the vpnf>dium and particularly by the precipitation of vanadium 
nitride that occurs while cooling, and these produce a higher yield point 
and avoid the necessity of heat treatment. 

Where hot forming is employed as, for instance, in the pressing of truck 
frames, an 0,2 per cent carbon steel containing vanadium is used, and for 
higher yield strengths up to 45,70 kg/mm2 a vanadium nitrogen steel is used 
"as rolled". When yield points of 45, 70 kg/mm2 are required together with 
good forming properties,a copper-nickel-vanadium-niobium steel may be used. 
This steel is soft in the normalized condition and can be readily formed, 
and subsequently aged at 500 to 600°C to produce a high yield strength as 
the result of the precipitation of the copper and vanadium compounds. 

The South African Transport Services make considerable use of Cor-Ten steel 
in the construction of certain classes of railway wagons. The object here 
is to obtain both a high strength steel and one that resists corrosion*. 

The Marion Power Shovel Ccipany has used vanadium-bearing steels to ASTM 
Specifiration A 572, Grade 50, for the fabrication of the 107 m boom of its 
series 8400 dragline excavators, which have a 61 m' bucket. The specifications 
of the steel used are: 

Per cent 

Carbon 0,23 
Manganese 1,35 
Phosphorous 0,04 
Sulphur 0,05 
Vanadium 0,10 

Minimum yield strength 344,7 N/mm2 

Minimum ultimate strength 448,2 N/mm2 

Minimum per cent elongation on 200 mm 18 
on 50 mm 21 

•Personal communication : P.G. Laue, Chief Metallurgist, SATS, Koedoespoort, 
1981-05-01 
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Certain of the plates used in the mast gantry towers are up to 340 mm 
in thickness. 

One of the reasons for the selection of these vanadium steels was to reduce 
the serious risk of cracking of the metal when exposed to very low temperatures, 
down to -40°C as at the Fording Coal Co. Mine of Cominco in Canada"*. 

4. Tubular Structures 

The use of both circular and square tubular sections in the construction of 
bridges, roof trusses, crane jibs, etc., is increasing; modern HSLA steels 
are excellent for this application, particularly as these tubes normally are 
cold formed and welded. 

For these tubes British practice is to use largely 23 and 29 short ton steels 
to BS 4360, grades 50 and 55, the details of which are given in Table 2, 
Appendix II. The rough-welded tube is reheated to a maximum of 1000°C for 
tube forming and subsequently to not higher than 950°C for normalising after 
finish-drawing. At these temperatures the vanadium carbides and nitrides, 
but not the niobium carbo-nitrides, are in solid solution. Semi-killed 
vanadium-bearing steels are preferred for the manufacture of tubular sections. 
Table III. 1 (Sage1) gives the specifications of some of the steels used for 
their manufacture. 

5. Pipeline Steels 

Oil and gas pipelines probably provide the largest single outlet for high-
strength low-alloy steels. The advantages are the saving in weight and easier 
construction obtained with steel of a higher strength and improved weldability. 
Many pipelines are laid in ar^as subject to extremes of temperature and the 
steel must have a high yield-point and high notch-ductility even under these 
conditions. Most HSLA steels used for the construction of oil and gas 
pipelines are made to the specifications of the American Petroleum Institute, 
API 5LX. This covers a range of steels having yield points 29,53 kg/mm' and 
42,19 kg/mm2 . 

01 even more importance than the yield strengths are the values for ductility 
for which the following tests may be required by purchaser: 



T A B L E III.1 

H S L A STEELS USED FOR HOLLOW SECTIONS IN THE UK 

Specifi
cation 

COMPOSITION (ladle analysis) 
Grade 

C Mn Si V S P Ti 
max max max max max max n;ax 

Cr Mo 
max 

UTS 
t o n s / 
i n 2 

(kg/ 
mm3) 

Yield 
s t r e n g t h 
t o n s / i n 2 

(kg/ 
mm2) 

Charpy V-notch 

Temp 
°C 

Energy 
ft/lb 

BS 

4360 

50 B 0,20 1,4 0.4 0,10 0,05 0,05 

50 C 0,20 1,4 0,4 0,10 0,05 0,05 

32-40 
(50,4-
63) 

32-40 
(50,4-
63) 

23 
(36. ,2) 

23 
(36,2) 

20 

50 D 0,20 1,4 0,4 0,10 0,04 0,04 32-40 
(50,4-
63) 

23 
(36,2) 

•10 20 

BS 

4360 

55 C 0,25 1,5 0,4 0,20 0,04 0,04 

55 E 0,25 1,5 0,4 0,20 0,04 0,04 

30-45 29 
(47,2- (45,7) 
70,9) 

36-45 29 
(56,-7- (45,7) 
70,9) 

-20 
-30 
-50 

20 

45 
35 
20 

45 ton/ 0,08 1,1 0,1 
in* 
Q & T 0,17 1,4 0,35 

0,04 0,10 0,10 0,002 - 0,25 50-60 45 -20 
<£ - (78,7- (70,9) -50 

0,006 - 0,45 94,4) 

20 
15 

* Added to increase hardenability of wall thickness greater than 6,5 mm 
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"1. Charpy V notch impact test on transverse specimens: 
minimum 35 per cent shear value of fracture appearance 
(average of 3 tests), at 32"F (0°C), or 50°F (lO'C)" 

(ASTM specification E 23, Standard Methods for Notched Bat Impact 
testing of metallic materials, and specification A 370, Standard 
Methods and Definitions for Mechanical Testing of Steel Products" 
refer). 

"2. Drop weight tear test on transverse specimens: 
Minimum 40 per cent shear fracture for wall thicknesses up to 
0,312" (7,9 mm) at 32°F (0*C), and for wall thicknesses up to 
0,344" (8,7 mm) at 50°F (10°C)". 

The Drop-Weight Tear Test has not yet been covered by a certain ASTM specifi
cation, but in 1971 there was a proposed specification entitled "Proposed 
Method of Drop-Weight Tear Tests for Ferritic Steels". 

Oil and gas pipelines, particularly under severe climatic conditions, are 
prone to longitudinal splitting; hence the necessity for the transverse 
ductility tests. This risk arises from the presence of particles of residual 
sulphur in the steel as malleable manganese sulphide. These particles 
tend to become drawn out longitudinally during rolling and provide potential 
lines of weakness. The finely dispersed precipitates of vanadium and niobium 
carbides and nitrides produce not only the finely grained steel but tend to 
disperse any sulphur remaining in the steel, thereby reducing the risk of longitu
dinal cracking of the finished pipe. 

In the United States, Great Britain, and Germany semi-killed HSLA steels 
are used for pipelines containing 0,06 per cent niobium, supplied "as-rolled" 
for wall thicknesses up to 8,6 mm. For greater wall thicknesses vanadium-
bearing steel containing up to 0,12 per cent vanadium is used depending upon 
the minimum yield point and the wall thickness. In the United Kingdom vanadium-
niobium steel is used to obtain a fine grain through the combined effect of 
niobium carbides and aluminium nitrides, and a high yield strength through 
the precipitation of vanadium carbides. 

Parts of the proposed main trunk gas pipeline from the Ob River Valley gas 
fields in northern Siberia across Czechoslovakia to Baumgarten an»l thence to 
Italy and Germany will be subject to some of the most severe weather conditions 
known. 
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Latest reports indicate that the pipeline will be constructed of grade 
/"PI 5LX-70 steel designed for special very low temperature applications'. 
Approximately 5 467 km of pipe 1,422m in diameter will be required, most 
of which will have a wall thickness of 15,7 mm. 

The present 122 and 132 mm pipelines are designed to operate at a pressure 
of about 7 N/mm2, but the newer lines planned across Eastern Siberia to 
Okhotsk and Nakhodka, and also the gas pipelines planned for the Mackenzie 
Delta area in northern Canada are being designed to operate at pressures up 
to 10,3 N/mm2. Any failure in these could be catastrophic and under the 
conditions of high pressure and very low temperatures the presence of sulphur 
seriously increases the risk of failure. Vanadium tends to have a ueneficial 
rather than an adverse effect on steels that might be embrittled by the 
presence of residual sulphur. 

The specifications of the steel to be used for these very high pressure gas 
pipelines call for a yield strength of 482,6 - 551,6 N/mm2, with notch toughness 
(Charpy Test) of 81,34 J at -20°C. This calls for the use of precipitation 
strengthened ferritr-pearlite steel, the composition and properties of which 
are shown in Table III.2. These steels must be produced under carefully controlled 
rolling conditions. 

