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1. METALLIC VANADIUM

Vanadium occurs in Group V of Mendeleev's Periodic
System of the elements. Among the metals of industrial
importance, vanadium occupies the seventh position, after
chromium, in abundance in the Earth's crust, and in this
respect considerably surpasses niobium and tantalum, and
also molybdenum and tungsten.

The vanadium atom has an unfilled d shell, so that vana-
dium is a transition metal.

The electronegativity series of the metals (according
to the “Project for the Nomenclature of Inorganic Com-
pounds”!) vanadium occupies an intermediate position, i.e.
it can be to equal extents an electropositive metal (with
respect to metals following it in the electronegativity series)
and electronegative (with respect to metals which precede
it). This confers on vanadium a special chemical charac-
ter, and the variety of its chemical compounds is consistent
with its position in the electronegativity series of the metals.

Vanadium is among the most difficult of metals to obtain
in a pure form. Owing to its great reactivity at high tem-
peratures it gives a series of stable refractory compounds
with non-metals. Metallic vanadium is able to absorb con-
siderable quantities of hydrogen. It is only now, when new
methods have been developed for preparing vanadium of the
highest purity, containing less than 0.05% of impurities,
that its physical and mechanical properties canbe regarded
as firmly established.

Table 1 gives the chemical composition of various grades
of vanadium, including both the ductile metal and the brittle,
aluminothermic material. To this table should be added
the fact that extremely pure vanadium (99.99%) has recently
been produced? for some new branches of technology. It
is prepared in the form of single crystals by the secondary
refining of the 99.5% vanadium by methods involving elec-
trolysis, vessel-free zone melting, electron-beam melting,
etc.?
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TABLE 1. Composition of different grades of vanadium (in wt. %).
Grade of vanadium
Element aluminothermic chloride (metal carbothermic calciothermic iodide
sponge)
v 95.37 90.5—99.6 99.73 99.63—99.8 99.88
o 1.54 0.14—0,57 0.045 0.01—0.1 0.012
N 0.066 0.01 0.020 0.005—0.004 0,008
H 0,062 0.001 — 0.005 0.005
C — — 0.20 0.12—0.05 —
Si .96 — — 0.04 0.002
Fe 0.78 0.03—-0.1 - 0,001—0.05 0.07
Ca — — — 0,001—0.05 —_
Mg — 0.07—1.20 — — —
Al 0.61 — — 0.01 0,05
Cr — — — — 0,002
Mo - — - —_ 0,005
TABLE 2. Principal properties of vanadium.
Crystal structure up to 1550° body-centred cubic
o
l.attice constant, A 3.034
Specific gravity at 20° 5.8
Melting point, °C 1900 % 25
Heat of fusion, cal mole™ 4185
Fatropy of fusion, cal g™ deg™ 2.1
Boiling point, °C 3000
Volatility at the melting point very low
Specific heat at constant pressure over the temperature
range 20°—100°, cal g deg™ 0.120
Thermal conductivity, cal em™ sec™, at 100° 0.074
Ditto at 500° 0.088
Coefficient of linear expansion (200°—1000°) 8.95 x 10
Flectrical resistivity at 20°C, Q cm 26 x 10~
Temperature coefficient of resistivity (25°—100°) 28 x 107
Magnetic susceptibility, c.g.s. unit 1.4x107°
Vickers hardness
iodide vanadium 70
cold-rolled iodide vanadium 120
calciothermic vanadium 143
Young’s modulus, kg mm™ 14 070
Modulus of rigidity, kg mm™ 4730
Tensile strength, 0y, kg mm™ 22.2
Proportionality limit, kg mm™ 8.5
Proof stress Uso.yr KE mm”™ 10.7
5.z kg mm™ 116

The physical and especially the mechanical properties of
vanadium of varying chemical composition have been des-
cribed in detail3. Table 2 gives the chief properties of
vanadium of 99.7-99.9% purity.

The plastic properties of pure metallic vanadium are
changed markedly even by oxygen contents as low as 0.05%
and nitrogen as low as 0.03%. Therefore the ability of a
specimen of vanadium to undergo various types of mechani-
cal working may be regarded as a measure of its purity,
since appreciable quantities of oxygen, nitrogen, and
hydrogen make it an extremely brittle and hard material.

Pure vanadium has low tensile strength, high plasticity,
low specific gravity, high corrosion resistance, and a high
melting-point, resembling in this respect titanium and zir-
conium.