Table III.2 also includes thft properties of this ste«l along the weld zone, vhich 
is of major importance in any welded fabrication, especially of thick-walled 
pipes and pressure vessels. Here the good welding properties are obtained 
as the result of the low carbon content (0,11 per cent) and the combined 
vanadium and niobium. 

The demand for steels of even higher tensile strength, equivalent to API 
grades 70 and 80, has led to the development of steels containing 0,4 to 
0,5 per cent vanadium. Two experimental types of such steels are described 
by Sage 7, and have the following compositions:-
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T A B L E III.2 

Composition and properties of vanadium-niobium X70,19mm 
wall thickness,1420mm diameter pipes made by the U and 0 process5 

Steel 
No. 

C % Si % Mn % P % S % Mo % Nb % V % Sol. 
Al % 

C.E. % 

X70 0,11 0,32 1,58 0,016 0,003 0,03 0,08 0,015 0,39 

Properties Vanadium-Niobium Steel 

Pipe Body 

Yield Strength 

Tensile Strength 

N / W 
ksi 

N/mm1 

ksi 

524 
76 

639 
92,7 

Charpy Test: 
Energy at -20°C J 113 

<-4°F) ftlb 83,3 

50% FATT °C 
°F 

-116 
-177 

DWTT: % 100 

S.A.20 °C -41 
85% FATT op -42 

Sfcfm Weld 

Tensile Strength N/mm1 

ksi 
652 
96 

N/mm1 

ksi 

Charpy Test: 

J 

W.M. F.L. H.A.Z. 

Energy at -20°C J 82,5 77,5 106 
(-46F) ftlb 60,9 57,2 78,2 

50% FATT °C -29 -26 -42 
op -20 -15 -44 

W.M. = Weld metal; F.L. = Fusion line; H.»\.Z. * Heat affected zone 
Rolling practice: Slabs reheated to 1050°C with 75% reduction between 800° 
and 690° 
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Ref: Mo. 

789A Ghl 
per cent per cent 

c 0,06 0,07 
Si 0,37 0,74 
Ml 1.97 1,90 
P 0,006 0,010 
s 0,010 0,0055 
Ho <0,02 0,08 
Ni <0,02 0,035 
Al 0,029 0,06 
Cu <0,008 0,043 
N 0,009 0,009 

Vanadium 0,45 0,43 

These steels, rolled to 13 mm and 20 mm plates, had ultimate tensile strengths 
ranging from 631 to 749 KN/mm1 depending upon the actual rolling schedules 
followed. Charpy notch tests gave longitudinal energies at 20°C from 91 to 
122 J. 

Tests carried out on these steels by the Welding Institute8 indicate that they 
have excellent welding characteristics and require no special treatment or 
procedures for making satisfactory shop and field welds. This characteristic 
is largely the result of the very low carbon content, while the high vanadium 
content produces a fine-grained structure of polygonal ferrite in which row 
and/or random precipitates are present with islands of roartensite. The Charpy 
V-notch test results are appreciably higher than those obtained from steels 
currently in use for the construction of at least two major pipelines. 

6. Rail Steels 

In the past rails made from straight carbon steels, generally containing 
0,4 to 0,8 per cent carbon and 0,8 to 1,0 per cent manganese have proved 
quite adequate, subject to certain limits on impurities such as sulphur and 
phosphorous, and careful control of rolling temperatures and cooling rates. 
Such steels are the most widely used for normal service conditions, but they 
have proved to be inadequate on stretches of track with high traffic densities, 
on sharp curves, and for heavy ore-carrying lines with high axle loadings. 
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It would be possible to produce a rail steel having higher yield strengths 
and hardness by raising the carbon content above 0,82 per cent and the manganese 
above 1,70 per cent. This would lead to increased brittleness and render 
welding difficult if not impossible, especially under field conditions. 
Weldability is an essential characteristic of modern rail steels used on 
main lines. The most common methods of welding rails are "flash-butt welding" 
for shop welds and "Thermit welding" for field welds, and when using either 
method it is essential that the rail steel shall display characteristics in 
the "heat affected zone" (HAZ) adjacent to the weld and in the weld itself as 
nearly the same as those of the parent metal as possible. In this respect 
the inclusion of vanadium in the formulation of the alloy has proved most 
beneficial. 

In 1979, Vanitec* sponsored a seminar in Chicago on the topic of "Vanadium 
in Rail Steels"9. Details of the papers presented at that seminar fror; 
which the following notes have largelv been gathered as well as Table III.3, are 
given in Appendix W . 

Table III.3 gives the chemical compositions and mechanical properties of both 
carbon and alloy rail steels. The "standard AREA" type is the normal carbon 
steel specified by the American Railway Engineering Association (AREA) which 
appears to contain rather more carbon than is specified by the corresponding 
European body, the Union Internationale des Chemins de Fers (UIC). The AREA 
specification is for steel produced under controlled but normal rolling 
conditions without subsequent heat-treatment. The five steels listed at the 
bottom of the table, two American, one Russian and two Japanese are straight 
carbon steels that have been heat-treated to give properties that are superior 
to those of the alloy steels. The difficulty is that the thermal effect of 
welding tend to nullify the benefits of the heat-treatment; hence the reason 
for using alloy steels that may have somewhat lesser properties but which 
can be welded. 
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T A B L E III.3 

Typical chemical comrositions and mechanical properties of standard and high 
strength rail steels 

Chemical Composit ion 
Manufacturer Rail Type Rail Type 

c % Mn % Si % Cr % V % Cb % MO * 

Standard AREA 0,80 0,90 0,20 - - -

C.F.& I. Hi-Si 0,75 0,80 0,65 _ _ _ _ 
Cr-Mo 0,78 0,84 0,21 0,74 - 0,18 

Algoma Cr 0,75 0,65 0,25 1,15 - - -
British Steel Cr 0,75 1,25 0,35 1,15 - - -
Krupp Cr-Si 0,70 1,05 0,75 1,00 - -
Thyssen Cr-Si-V 0,65 1,05 0,60 1,15 0, 20 - -
Klockner Cr-Mo-V 0,65 0,80 0,30 1,00 0, 10 - 0,10 
Sydney Mn-Cr-V 0,70 1,65 0,20 0,30 0, 10 - -

Cr-Si-Cb 0,70 1,10 0,55 0,80 0 ,06 -
Brazil Steel Si-Cb 0,74 1,30 0,80 — - 0 .03 — 

Bethlehem Through Hardened 0,80 0,90 0,20 - - -
U.S. Steel* Head Hardened 0,80 0,90 0,20 - - -
Russia Through Hardened 0,75 0,90 0,30 - - -
Nippon Steel* Head Hardened 0,75 0,80 0,22 - - -
Nippon Kokan* Head Hardened 0,75 0,83 0,22 

Mech 

• " 0,75 0,22 

Mech 

0,22 

Mech anical Properties 

0,21 k Ultimate 
Proof Tensile Elong 

% 
Redn. Brinell 

Manufacturer Rail Type Stress Strength Elong 
% of 

Area, 
Hard-of 

Area, 
N / W ksi N/mm ' ksi Number 

Standard AREA 510 "/3,9 920 133,4 11 18 255 

C.P. f, I. Hi-Si 520 75,4 980 142,1 11 14 285 
Cr-Mo 807 117,0 1228 178,1 9 17 352 

Algoma Cr 650 94,3 1100 159,5 9 17 320 
British Steel Cr 690 100,1 1130 163,9 11 17 325 
Krupp Cr-Si 675 97,9 1140 165,3 12 20 315 
Thyssen Cr-Si-V 680 98,6 1130 163,9 12 20 320 
Klockner Cr-Mo-V 705 102,3 1145 166,1 12 20 325 
Sydney Mn-Cr-V 705 102,3 1035 150,1 12 18 325 

Cr-Si-Cb 705 102,3 1040 150,8 10 16 340 
Brazil Steel Si-Cb 645 93,5 1070 155,2 10 15 320 

Bethlehem Through Hardened 870 126,2 1220 176,9 13 30 365 
US Steel* Head Hardened 910 132,0 1260 182,8 12 33 380 
Russia Through Hardened 820 118,9 1250 181,3 14 40 380 
Nippon Steel* Head Hardened 357 124,3 1231 178,5 12 34 370 
Nippon Kokan* Head Hardened 817 118,5 1192 172,9 14 37 365 

*Tensile and hardness propertifs measured at 10 ^m (0,39 in) (0,2 in) respectively 
from the top corners of the rail head 
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Of the ten alloy steels included in this list, three contain 
vanadium and it will be observed that these steels have better 
mechanical properties than those without vanadium. However, 
field tests with other appear to show t -cellent characteristics 
according to the various papers presented at the 1979 Seminar. 
These characteristics included both longer service life 
under arduous conditions and improved welding characteristics 
with both flash-butt and Thermit welding. 

7. Reinforcing Bar Steels 

Vanadium is used in steel for reinforcing bars in order to 
give it a high strength combined with extra toughness and 
good weldability. Cood examples of this practice are given 
by Lindberg10 from steel produced by Halmstads Jirnverk of 
Sweden, a company that specialises in the manufacture of 
reinforcing steel. Six grades of steel produced by Halmstads 
are shown in Table III.4, 

TABLE III.4 

Specifications of reinforcement steel produced by Halmstads Járnverk. 
The former diameters shown are valid for bars with D (diameter) 

12 and 16 mm (0,47 and 0,63 in) 

Steel Yield Strength Chemical Composition Bendability* 
(ReL) (min.) 

Grade N/mm2 ksi C % Si % Mn % V % N * 

260 S 260 38 0,15 0,2 0,5 - - ID 
400 400 58 0,40 0,3 0,8 - - 5D 
400 S 400 58 0,22 0,4 1,3 - - 3D 
400 SE 400 58 0,15 0,4 0,9 0,05 0,014 2D 
600 600 87 0,40 0,4 1,2 0,05 0,014 6D 
600 S 600 87 0,22 0,4 1,3 0,11 0,017 4D 

Expressed as diameter of reinforcing bar that can be bent 
round a former of diameter o 

The suffix S indicates weldable stefls, while SE is classified as 
"extra-weldable." 
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A relatively high carbon content of 0,40 per cent renders the steel unweId-
able, but a high tensile strength can be obtained with a low carbon content 
of 0,15 and 0,22 per cent by the use of additional manganese and, in the 
case of the 400SE and 600S steels, the addition of 0,05 and 0,11 per cent 
vanadium. 

8. Vanadium in Military Steels 

The exact nature and composition of the steels used in modern armaments is 
not disclosed. Certainly specialised alloy steels are used widely both in 
weaponry and in armour plating for naval vessels and armoured fighting 
vehicles fcr which increased amounts of vanadium probably are used. The 
use of high-strength alloy steels would reduce the weight of a warship above 
the water-line, and while such steel would be heavier than aluminium, it 
would certainly offer better protection and less flammability than that 
metal. 

The use of vanadium in alloy steels would improve the welding characteristics 
of armour steel and this would facilitate the construction of warships and 
armoured fighting vehicles. 
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APPENDIX IV 

WORLD TRADE IN VANADIUM 

1. SUPPLY OF VANADIUM COMPOUNDS 

The companies producing vanadium and vanadium compounds are 
listed in Table IV.1 at the end of text). 

It is interesting to note that most primary vanadium producers 
only manufacture vanadium pentoxide. Some, such as Highveld 
Steel and Vanadium Corp, and producers in the Soviet Union 
and the People's Republic of China, offer a vanadiferous 
slag for sale. Only Union Carbide, Rautaruukki Oy in 
Finland, and, to a lesser extent, Highveld in South Africa, 
process their vanadium from the ore through to products such 
as ferro-vanadium or vanadium chemicals for direct use in 
industry. 

Nearly all processors of such materials are dependent upon 
supplies of vanadium pentoxide or vanadiferous slag as their 
raw materials. Also, apart from the Vantra Division of 
Highveld Steel and Vanadium Corp., which produces some 
ferro-vanadium "as required" and UCAR in South Africa, none 
of the vanadium processors are devoted solely to the manufacture 
of vanadium alloys or compounds. In all other cases the 
manufacture of vanadium products forms a comparatively small 
portion of the company's overall business. Manufacturers of 
ferro-vanadium also produce many other types of ferro-alloy 
as well, usually in the sa.ne works that makes the vanadium 
alloys. Thus, there is a considerable world trade in vanadium 
and vanadium products. However, vanadium is not traded on 
normal world metal markets, and most primary producers of 
slag or of vanadium pentoxide supply ' products directly 
to secondary processors on long-term contracts. 

Vanadium may be traded in any of the following forms: lead-
vanadium concentrates, vanadium-bearing slag or residues, a 

1 
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variety of vanadium compounds, ferro-vanadium and a series 
of proprietary vanadium additives (See Table IV.2 
at the end of text). 

1.1 Lead-vanadium Concentrates 

This material, which contained up to 17 per cent V 2 0 5 

in the form of one or more complex lead vanadate minerals, 
was supplied from the Berg Aukas Mine in South Nest Africa. 
It was shipped as a bulk concentrate to a smelter in Germany 
for the recovery of both the lead and the vanadium. 

1.2 Vanadium-bearing slag 

Formerly, this was available from the USSR and contained 
about 7 per cent v2°5* a n <* also from Chile. The present 
main source of supply is a slag containing approximately 25 
per cent V 2Oc from Highveld Steel and Vanadium Corp. of 
Witbank, Transvaal. This slag normally is supplied crushed 
to about -25mm and shipped in bulk in sheeted open wagons. 
Certain purchasers are supplied with slag ground and shipped 
in 350 kg closed steel drums. 

Recently supplies of a vanadifezous steelworks slag have 
been offered from the People's Republic of China. 

1.3 Vanadium-bearing residues 

These may include the following materials: spent catalysts; 
boiler fly-ash and slag from plants fired bv high vanadium 
fuel oil; and residues from the production uf alumina from 
some bauxites. 

These materials vary in their vanadium content, and are sold 
on the basis of contained V2°5. 

1.4 Sodium polyvanadate 

Soaium polyvanadate, or "red cake", is an intermediate 
product obtained in the recovery of vanadium from uranium-
vanadium ores of the Colorado Plateau region in the United States. This 
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material is shipped to conversion plants as the raw material 
for the production of ferro-vanadium and similar additive 
agents. 

1.5 Vanadium pentoxide 

This is the most common form in which vanadium is produced 
and from which other vanadium products are manufactured. 
Vanadium pentoxide is quoted regularly in trade journals 
including Metal Bulletin, Engineering and Mining Journal, 
and the American Metal Market. 

The specifications for vanadium pentoxide from various 
sources are given below. 

»?"•> 

Hiqtiveld 96 Kin. - 0 ,0? M I . 0 ,05 HISN. t ,0 man. 
0.01 

(South Africa) 99 - 0,015 0,01 0,2 

r.n. 96 « i n . 0,B M X . 0 ,05 man. 0 ,05 man. 0 ,0? M I . 1,0 man. 0 .1 
0,27 

ir.R.GrrnMnyi 100,?? 0.3? 0,01 0,01 0,01 0,2-0,3 

China 96 « i n . 0 ,50 M I . 0 ,20 M I . 0 ,20 mar AljOj 0 ,20 
0 .2S man. 

(Nanj ing ) man. 

<KC 98,5 «In . 1,0 man 0 ,« man. 
(South Africa) 99,? 0 ,20 0,01 0,u0B 0,01 0,1 

Metal Bulletin reports prices for vanadium pentoxide regularly 
in two categories: "Highveld, fused min.98% V2°5, CIF" and 
"Other sources". The American Metal Market regularly quotes 
prices for vanadium pentoxide under the following categories: 
"Fused or Technical Flake"; "Technical Granular", and "Hi 
Purity". 

The price of the las: named is nearly double that of the 
first two grades. 
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1.6 Ammonium metavanadate 

This is a high purity product supplied on demand for the 
manufacture of vanadium catalysts and other chemicals. It was 
quoted in the trade journals, but these quotations have been 
dropped in recent years. 

1.7 Perrovanadium and allied materials 

1.7.1 Ferrovanadium 

Perrovanadium essentially is an alloy of iron and vanadium 
containing from about 40 to 80 per cent vanadium, with some 
carbon, silicon, or aluminium, depending upon the method of 
manufacture, and is the most widely used vanadium additive 
in steelmaking. There are a number of proprietary vanadium 
additives; to a large extent these are variations of the 
basic ferrovanadium. 

Perrovanadium normally is supplied in small lump form in 
cloth bags containing 10, 15, and 25 lb of contained V, or 
packed in 500 lb steel drums (or in roetricated equivalents) . 

The specifications and analyses of ferrovanadium supplied 
by various leading producers are given in Table IV.3. 

Metal Bulletin quotes the prices of 50 to 60 per cent V alloy 
in the United Kingdom and Europe each week. 

The American Metal Market regularly quotes prices for the 
following grades of ferrovanadium: 70 - 80 per cent low carbon; 
80 per cent V; Carvan; and Ferro-Van (presumably the same 
as Ferovan). 