2. METAL CHEMISTRY OF VANADIUM

The solution of the problem of the industrial production
of pure vanadium in the 1950s and the demands of various
branches of industry for newmaterials enabled a systematic

study to be undertaken of the chemical interaction of vana-
dium with various elements and of the phase equilibria in
metallic systems based on vanadium.

The start of this systematic investigation can be regarded
as Rostoker's study* of the solubility in vanadium of twenty-
-one elements of the Periodic System, with suggested equi-

librium diagrams for several of the systems investigated.

Many investigations have been published recently on equili-
brium diagrams of binary and ternary systems based on
vanadium, in which pure metals were used.

The problem of the interaction of vanadium with other
elements can be worked out on the basis of the general laws
governing the formation of metallic solutions and inter-
metallic compounds, established by Hume-Rothery?®, Ageevs$,
Kornilov?, and others. The formation of solid solutions is
determined by the following conditions: (1) similarity in the
chemical properties of the metals, following from their
positions in the Periodic System and in the electronegativity
series of the elements; (2) a small difference in atomic
radius between the elements, not exceeding 8-10% for the
formation of continuous solid solutions, and 14-18% for
restricted solid solutions; and (3) isomorphous crystalline
structure for the formation of continuous solid solutions.

As the difference in chemical properties between the
elements increases, intermetallic compounds are formed
until there is a transition from the intermediate type of
semiconducting compounds to compounds of ionic type.

TABLE 3. Difference in atomic diameter between vanadium and
the other elements of the Periodic System.
Atomic N Atomic s
Group | Element | diameter, D'“',,’;"ce' Group | Element diometer, |- ifference,
%* ; P
p 8 Fe 2.54 5.5
Subgroup A - 8 I Co 2,50 7.05
1 1 H 1.20 55.3 8 ‘ Ni 229 70>
! Li 3.13 16.3 8 | Ru 2.67 0.74
1 Na 3.83 42.6 8 | Rn 568 037
1 X 4.7 n.1 8 Pd 2175 2.2
1 Rb 5.40 100.7 8 0s 570 037
1 Cs 5.40 100.7 3 I 271 0%
2 Be 2.2 16.3 8 Pt 2.88 7.05
2 Mg 3.20 18.9 Sub o
2 Ca 3.93 45.9 ubgrour .
2 Sr 4.29 59.4 t ] Cu 2.55 5.2
2 Ba 4.48 66.5 11 Ag 2.883 7.05
2 Ra _ = 1 Au 2.877 6.7
3 B 1.94 27.9 2 Zn 2.748 22.2
3 Al 2.80 4,08 2 Cd 3.042 13.1
3 Sc 3.02 12.2 2 Hg 1 __3.10 15.2
3 Y 3.62 3.6 3 Ga 2.7 1.86
4 Ti 2.93 8.2 3 In 3438 | 16.6
4 Zr 3.19 18.8 3 Tl 3.427 27.4
4 Hi 3.17 17.8 N T S S S
4 | c 1.54 42.8
4 Th 3.60 33.8 4 Si 2134 13.01
5 \4 2.69 — 4 Ge 2.18 3.3
5 Nb 2.94 9.3 4 Sn 3.168 | 17.8
5 Ta 2.94 9.3 4 Pb 3.494 | 29.8
6 Cr 2.57 4.46 5 | N | 142 | 412
¢ Mo 2.80 4.08 5 p 2020 18.2
6 w 2.82 4.82 5 As 2.80 4.08
6 U 2.81 4.46 5 Sb 3,208 2.0
7 Mn 2.60 33 5 Bi 3640 | 35.2
7 Re 2.75 2.2

* Sic. It is not clear whether kX or A is intended. For
accepted atomic diameters the reader may consult W. Hume-
-Rothery, “Elements of Structural Metallurgy”’, Institute of
Metals Monograph and Report Series No.26, 1961, pp.38—39 (Ed.
of Translation).
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Work on the laws governing the formation of intermetallic
compounds has been surveyeds?.

The above conditions for the formation of solid solutions
and intermetallic compounds have been verified many times
in connection with the solubility of elements in iron, nickel,
chromium, and titanium 7»°-!2, These same generalisations
can be applied to the study of the formation of solid solu-
tions and compounds of vanadium.

Table 3 gives the difference in atomic diameter between
vanadium and elements arranged according to their position
in the Periodic System. These data are important in
determining the nature of the interaction between vanadium
and the other elements. Below we shall examine published
data on the interaction of vanadium with other elements in
the order of their position in the Periodic System.