T A B L E IV.3 

Analyses and Specifications of Ferrovanadiuc 
(Unit: X cjuarantceU) 

0 , 2 5 oruiX 
0,13-0, 17) 
0,25 max 

(0,13-0,17) 

1,0 max 
(0.7) 
1,0 max 
10.B) 

1.0 max 0,10 max 0,05 max r,05 max 
(0,5) (0,025) (0,025) 1.1,02) 
1,0 max 0,10 max 0,05 max 0,05 max 
(0,5) (0,025) (0,025) (0,02) 

Luxembourg 
C'asa 50 - 60 0,2 max 1,5 max 2,0 max 0,05 max 0,05.max 0,05 max 0,05 max 

78 32 0.2 " 1,5 " 1,5 •• 0,05 " 0,05 " 0,05 " 0,05 " 
B0- 92 0,2 - 1,5 " 1,5 " 0,05 » 0,05 " 0,0j " 0,05 " 

Belgium 
Satiacem 70 

78 
85 
85 

0,2'. 
0,25 

,0 max 
,5 " 

1.0 max 
1,5 " 

0,05 max 
0,05 " 

0,05 max 
0,05 " 

0,01 
0,01 

USA 
t'ooto Mineral 
IFerovanj 
nnion Carbide 
ICurvan) 

53.5 
42.0 mln. 
70 - 75 
82 ' 86 

0.7 
0,6 max 
0,20 max 
10,5~ 14.5 

4.0 
S,5 max 
0,50 max 
0.10 -

0,15 max 
0,10 " 

0,05 
0.01 

0,06 max 
0,025 " 

0,48 
5,5 max 

0,15 
0,05 

•10,0 
40,0 max 

China 
Nanj tng 

UK 
Murex 

75 - 05 
75 - 05 

35 - 45 
50 - 60 
70 - 80 

0,20 max 
0.30 " 

1.5 max 
2,0 " 

3,0 max 
4,0 " 

0,05 max 
0,10 " 

0,05 max 
0.10 •• 

0,06 max 0,4 max 1,1 max 0,015 max 0,015 max 

West Germany 

r. F E 88 - 92 0 .10 max 1,0 max 2 ,0 max 
78 92 0 .25 " 1,0 " 1,0 " 
5 8 - 62 0 .25 " 1,0 " 2 .0 " 

0,05 max 0,06 max 
0,05 " 0,06 " 
0,05 '• 0,05 " 

Norway 

El kern 45 55 0 ,2 max 5~10 4 , 0 max 0,10 max 0 ,10 max 
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1.7.2 Ferovan 

This is a proprietary form of ferrovanadium which is described 
as "a dilute vanadium alloy characterized by a proportioned 
blend of silicon, manganese and chromium to give the highest 
solubility and vanadium recoveries in molten steel". 2 

A typical analysis of Ferovan is given as: 

Per cent 

Vanadium 43 
Carbon 0,6 
Chromium 6,6 
Manganese 4,0 
Si licon 6,3 
Aluminium less than 0,10 
Iron balance 

1.7.3 Carvan 

Carvan is a proprietary vanadium additive that consists 
essentially of vanadium carbide. Carvan is supplied in 
briquettes having a typical analysis of 10 to 15 per cent 
carbon and 82 to 86 per cent vanadium. 

1.7.4 Nitrovan 

This is another proprietary vanadium additive intended 
primarily for the manufacture of high-strength vanadium nitride-
containing steels. A typical analysis of Nitrovan is given 
as 6 to 7 per cent of nitrogen, 10 to 12 per cent carbon, and 
78 to 80 per cent vanadium. 

1.7.5 Solvan 

Solvan is a high-silicon form of ferrovanadium and is a 
proprietary additive for use in steelmaking. The approximate 
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analysis of Solvan is given as 2 

Vanadium.. 
Silicon.., 
Manganese. 
Chromium.. 
Nickel.... 
Carbon 
Iron 

1.7.6 Vanadium Grainal No.1 

Another proprietary additive for steelmaking used to provide 
a maximum increase in hardenability to carbon and alloy steels 
with a minimum addition of boron. Grainal has the following 
analysis 2 : 

Per cent 
28 
3, 5 
3. 8 
2, 8 
1. 25 
0, 1 
ba lance 

Per cent 

25 
15 
10 
0,2 

Vanadium.. 
Titanium.. 
Aluminium. 
Boron 

1.7.7 Aluminium-vanadium Alloys 

An alloy containing 80 per cent vanadium and 20 per cent 
aluminium is produced commonly by the alumino-thermic reduction 
of vanadium pentoxide. Such an alloy is used for the addition 
of vanadium to titanium alloys, which commonly contain 6 per 
cent aluminium and 4 per cent vanadium. 

These alloys are not quoted normally in the trade journals. 

1.7.8 Vantit 

This is a special low-alloy pig iron produced in Norway, 
that contains 0,5 to 0,7 per cent vanadium and 0,3 and 0,5 
per cent titanium, and may be used for the production of special 
castings . 
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1.8 Vanadium Chemicals 

In addition to vanadium pentoxide, vanadium catalysts and a 

somewhat vague "vanadium salts", the American Chemical Marketing 

Reporter, 1979-80 Chemicals Buyers Guide specifically mentions 

the following vanadium chemicals by name, presumably being 

commodities that are supplied regularly or are available: 

Vanadium Acetylacetunate 

Vanadium Neodecanoate 

Vanadium Oxy Bis-Acetylacetonate 

Vanadium Oxytrichloride 

Vanadium Tetrachloride 

Vanadium Trichloride 

Vanadium Tris-Acetylacetonate 

Vanadyl Acetlacetonate 

Vanadyl n-Butylate 

Vanadyl Ethylate 

Vanadyl Isobutylate 

Vanadyl Isopropylate 

Vanadyl Naphthenate 

Vanadyl n-Prophylate 

These chemicals are used mainly as catalysts in certain organic 

chemical processes. 

Union Carbide also market a "Modified Vanadium Oxide", MVO 

whiciï is a form of vanadium trioxide, V2O3. 

2. FLOW PATTERN OF WORLD TRADE 

Figure IV.1 shows the flow pattern of world trade in vanadium 

during 1978 . Since then there have been some changes but 

^here is insufficient evidence at hand to quantify these. 

The latest reports indicate that the production of vanadium 

slag in Chile has ceased. There now are appreciable exports 

of vanadium from the People's Republic of China, where total 

production during 1980 is estimated to have amounted to 

53 000 tons of slag containing about 7 350 tons of 
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recoverab e V2O5 . Details of exports of vanadium from 
the PRC are incomplete, but it is reported that 681 tens 
of slag were exported to Nest Germany during 1980, while 
the Tex Report 1 states that 85 tons of vanadium pentoxide 
and 5 tons of ferrovanadium were sold to Japan. 

It is reported that exports of vanadium slag from the Soviet 
Union have recommenced and that West Germany received 
4 698 metric tons of slag from that country during 1980 . 

It should be noted that Figure IV.1 depicts only the flow 
of vanadium slag and pentoxide from primary producing 
countries and does not show the very considerable world-wide 
trade in ferrovanadium and other processed products. More 
detailed figures of exports and imports of vanadium products 
by countries are given by other sources. ' 

3. PRICING OF VANADIUM PRODUCTS 

The prices for vanadium pentoxide and ferrovanadium are 
quoted regularly in certain of the trade journals. Prices 
of vanadium in the United Kingdom and on the Continent are 
given twice weekly in Metal Bulletin. French prices for 
ferro-vanadium are also given in the weekly journal 
L'Usine Nouvelle. In America vanadium prices are quoted monthly 
in the Engineering and Mining Journal, and weekly in the 
American Metal Market 

3.1 Pricing in Principal Industrial Countries 

3.1.1 United Kingdom 

The prices of vanadium pentoxide in the UniLed Kingdom were 
originally quoted in shillings and pence per lb; in 1971 
quotations wete changed to kilograms and Pounds Sterling. 
However, since most mineral trading is carried out in that 
currency, all quotations have after December 1971 been changed 

Frivate communication: P.N.P. Gutridge, Union Carbide (SA); 
August, 1981. 

+ Private communication: RSA Counsellor (Minerals * Energy), 
Bonn, 1981. 
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to VS$ per lb V 2°5 content. From July 1974 onwards the 
prices have been given as "Highveld" and "Other Sources"; 
the latter offer a range of prices varying usually about 
15 cents/lb between high and low, while the Highveld 
price generally was below the mean of the price from "Other 
Sources" until October 1980. In July 1980 Highveld raised 
the price of their V2t>5 to $3,14 per lb, whereas from October, 
1980, onwards the price of this oxide from "Other Sources" 
has dropped while Highveld have maintained their price unchanged. 
Current comment in Metal Bulletin is that Highveld must by 
now be selling V2O5 well below their officially quoted price 
of $3,14 per lb to match the much lower prices offered by 
other producers. 