3 INTERACTION WITH ELEMENTS OF GROUP I

Data are available on the interaction of vanadium only
with hydrogen, copper, silver, and gold. The interaction
of vanadium with hydrogen has been discussed in a mono-
graph by Mikheeva on the hydrides of the transition metals 13.

Since the absorption of hydrogen greatly increases the
hardness of vanadium, several authors have suggested that
a solid solution of hydrogen in vanadium is fermed, but
what type of solid solution is obtained is unknown. Ab-
sorbed hydrogen can be removed from the metal by heating
in a vacuum to 400°. This indicates the instability of vana-
dium hydrides as chemical compounds. A vanadium
hydride containing 38.6-50 at.% of hydrogen is obtained 4
by reducing V,0, with calcium hydride in a stream of
hydrogen at 1175° for 45 min. This hydride is dark grey
to black. It was first discovered by Hagg in a study of the
adsorption of hydrogen by vanadium on heating!5. The ad-
verse effect of hydrogen on the physicochemical and mech-
anical properties of vanadium is noteworthy.

The alkaii metals differ greatly from vanadium in
chemical properties and in atomic diameter. Therefore
vanadium should not interact with them, apart, perhaps,
from lithium. It is because they do not interact with vana-
dium that alkali metals can be used to reduce its compounds
and to obtain pure vanadium uncontaminated by these ele-
ments

Metals of the copper subgroup (Cu, Ag, Au) are charac-
terised by completion of the d electron shell and have a
smaller tendency to give solid solutions with metals of the
transition groups, including vanadium

Copper forms with vanadium a restricted series of
solid solutions. Rostoker and Yamamoto* consider the
limiting solubility of copper in vanadium to be 5.5~-8 at.%.
In the copper-vanadium equilibrium diagram it is suggested
that a region of liquid immiscibility exists between 20 and
80 wt.% of copper, but these data must be regarded only as
tentative !®. For silver there are only isolated data on the
mutual insolubility of the metals in both liquid and solid
states?.

The gold-vanadium equilibrium diagram has been pub-
lished recently!? (Fig.1): the solubility of gold in vanadium
is 19 at.% at 1520° and 8 at.% at room temperature. A
peritectic reaction between the melt and the a solid solution
of gold in vanadium at 1520° yields the compound V,Au
(24 at.% Au), which has a small range of homogeneity. At
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1400° a solid solution of vanadium in gold is formed by the
peritectic reaction: :

L + VAu=vt.

The gold concentrations in the phases are then: L 44,
V;Au 28, and ¥ 41 at.%. The solubility of vanadium in gold
is 59 at.% at 1200°, and 48 at.% at room temperature.

As the temperature falls the y solid solution yields two
intermetallic compounds of Kurnakov type, V;Au, and VAu,,
which are formed at 735° and 565° respectively. Both
compounds have regions of homogeneity, and coexist in the
eutectoid equilibrium at 460°. The region of the diagram
within which both phases exist lies between 56 and 85 at.%
gold. VAu, has the MoNi, type of structure with a = 6.39kX
and ¢/a = 0.622. The structure of VAu, has not been estab-
lished. V,Au is isomorphous with V,Co, V,Ni, and V,Pd,
its lattice constant being 4.87 kX.

4. INTERACTION WITH ELEMENTS OF GROUP II

Group II metals of subgroup A, like the alkali metals,
differ considerably from vanadium in chemical properties
and atomic diameter, and therefore they should not form
solid solutions with it. Beryllium is an exception (the
difference in atomic diameter being 16.3%). The limiting
solubility of beryllium in vanadium is 0.8 wt.% (4.3 at.%).
The equilibrium diagram of the beryllium -vanadium system 4
is of eutectictype, the eutectic point being at Be 49.9 at. %,
1680°. X-Ray examination of this system has revealed
a VBe, phase, isomorphous with MgZn, and possessing a
hexagonal structure, and a phase VBe,,, which belongs to
the ThMn,, type 8.

Since magnesium and calcium do not interact with vana-
dium their use is widespread in the development of methods
for obtaining vanadium from its compounds such as chlor-
ides, oxides, and sulphides.

The interaction of vanadium with Group IIB elements
(zinc, cadmium, and mercury) is not discussed in the lite-
rature. In view of the considerable difference in atomic

1 Here and subsequently, L = liquid phase.
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diameter and the great difference in melting point and

boiling point, it is difficult to suppose that they can interact

with vanadium to form solutions and compounds.