Figure IV.2 shows the US$ per lb prices from December, 1971, 
using the Highveld prices from July of that year onwards, 
the spread between Highveld and "Other Sources" being too 
small to show with any clarity until October 1980, since 
when the "Other" prices have been shown on the graph. 

It will be seen that the price of vanadium pentoxide tends 
to remain fairly constant for periods of up to eighteen months, 
followed by periods of fairly sharp increases. A trend line 
plotted by linear regression is superimposed on the graph 
of actual prices and this indicates a steady price increase 
over the past eleven years from $1,69 to $3,14 in January 1982. 
This represents an annual compound rate of increase of 8,03 
per cent for Highveld prices, but since the beginning of 
1981 the "other" prices have dropped markedly. 

Also shown in Figure IV.2 as a dotted line is the graph of 
the average prices of vanadium during each year as recorded 
in Metal Statistics, an annual published by the American 
Metal Market. It is interesting to see how closely the trend 
line of this graph lies parallel to the trend line for the 
UK prices of V,0 5. 
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The record of prices for ferrovanadiun in the United Kingdom, 
is shown graphically in Figure IV.3. Considerably wider 
fluctuations in price can be seen for ferrovanadium t as 
compared with vanadium pentoxide. However, the trend line 
indicates a steady rise in price over the past twelve years, 
at a rate calculated to average 5,92 per cent per annum, 
which hardly appears to fit the fluctuations shown ir. Figure IV. 2 

The prices for vanadium slag are quoted as "m-. inal" with 
no figures given. This material is sold "nder long-term 
contracts at negotiated prices that are not disclosed. 

3.1.2 United States of America 

The prices of "Air-Dried Technical Grade" vanadium pentoxide 
from 1969 onwards are shown graphically in Figure IV.4. The 
double line from July, 1976, onwards indicates the wide 
spread between the high a. J low reported prices. An average 
value has been assumed for the calculation of the linear 
trend-line that indicates a steady rise in prices over the 
past thirteen years, from $1,30 to $4,10 - $4,57 per lb, 
an annual compound growth rate of 7,92 per cent. 

Prices reported for ferrovanadiun by the Engineering & 
Mining Journal for the period 1969 - 1982 are shown 
graphically in Figure IV.5. 

3.1.3 Japan 

The prices of vanadium pentoxide in Japan are shown in 
Table IV.4. It will be seen that the Japanese prices 
quoted follow very much the same pattern as those in Britain 
and the United States. The pattern of the prices of 
ferro-vanadium in Japan, however, does not follow such 
a similar pattern as will be seen from Table IV.5 taken 
from the same source. 
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T A B L E IV.4 

Japan: Prices of vanadium pentoxide 99% V2O5 
1975 to 1980 '" 

$/lb V2O5, cif Japan 

1975 
Jan-March 
Apr-June 
July-Sept 
Oct-Dec 

1976 
Jau-March 
Apr-June 
July-Sept 
Oct-Dec 

1977 
Jan-March 
Oct-Dec 

1978 
Jan-March 
Apr-June 
Jul-Sept 
Oct-Dec 

1979 
Jan-March 
Apr-June 
Jul-Sept 
Oct-Dec 

1980 
Jan-March 
Apr-June 
Jul-Sept 

Highveld 
(South Africa) 

GFE 
(West Germay) 

UC 
USA 

2.09 2.25 2.09 
2.16 2.32 2.16 
2.19 2.27 2.19 
2,19 2,21 2,19 

2,19 2,19 2,19 
2,19 2,19 2,19 
2,41 2,41 2,41 
2,41 2,35 2,41 

2,41 2,35 2,41 
2,41 2,35 2,41 

2,41 2,35 2,41 
2,41 2,41 2,41 
2,46 2,46 2,46 
2,46 2,46 2,46 

2,51 2,51 2,51 
2,57 2,57 2,57 
2,67 2,67 • • • 
2,77 2,77 

2,92 2,95 ... 
3,01 3,01 . » • 
3,16 - ... 

Spot 

2.35-2.60 
2.35-2.50 
2.20-2.50 
2,20-2,40 

2,20-2,40 
2,20-2,30 
2,40-2,50 
2,30-2,40 

2,30-2,40 
2,30-2,40 

2,30-2,40 
2,40-2,50 
2,40-2,50 
2,40-2,50 

2,40-2,50 
2,60-2,80 

T A B L E IV.5 

Japan : Price of domestic ferrovanariium delivered 
(¥ per t per 1% V) 

1977 Oct. 
1978 Jan. 

Apr. 
Jul. 
Oct. 

1979 Jan. 
Apr. 
Jul. 
Oct. 

1980 Jan. 
Apr. 

to Dec. 
to Mar. 
to Jun. 
to Sept. 
to Dec. 
to Mar. 
to Jun. 
to Sept. 
to Dec. 
to Mar. 
to Jun. 

40 900 
37 800 
36 900 
33 700 
32 200 
32 600 
35 600 
38 800 
40 300 
47 000 
50 500 
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This pattern for pricing ferrovanadium in Japan is explained 
as follows**: "The table shows a reduction in the ferrovanadium 
price up to late 1978- The high prices in 1977 were caused 
by the weakness of the Yen against the dollar and high 
energy costs. Due to the high prices of domestically 
produced ferrovanadium, consumers purchased ferrovanadium 
from abroad, and imports of ferrovanadium production decreased. 

Increased demand for vanadium in Japan, in particular for 
pipeline steel production and an improvement in the strength 
of the Yen made domestically produced ferrovanadium competitive 
during 1978. Improved demand for vanadium for the Japanese 
steel industry, particularly from the pipeline and automobile 
sectors pushed up the price to record levels in 1980." 

3.2 Future Pricing 

3.2.1 General 

Vanadium is not normally traded upon any of the world metal 
markets such as the London Metal Exchange. The supply of 
vanadium is regular and assured, with the result that prices 
of both vanadium pentoxide and of ferrovanadium, including 
proprietary additives, remain remarkably steady over long 
periods. Even the pronounced dip and sharp recovery in 
ferrovanadium prices mentioned in Section 3.13 above took 
place over a period of some three and a half years. 

Looking at the prices of vanadium pentoxide in Japan as shown 
in Table IV.4 a degree of collusion in price fixing between 
the major producers of vanadium, Highveld in South Africa, 
GFE in West Germany, and Union Carbide in the United States 
might be suspected. There is, however, no cartel or 
similar organisation that sets the prices for vanadium. The 
organization Vanitec, although largely controlled by the 
major vanadium-producing companies, is in no way concerned 
with the production or pricing of vanadium. It is purely 
a technical and sales promotional body. 
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The price of vanadium is determined by the laws of supply 
and demand. It is fortunate for the stability of the 
vanadium market: that the two largest producers, namely 
Highveld Steel and Vanadium Corporation and Union Carbide 
Corporation, have both reached much the same conclusions on 
the subject of a pricing policy for vanadium. This policy 
basically is to set a price at which vanadium remains 
competitive with other alloying elements that produce similar 
results in steelmaking, notably niobium and molybdenum, 
ensuring a fair return to the producers. 

In this respect, both Highveld and Union Carbide are able to 
raise or lower their production of vanadium at short notice, 
thereby avoiding gluts and consequent price drops, or shortages 
that could have an adverse effect on the market. The 
effects of this policy and the responsible actions of the 
major producing companies may be -°en from the stability of 
the price of vanadium, both as the pentoxide and as ferro-
vanadium over the past thirteen years. The rate of increase 
in the price of vanadium has been less than the general rate 
of inflation. Such stability is of considerable benefit to 
the consumers of vanadium who can plan well ahead. 

3.2.2 Future Prices 

An extrapolation of the trends lines referred to above 
indicates the following future prices of vanadium: 
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United Kingdom 
Vanadium Pentoxide Ferrovanadium 

0S$ per »b E per kg V 

198b 3,72 9,05 
1990 4,62 11 ,02 
1993 5,50 12,98 
2000 6,40 14,95 

United States 
Vanad ium Pentoxide Ferrovanadium 

US$ per lb US $ per lb V 

1985 4.53 9,72 
1990 5,47 11 ,81 
1995 6,42 13,90 
2000 7,36 15,98 

Linear extrapolation of historical figures is a notoriously 
unreliable method of forecasting, and these predictions are 
offered only as a guide for further discussions on the future 
of vanadium. 

The somewhat even tenor of the development of the pricing 
of vanadium was disrupted severely during the latter part of 
1981 and the first half of 1982 by increasing sales of 
vanadium pentoxide, vanadiferous slag, and some ferrovanadium 
from the People's Republic of China. Large offerings of 
these materials have come on the market at prices well below 
those of the older established producers. The PRC is 
anxious to obtain foreign exchange both for the purchase of 
new capital equipment and for military supplies, and 
vanadium is one of the rather few products this country 
has to offer. Because it has a so-called "controlled economy" 
the PRC is able to offer vanadium products at prices well 
below their actual cost in order to earn foreign exchange. 

REFERENCES 
1. Ferro Alloy Manual, 1981. Tex Report Tokyo. 
2. Foote Mineral Corp., 1981.Bulletin 236-A. 
3. Vanadium, 1981. Report No. XIV, Bunacsanstalt fur 

Geowissenschaften und Rohstoffe, FDR. 
4. The economics of vanadium, 1981. 4th Edition, 

Roskill Information Services, London. 
5. Vanadium, 1979. Roskill's letter from Japan,24, April 1979 
6. Vanadium 1981. Roskill's letter from Japan,59, March 1981. 
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TABLE IV. 1 

LEAOING VANADIUM PROCESSORS 

Country Company Principal product Annual 
capacity 

Source of raw 
material 

(where known) 

Austria Treibacher Cttemische Werke AG, 
A-9330, Treibach 

Fe-V 2 500 VS from 
Highveld Steel 

Belgium Sadacem 
Langerbruggekaai 13, 
B9000, Ghent 

Fe-V 1 000 

Brazil Electrometalur SA, 
Rua Padre Joao Manuel 
493, Sao Paulo 

Productos Metalurgicos 
SA, 
Rua Pamplone 818 
6" Andar 
01405 Sao Paulo 

Fe-V 

Fe-V 

100 

120 

Termoliaas Metalurgicas SA 
(Works: Aratu, 
Bahia 

Fe-V 400 

Canada Masterloy Products Ltd 
P 0 Box 965 Ottawa 
Ontario 
(Works: Gloucester, Ont) 

Fe-V 500 

Finland Rauturuukki Oy Fe-V 3 000 
Fredikinkatu 51-53 V 2 0 5 (all products) 
00100, Helsinki Concentrates 
(Works: Otanmáki & Mustavaara 

France Société Francaise 
d'Electroroetallurgie 
10 Rua de General Foy, 
75361 Paris 

Fe-V 600 

Germany, Gesellschafs fúr Elektro-
metallurgie (GFE) 

Federal Grafenberger Allee 159 
Republic 4000 Dusseldorf 
of, (Works: Nuremburg) 

Herman C. Stark Berlin 
Eschenallee 36 
D'.OOO Berlin-Charlottenburg 9 
(Works: Goslar & Laufenburg) 

Metal lhiitte Mark KG 
Fahrstieg 4-6 
2102 Hamburg 93 

V 2 0 s 

Fe-V 

Fe-V 
V-meta l 

Fe-V 

3 000 VS from 
(V.equ iva - Highveld S t e e l 
l e n t ) 

300 
Fused flake 
V2O5 from 
Agnew Clough 
W. Australia 

* Abbreviations u=ed: V = Vanadium; V20$ = Vanadium pentoxide; VS - Vanadium slag; 
Fe-V = Ferrovanadium ; na = not available 
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Country Company Principal product Annual Source of raw 
capacity material 

India Bharat Aluminium Co 
Jolly Maker Bharan, Bombay 21 
(Works: Raipur, KOrba) 

Fe-V 800 

Dandeli Farro Alloys (Pvt) Ltd Fe-V 

Sambara Chambers 
20 Sir Phxrozshah Hehta Rd 
Bombay 
'Works: Dandeli) 

Electric Contros Gear (Pvt) Ltd 
New Cotton Mills 
Kankar.a Rd, Ahmedabad 22 

Fe-V 250 

Hindustan Aluminium Co. Ltd 
Industry House, Camac Str 
Calcutta 
(Works: Renukoot) 

VS 1 200 

India Aluminium Co VS 
I 76 Camac Street 
Calcutta 

(Works: Muri, Bihar) 

Industrial Dev. Corp. of Orissa 
Ltd Fe-V 
P.O. Box "3 Bhubaneswar 1, 
Orissa 

(Works: Orissa) 

Visvesvaraya Iron & Steel Ltd Fe-V 
Bhadravat'., Bangalore 

(Works: Bhadravati, Karnataka) 

330 

480 
(planned) 

100 

Italy Spá Leghe 4 Metalli 
P el Vittoria 
16121 Genoa 

(Works: Genoa) 

Fe-V 800 

Japan Awamura Metal Industry Co Ltd 

Uji City, Kyoto 

(Works-. Uji, Kyoto) 

Japan Metals and Chemicals 
Co. Ltd 
ïoto Building, 8-4 Koami-Cho 
Nihoubashi, Chuo-Ku Tokyo 

(Works: Oguni, Yamagata) 

Shinko Chemical Co. Ltd 
IS 3-chome 
Andojibashi-dori, Minima-ku 
Osaka 

Fe-V 

Fe-V 

V 20, 
V-metal 
and 
Alloys 

1 000 

1 050 

Kighveld 
UCAR 
GFE 
Shinko Chemica.' 

na 
(largest 
in Japan) 

(Works: Amagasaki) 
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Country Company Principal product Annual Source of raw 
capacity material 

India Bharat Aluminium Co 
Jolly Maker Bharan, Bombay 21 
(Works: Raipur, Korba) 

Fe-V 800 

Dandeli Ferro Alloys (Pvt) Ltd Fe-V 

Sambara Chambers 
20 Sir Phirozshah Hehta Rd 
Bombay 
(Works: Dandeli) 

Electric Contros Gear (Pvt) Ltd 
New Cotton Mills 
Kankaria Rd, Ahmedabad 22 

Fe-V 250 

Hindustan Aluminium Co. Ltd 
Industry House, Camac Str 
Calcutta 
(Works: Renukoot) 

vs 1 200 

India Aluminium Co VS 
276 Camac Street 
Calcutta 
(Works: Muri, Bihar) 

Industrial Dev. Corp. of Orissa 
Ltd Fe-V 
P.O. Box 78 Bhubaneswar 1, 
Orissa 
(Works: Orissa) 

Visvesvaraya Iron & Steel Ltd Fe-V 
Bhadravati, Bangalore 
(Works: Bhadravati, Karnataka) 

330 

480 
(planned) 

100 

Italy Spa Leghe & Metalli 
p el Vittoria 
16121 Genoa 
(Works: Genoa) 

Fe-V 800 

Japan Awamura Metal Industry Co Ltd 
Uji City, Kyoto 
(Works: Uji, Kyoto) 

Japan Metals and Chemicals 
Co. Ltd 
Yoto Building, 3-4 Koami-Cho 
Nihoubashi, Chuo-Ku Tokyo 
(Works: Oguni, Yamagata) 

Shinko Chemical Co. Ltd 
15 3-chome 
Andojibashi-dori, Minima-ku 
Osaka 
(Works: Araagasaki) 

Fe-V 

Fe-V 

V 20 5 

V-metal 
and 
Alloys 

1 000 

1 050 

Highveld 
UCAR 
GFE 
Shinko Chemica 

na 
(largest 
in Japan) 
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Country Company Product* Capacity Source 

Taiyo Mining * Ind. Co Ltd 
Crescent Bid., 72 Kyomachi, 
Ikutaku, Kobe 
(Works: Ako, Hyogo & Iyo, Chime) 

Fused V20s 
Fe-V 

600 Include 
spent catalysts 

Luxembourg Continental Alloys SA 
P O Box 40, Dommeldange 
(Works: Dorameldange) 

V 20, 
Fe-V 

1 200 

Mexico Ferroaleaciones de Mexico SA 
Balderas 68-303, Apartado 
Postal 1336 
Mexico 1 
(Works: Gomez Palacio, 
Durango) 

Fe-V 150 

Nether- Pechiney Ugine Kuklmann BV 
lands Verkog BV, Egelenburg 150 

1008 AC, Amsterdam 

Norway Elkem-Spigerverket A/S 
Middelthungst 27 
P.O. Box 5430, Majorsta, 
Oslo 
(Works: Rdsa-*d, firuber; 
Smelter: Svelgen) 

Fe-V 

Fe-V 
(from slag) 
Vantit 

300 

Philip- Filmag Inc. 
pines Beneficial Life Bid, 

Metro Manilla 
Intramuros 

VS 4 000 
(planned) 

South Highveld Steel & Vanadium 
Africa Corp Ltd 

P.O. Box 111, Witbank 1035 
(Works: Witbank) 

Ucar Minerals Corp 
2101 Carlton Centre, 
Johannesburg, 2000 

VS 
Vj05 

Fe-V 

Vj0 5 

Carvan 

1J,64 mil- Bushveld 
lion maemetitite 
kg V 2 0 5 in 
25% slag 

5,45 mil
lion ka 
high purity 
V 20, 

Fe-V small 
output 

6 900 
V 20 5-eq. 