5. INTERACTION WITH ELEMENTS OF GROUP III

Among the elements of subgroup A in Group I, boron,
which has a small atomic diameter, is able to yield very
dilute solid solutions with vanadium, and to form with it a
series of metallic compounds, the borides. The solubility
of boron in vanadium does not exceed 2 at.%.* Rostoker
and Yamamoto have confirmed by X-ray diffraction the
existence of the vanadium borides VB (17.52 wt.% B) and
VB, (29.81 wt.%). VB has an orthorhombic lattice of the
CrB type, and is apparently formed* by a peritectic reac-
tion between VB, and the melt at 1780°. VB, has a hexa-
gonal structure and is isomorphous with other diborides
(Ti, Zr, Nb, Ta)B,. Such borides as V,B, (isomorphous
with Ti,B,, W,B,, and Cr,B,)!? and V,B, ® are known.

A tentative equilibrium diagram for the boron-vana-
dium system has been suggested recently (Fig.2)2!. The
starting materials were vanadium containing < 0.5% im-
purities and boron powder containing B 96, Mg 0.9, Fe0.14,
8i0.1%, and a considerable amount of oxygen. Alloys
were prepared from the powders by sintering under pres-
sure in argon at 1600° for 12 h, and by normal sintering in
argon in a tubular tungsten furnace at 1800° for 4 h. Under
such treatment the alloys rich in vanadium and those rich
in boron melted.

The presence in the vanadium-boron system of the pre-
viously known borides VB, V,B,, and VB, has been con-
firmed by means of X-rays, and a new compound VB, has
been found. However, the existence of the previously re-
ported compound V,B; was not proved, either inthe sintered
or in the cast specimens. The concentration range of the
homogeneous regions of these borides was not established
by the X-ray examination, but it is assumed to be small.
Melting-point determinations using a micropyrometer and
studies of the riicrostructure indicate that the compounds
V;B,, VB, and VB, melt without decomposition, whereas
V;B, is formed by a peritectic reaction. The eutectic re-
action

L=V,B, +«a
takes place at 1550° and 15 at.% B. The position of the

boron, wt. %

o
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Fig.3. Equilibrium diagram of the aluminium—
vanadium system.

second eutectic, adjacent to the opposite side of the dia-
gram, has not been determined exactly. Methods for pre-
paring the various vanadium borides and their properties
have been reviewed 22,

The aluminium-vanadium equilibrium diagram is shown
in Fig.3. The alloys were prepared from ductile vanadium
obtained by reduction with calcium. In contrast to Rostoker
and Yamamoto's work, in which alloys containing up to
70 wt.% vanadium were studied, later workers2® investi-
gated thoroughly the whole system, and made additions
and corrections to the equilibrium diagrams suggested pre-
viously. Thus a new 6 phase was discovered, which is
formed by a peritectic reaction between the liquid phase and
vanadium solid solution at 1670°. It contains 54.2 wt.%
(38.5 at.%) vanadium, corresponding to the formula V;Al,.
This is the only phase which has a wide homogeneity range.
Two other phases, ¥ (VAl,), melting at 1360°, and 8 (VAL),
which melts incongruently at 735°, were described earlier
by Rostoker and Yamamoto. They were the first to detect
the B phase. A peritectic reaction between the liquid and
the B phase at 658° yields a new a phase, which canbe given
the composition VAL, (14.6 wt.% or 8.3 at.% V). It can
also be regarded as a solid solution of VAL, and V,Al,,.
The solubility of vanadium in aluminijum is low,0.37 wt.%
(0.19 at.%) at 660°. Neither the formation of a compound
by a peritectic reaction at 1215°, which had been suggested
by Rostoker and Yamamoto, nor the existence of such
phases as V,Al, VAL, V,Al,, VAL, and VAl, could be con-
firmed2. The crystal structure of an @’ phase in an alloy
containing 2.5 wt.% aluminium has been studied?¢. The
parameters of the monoclinic @’ phase are a = 25.604 +
+0.014, b = 7.6213 + 0.0018, ¢ = 11.081 + 0.012 A, and
B =128°55’. The composition of the @’ phase was found to
be V.Al, from the density and the volume of the unit cell.
Positions are given for all the atoms, together with the
interatomic distances and the coordination, and the simi-
larity in structure between the o’ phase and the o and
B phases is noted.