(Works: B u t s , Bon Accord Nitrovan 
etc 
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Country Company Product Capacity Source 

South Transvaal Alloys (Pty) Ltd 
Africa P 0 Box 525, Niddelburg, 1050 

(Works: Wapadskloof) 

VjO, 2 000 Bushveld 
magnetite 

Spain Ferroaleaciones Bspeciales 
Austurianes SA 
Haldonado 65 Bajo, Madrid 6 
(Works: Avilés, Oviedo) 

Fe-V 800 

Sweden Ferrolegeringer Trollhatte-
verken AB 
Sveazlgen 17, Stockholm 
(Works: Trollháttan) 

Fe-V 1 000 

United London 1 Scandinavion 
Kingdom Metallurgical Co. Ltd 

45 Wimbledon Rd, London SW 19 
(Works: Rotherham, Yorkshire) 

Fe-V 600 

Murex Ltd 
Ferry Lane, Rainham, Sussex 
(Works: Rainham) 

Fe-V 1 500 Highveld 
slags; 
ashes and 
residues 

United 
States of 
America 

Atlas Corporation 
121 Norman Street, Mertztown, Pa V 20 5 

(Works: Moab, Ut) 

Cotter Corporation V 2 0 5 

2740 North Clybourn Av., 
Chicago 
(Works: Canon City Co.) 

1 400 

1 500 

Uranium-
vanadium 
ores from 
Moab Hill, Ut 

Energy Fuels Nuclear 
Blanding, Ut 
(Works: White Mesa 

VjO, U-V ores 
Colorado 
Plateau 

Engelhard Minerals * Chemicals 
Corp 
70 Wood Av.S., Iselin NJ 
(Works: Strasburg, VA.) 

Vj0 5 Residues; 
spent 
catalysts 

Foote Mineral Co. 
Dept 606, Route 100, Exttn, PA. 
(Works: Cambridge, Oh.) 

Gulf Chemical a Metallurgical 
Co 
P 0 Box 2130, Hoy 519, Texas 
City, Tx. 
(Works: Freeport, Tx) 

V 2 0 5 

Fe-V 
V-metal 
Solvan 

V 20j 

Fe-V? 

5 000 

1 000 

Highveld 
slag 

Spent 
catalysts; 
residues 
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Country Company Product Capacity Source 

USA Kerr-NcGee Chemical Corp. 
Kerr-McGee Centre, Oklahoma City, 
OK. 

(Works: Soda Springs. Id.) 

V 20j Ferro-
phosphorous 
slags 

Long Island Lighting Co 
2SO Old Country Rd, ttineola, NY V 20j 
(Works: Mineola) 

North American Net. Corp. 
127C Gaither Drive, Ht Laurel, NJ Fe-V 
(Works: Camden, NJ) 

630 
(1979) 

Fly-ash t 
slag from 
crude oil 

The Pesses Co 
29605 Hall Street, Solon, Oh. 

(Works: Palaski, Pa.) 

VjO» 
Fe-V 
V-aetal 
4 alloys 

Pioneer Uravan Inc. V 20j 
(Works: Disappointment Valley, 
Slick Rock, Co.) 

1 800 U-V ores 

Ranchers Dev. a Expl. Corp. 
1776 Montana Rd, Albuquerque No. V 20s 
(Works: Naturita, Co.) 

Shieldalloy Corp. Fe-V 
12 West Blvd, Newfield NJ 
(Works: Newfield) 

400 

Somex Ltd 
13S0 S. Virginia Ave, 
Bartlesville, Ok. 
(Works: Bartlesville) V 2 0 5 2 000 V-bearing 

residues 

Union Carbide Corp. 
270 Park Ave, New York, NY 
(Works: Niagara falls 4 
Marietta, Oh) 

V 2 0 5 

Fe-V 

Carvan 
etc 
V-metal 

4 500 
V-equivalent 

USSR Processing plants at: 
Sizhiniy Tagil and 
Chusovskoy 

VjO, 
vs 
Fe-V 

10 000 
(estimated) 
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Country 

TABLE IV.2 
MANUFACTURERS AMD SUPPLIERS OF VANADIUM 

PRODUCTS (GROUPED ACCORDING TO PRODUCTS) 

Vanadium-Bearing Slag 

Company 

China, People's 
Republic of 

South Africa 

Panzhihua Steel Combine 

Highveld Steel and Vanadium 
Corp., Witbank 

Capacity 
(tons/a) 

18,64 million 
kg V,0, as a 
25% slag 

USSR 

Austria 

Czechoslovakia 

China, People's 
Republic of, 

Finland 

Ge rmany, Federa1 
Republic of 

Great Britain 

Hungary 

India 

Japan 

Luxembourg 

South Africa 

USA 

Vanadium Pentoxide 

Treibacher Cheraische Werke AG, Treibach 

Kovohute Mnisek 

Metals and Minerals Import and 
Export Corp. 

Rautaruukki Oy, Mustavaara 

Gesellschaft fúr Elektrometallurgie 
mbti, Nurmberg 

Murex Ltd, Rainham Essex 

London and Scandinavian 
Metallurgical Co. Ltd 

Mosonmagyaróvárbei Gydr 

Mysore Iron 4 Steel Ltd 
Bhadravati, Mysore 

Shinko Kagaku Kogyo, Rinhai 

Taiyo Mining t Industrial Co. Ltd, 
Akao 

Continental Alloys SA, 
Dommeldange 

Highveld Steel and Vanadium Corp. 
Witbank (Vantra Division) 
Transvaal Alloys (Pty) Ltd 
Wapadskloof 
Ucar Minerals Corp. Ltd 
Brits and Bon Accord 

Union Carbide Corp 
Kerr- McGee Corp 
Foote Mineral Co. 

Gulf Chemical 1 Metallurgical Corp 

3 000 

7 000 

na 

na 

combined capacity 
« t 000 

2 000 

Total capacity 
estimated at 
11 500 

Total capacity 
• 15 000 
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Country Company Capacity 
(tons/a) 

USSR 

Also listed are: 

Fairmont Chemical Co. Inc. 
Pesses Co. 
Powell Metals * Chemicals Inc. 

Tula Oxide Works 
Moscow 

»9 000 

Austria 

Belgium 

Finland 

France 

Germany, 
Federal Republic 
of, 

Italy 

Japan 

Luxembourg 

United Kingdom 

Vanadium Chemicals (incl. catalysts) 

Triebacher Chemische Herke AG, 
Triebach 

Collard L Collette, Brussels 
Johnson Matthey t Pauwells, Brussels 

RautaruukJci Oy, Helsinki 

Rhone Poulenc Petrochemie 
Courbevoic 

Gesellschaft fur Elektrochemie mbH 
Dusseldorf 
BASF AG Ludwigshafen 
Dynamit Nobel AG, Troisdorf 
Grillo-Herke AG, Duisberg-Hamdbrn 
Riedel de Haen AG, Hannover 
Herman C Stark, Berlin 

Or Baslir.i Industrie Chimiche 
SpA, Milan 
Carlo Erba SpA, Milan 

Chemag Laboratori Chimici SRL 
Rome 
Metalli Preziosi SpA, Rome 
Montedison SpA, Milan 

Ninon Kagaku, Tokyo 

Continental Alloys SA, 
Dommeldange 

Amalgamated Metal Corp Ltd 
London 
ISC Chemicals Ltd., Bristol 
Sherman Chemicals Ltd, Bedfordshire 
Also listed are: 
Everitt & Co Liverpool 
London & Scandinavian Met. Co Ltd 
London 
Steetley Chemicals Ltd, Basingtoke 
Wests Industrial Products, London 
Chas. Page Co. Ltd, London 

Product 

Vanadic acid 

Catalysts 
Vanadium chlorides 
Catalysts 
Vanadates 
V-carbides and 
borides 

Ammonium vanadate 

Ammonium vanadate 
and chlorides 
Ammonium vanadate 
etc 
V-chlorides & sulphate 
V-carbide, chlorides, 
oxychloride; silicide 

Unspecified 
V-compounds 

V,0; and unspecified 
V-compounds 

Vanadium compounds 
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Country Company Product 

United States of 
America 

Air Products h Chemicals Inc. 
Allentown. Pa 
Barshau chemicals Co. 
Cleveland, Ohio 
Stauffer Chemical Co. 
Westport, Conn. 

Fairmont Chemical Co. Inc. 
Newmark, NJ 
Filo Chemical Corp. 
New York, NY 
Foote Mineral Co 
Exton. Pa. 
Kay-Fries Chemicals Inc 
Montvale, NJ 

Mackenzie Chemicals Works Inc 
Central Islip, NY 
Mooney Chemicals Inc. 
Cleveland Ohio 
The Pesses Co 
Solon, Ohio 
Powell Inc. 
Hockford, IR 
Stauffer Chemical Co 
Westport Conn 

V-Catalysts 

Miscellaneous 
V-chemicals 

Austria 

Belgium 

Brazil 

Canada 

Ferrovanadium Capacity 
(tons/a) 

Treibacher Chemische Werke AG, 
Treibach 

2 500 

Sadacem NV, Ghent 1 000 
(contained V) 

Alumex SA, Sao Paulo 100 
Acos Villares SA, Sao Paulo na 
Electrometalur SA, Sao Paulo 120 
Termoligas Metalurgicas SA, Salvador 400 

Masterloy Products, Ottawa 250 
(contained V) 

Germant Federal 
Republic 

Hungary 

India 

Gesellschaft fur Elektrochemie mbH 3 000 
Nuremburg 
Metallhutte Mark KG 300 

Hamburg 

Otvdzetgyár, Salgótarján 160 

Electric Control Gear (Pvt) Ltd 160 
Ahmedabad 
Dandeli Ferro Alloys (Pvt) Ltd 
Bombay na 
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Ferrovanadium (cont) 

Country Company Capacity 
(tons/a) 

Italy 

Japan 

Luxembourg 

Mexico 

Norway 

South Africa 

Spain 

Sweden 

United Kingdom 

USA 

Salem-SpA Leghe & Metalli, 
Alessandria 

Awamura Metal Industry Co. Ltd 
Uji City, Kyoto 
Japan Metals * Chemicals Co. Ltd 
Tokyo 
Nippon Denko, Ginza, Tokyo 
Taiyo Mining * Industrial Co. Ltd 
Kobe 

Continental Alloys SA, Donmeldange 

Ferraolaciones de Mexico SA, Balderas 

Elkem-Spigereverket A/S, Oslo 

Highveld Steel i Vanadium Corp, Witbank 
(Vantra Div) 
Ucar Minerals Ltd 
Bon Accord 

Ferroalaciones Especiales Asturianas SA, 
Madrid 

Ferrolegeringer Trolihátteverken AB, 
Trollhatten 

Ferro Alloys & Metals Ltd, Derby 
London 4 Scandinavian Met. Co. Ltd 
Murex Ltd, Essex 

Foots Mineral Co, Exton, Pa. 
North American Met. Corp. 
Mt Laurel NJ 
The Pesses Co, Solon Ohio 
Reading Alloys Inc., Robe soma Pa. 
Shieldalloy Corp., Newfield NJ 
Union Carbide Corp. Niagara Falls Ny 

SCO 

1 000 

1 050 

2 000 
600 

1 200 

150 

800 

Small scale 
"as required" 
na 

(Nitrovan «nd 
Carvan al.'.o 
produced) 

800 

500 

na 

100 
1 500 
5 000 

na 

na 
na 
na 
na 

USSR No details available Large 
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Vanadium Metal 

Country Company 

He* 

Í 
Germany, Federal 
Republic 

United Kingdom 

United States 

Herman (Starck, Goslar & Laufenburg) 

Johnson Matthey Chemicals Ltd 
Royston 
London 4 Scandinavian Met. Co Ltd 
London 
New Metals & Chemicals Ltd 
London 

Gehninq lite 
ICv Industries 
Powell Metals 4 Chemicals Inc 
United Mineral 4 Chemical Corp 

Capacity 
(tons/a) 

na 
na 
na 
na 

I 



A P P E N D I X V 

PUBLICATIONS ISSUED OR SPONSORED BY VANITEC 

The following is a list of the more important publications by 
Vanitec available as at May 1982. 

V 016: Effect of Vanadium, Nitrogen and Aluminium on the 
Mechanical Properties of Reinforcing Bar Steels, by 
A.M. Sage - Reprinted from Metals Technology, 
February, 1976. 

V 017: Vanitec Monograph No.2 -- Cold Pressing Steels. 
V 018: The Virtues of Vanadium, by Herbertson R.A. and 

Sage A.M., a paper presented at the First International 
Ferro-Alloy Conference, sponsored by Metal Bulletin, 
Zurich, October, 1977. 

V 019: A Summary of Published Data on Commercially Available 
Normalised Vanadium Structural Steels: Highveld Steel 
and Vanadium Corp. 

V 025: Vanitec Monograph No.l Rebar Steels. 
V 026: Improving Formability of SAE 980X High-Strength 

Low-Alloy ilteels while Maintaining Strength, by 
M.S. Rashid. Reprinted from S.A.E. Publication 760206. 

V 027: Vanadium Steel Maker's Profit Guardian. 
V 028: Production of High Tensile NB-V Microalloyed, 

20-40 mm thick Pipe Steel through controlled 
rolling, by E. Rasanen, P. Alasaarelan and K. Miellityin 
Reprinted from Metals Technology, November, *977. 

V 029: Dual Phase and Cold Pressing Vanadium Steels in the 
Automobile Industry, Proceedings of Seminar in 
Berlin, October 1978. 

V 035: X70 Vanadium Steel -- Report on Development of Steel 
for Line Pipe, by A.M. Sage. 

V 036: Effects of Some Variations in Composition on 
Mechanical Properties of Control-Rolled and Normalized 
Vanadium Steel 12mm Plates by A.M. Sage, D.M.Hayes, 
C.C. Earley and E.A. Almond. Reprinted from Metals 
Technology, July, 19'6. 
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V 037: Supplement to Vanitec Monograph No.2. 
V 038: Spotlight on Vanadium, by R.K. Evans. Reprinted 

from Metals and Materials, April 1978. 
V 048: Dual Phase Steels in the Automobile Industry. 
V 111: The use of Vanadium in High Strength Steel Pipelines 

Produced in Europe The Americas and Japan, by A.M. Sage 
V 120: Vanadium in Rail Steels, Proceedings of a Seminar held 

in Chicago. 
V 121: Vanadium-bearing reinforcing bar steels, three papers 

presented at the Vanitec/SITPH vanadium steel 
conference, Cracow, October, 1980. 

V 129: Dual Phase and Cold Pressing Vanadium Steels in the 
Automobile Industry -- Proceedings of Seminar in 
Berlin, October, 1978. 

V 130: Availability of Vanadium to 2000 A.D. and Beyond, 
by A.M. Sage, 1979. 

V 139: Vanadium Steel Castings, a review of published papers, 
1940-1978, by W.J. Jackson (Steel Castings Research and 
Trade Association). 

V 140: Vanadium in High Strength Steel,--Proceedings of 
Seminar in Chicago, November, 1979. 

More recent reports prepared by or on behalf of Vanitec, and 
which appear at present to be only available in roneoed form and 
not as printed brochures or bulletins, include: 

1. Studies of the Development of Vanadium Engineering 
Steels Part I, Substitution of vanadium for other alloy 
additions in Q-T Low-Alloy Steels. 
by Roberts W. and Sandberg A. of the Swedish Institute 
for Metals Research. 
Reference: PPP 20/12/81, dated September 1981. 

2. Current and Potential Uses for vanadium in Steel. 
Part II - The effects of vanadium on hardenability. 
Part III - The effects of vanadium on temperability. 
by Pickering F.B. of Sheffield Polytechnic. 
Reference: PPP 20/16/81, dated September 1981. 
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Development of X70 Grade Line Pipe Steels. 
The influence of vanadium on the transformation 
characteristics of high strength line pipe steels. 
by Cochrane R.C. and Morrison W.B., of British Steel Corp 
Reference:- PPP 19/14/81, dated February, 1981. 
Development of X70 Grade Linepipe Steels. 
Effect of rolling schedules on structure and properties 
of 0,45% vanadium weldable steel for X70 Pipelines. 
by Sage A.M., Highveld Steel and Vanadium Corporation. 
Reference: PPP 19/15/81, dated February 1981, to be 
published in Metals Technology, March, 1981. 
Development of X70 Artie Grade Linepipe Steels. 
Welding trials on 0,45% vanadium linepipe steels. 
by Boothby P.J. and Hart P.H.M., of the welding Institute. 
Reference: PPP 19/16/81, dated March 1981. 
Hardenabilities of Vanadium-Modified 4330 Low Alloy 
Construction Steels. 
by Mangonon P.L., of Foote Mineral Company. 
Reference: PPP 19/8/81, Foote Mineral report FASRAD 80-4. 
Dated August, 1980. 