The equilibrium diagrams for the systems formed by
vanadium with the remaining elements of Group III of the
Periodic System, including the lanthanides, are unknown.
The fact that pure vanadium is obtained by reducing V,0;
with a mixture of lanthanides indicates that these metals do
not form appreciable ranges of solid solutions with vana-
dium. Recently an investigation has been made of the
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interaction of vanadium with lanthanum 2. The alloys were
made from carbothermic vanadium (99.3% V) and from lan-
thanum of purity 98.5% in an arc furnace in an atmosphere
of helium (0.5 atm) by remelting four times. Fig.4 shows
the equilibrium diagram for the lanthanum-vanadium system.
This diagram has a broad miscibility gap inliquid and solid
states. The microstructure of alloys containing 4-99.5%
lanthanum showed the presence of two layers, ¥ rich in
vanadium and o rich in lanthanum. Alloys containing <4%
or >99.5% lanthanum have a two-phase structure. Lan-
thanum and vanadium form restricted solid solutions. The
solubility limit of lanthanum in vanadium is 0.1% at 20°,
and 0.47% at 1650°. The solubility .of vanadium in a- and
B-lanthanum is <0.5%, and also increases with rise in
temperature.

Addition of lanthanum to vanadium causes a marked de-
pression of the melting-point of the latter to 1680°, which
is a monotectic temperature. At 890° the peritectic reac-
tion L + ¥ = B results in formation of the 8 solid solution
based on lanthanum. Vanadium raises the polymorphic
transformation temperature of lanthanum, a solid solution
based on a-La being formed at 700° by the peritectoid re-
action y + = a. The ease of oxidation of alloys contain-
ing >0.5% lanthanum was noted.

Vanadium does not form solid solutions with elements of
the ITIB subgroup (gallium, indium, and thallium), in con-
formity with the difference in chemical properties and the
ratio of their atomic diameters. The properties of the
intermetallic compound V,Ga have been described®. At
17°K it is superconducting. There is evidence that at 0°K
the critical magnetic field of this compound may reach
more than 500 000 oersteds.

6. INTERACTION WITH ELEMENTS OF GROUP IV

The elements of subgroup A in Group IV (titanium and
zirconium) interact with vanadium to form solid solutions.
The nearest neighbour to vanadium in the Periodic System,
titanium, has a similar atomic diameter, and at high tem-
peratures its lattice (8 modification) is isomorpheus with
that of vanadium. Hence in this modification it should
form a continuous series of solid solutions on crystallisa-
tion with vanadium. The equilibrium diagram of the titan-
ium-vanadium system has been thoroughly studied?s,27,
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The version in Fig.5 is based on Adenstedt ef al.?® The
liquidus has a minimum at 31 at.% V. Vanadium markedly
lowers the polymorphic transformation temperature of
titanium, and consequently the area of the a phase region
is small. The o + B two-phase region extends at 650° to
21 at.% vanadium. This equilibrium diagram 2¢ has been
confirmed by other work%:27, the differences amounting
merely to a somewhat different solubility of vanadium in
a-titanium.

Titanium-vanadium alloys containing 15-17 wt.% V
undergo marked precipitation hardening, which increases
appreciably the hardness, diminishes the plasticity, and
produces a considerable change in the lattice constant 2.

The X-ray photograph of a titanium-16% vanadium sin-
gle crystal which had been aged at 460° for 30 min showed
reflections due to a new w phase, the unit cell of which can
be assigned to the hexagonal system with constants of
a=460A andc =2.82A. Thew phase is a metastable
phase. A study has been made of the kinetics of its forma-
tion in alloys containing 15 and 17.5 wt.% vanadium 2.
After homogenising in the 8 region (900°-950°) the speci-
mens were quenched in water, and then maintained at tem-
peratures of 200° to 700°. During this treatment, the
w phase was precipitated. Brief heating of the aged alloys
at temperatures above 550° results in almost complete dis-
solution of the w phase. = When the specimens are main-
tained a second time at lower temperatures, the w phase
is formed afresh, in smaller amount the longer the speci-
men had been previously maintained at the temperature of
dissolution of the w phase.

The variation of the modulus of elasticity and of the
internal friction with composition of quenched and annealed
titanium-vanadium alloys has been investigated®. The
starting materials were vanadium of 99.5% purity and sponge
titanium having Hg = 130 kg mm~2.

Fig. 6 shows the concentration dependence of the modulus
of elasticity and the internal friction of the alloys at room
temperature. Analysis of the curves indicates that the
minimum value of the former and the maximum value of
the latter for quenched alloys are located in the region of
the martensitic @ phase, while the maximum Young's
modulus occurs within the range of the 8 phase. The criti-
cal concentrationfor stabilisationof the 8 phase is 14.5 wt.%

2200 o
2000} L

L
1800 :\\\ [ L

24 B
100 |-
o0
1200 |- B
000 -

d
00 + ap >2§
LA

‘Iaﬂ 0 40 60 s w00

7 Ti, wt. % Ti

Fig.5. Equilibrium diagram of
titanium—vanadium system.
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Fig.6. Variation in Young's modulus E and in
internal friction v with composition of titanium—
vanadium alloys.

of vanadium°. From a study of the temperature depend-
ence of the modulus of elasticity it has been concluded®
that, with titanium~-vanadium alloys having the j structure,
the first step in the formation of the w phase takes place
below 280°, the w phase is formed above 280°, and the
equilibrium phase separates above 500°.

With zirconium, vanadium forms restricted solid solu-
tions, in conformity with the great difference in atomic
diameter. The limiting solubility of zirconium is less than
1.7 at.% at 1000°, and still smaller at room temperature.
Fig.7 reproduces the equilibrium diagram of the vanadium-
zirconium system+. Although vanadium and titanium do
not form any compounds, the vanadium-zirconium system
yields the compound ZrV,, which is formed by a peritectic
reaction between the vanadium solid solution and the melt
at 1740°. This compound is in eutectic equilibrium at
1360 ° with the zirconium solid solution.

No information is available in the literature on the inter-
action of vanadium with hafnium. From the ratio of the
atomic diameters it can be supposed that hafnium, as the
closest congener of zirconium,, will give extremely re-
stricted series of solid solution with vanadium. For the
same reasons thorium should not dissolve at all in vana-
dium in the solid state. The vanadium-thorium equilibrium
diagram 3! in Fig.8 shows a simple eutectic type of system.
The eutectic is located at V ~19 at.%, 1400°.

Carbeon and silicon interact with vanadium to form
extremely restricted solid solutions and a series of com-
pounds, of the carbide and silicide types.

Owing to the great difference in atomic diameter, car-
bon forms extremely restricted solid solutions with vana-
dium 32,33, The small atomic diameter of carbon results in
the formation, as in its interaction with iron, of solid solu-
tions of interstitial type. According to Schonberg?3, the
solubility of carbon in vanadium is 0.2 wt.% (1 at.%) at
1000°.

Much work has been done on the carbide phases of
vanadium, and this has been critically reviewed3:3¢, The
equilibrium in the carbon-vanadium system has been in-
vestigated? up to 19 wt.% carbon, the proposed diagram
being reproduced in Fig.9. Schonberg used 99.7% vanadium
for preparing vanadium-carbon alloys and reported two
carbide phases, V,C and VC. The hexagonal V,C phase had
a homogeneity range of 8-10.5 wt.% (27-33 at.%). The VC
phase had the homogeneity range of 15.1-18.5 wt. % (43—

49 at. %) carbon.
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Fig.7. Equilibrium diagram of the vanadium-
zirconium system.
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Fig.9. Equilibrium diagram of the carbon—
vanadium system.

Gurevich and Ormont ** studied the structure of the car-
bide phases of vanadium containing up to 18 wt.% carbon
and 0.14 wt.% oxygen. They concluded that the carbide
phases, whatever their mode of preparation, contained a
certain amount of oxygen in the form of oxide carbides.
Apart from the known carbides V,C and VC, which these
workers % regard as oxide carbides, a new phase was dis-
covered having a homogeneity range roughly from VG, .50,0.1
to VC, ,0,_,.,4 and a face-centred cubic lattice with con-
stants of 4.115~4.130 kX. The existence of such phases as
V,C and V,C, which Osawa and Qya® found in this system,
has been denied*s34,35,
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The solubility of silicon in vanadium is less than 5 wt.%
(6.4 at.%) close to the melting point of vanadium, and less
than 2.5 wt.% (3 at.%) at 900°. The eutectic reaction

L=V +VSi

is said? to take place in vanadium-silicon melts on the
vanadium side at 1840°. A study of the microstructure of
the cast alloys showed that, at temperatures above 2000 °,
a peritectic reaction takes place between the liquid phase
and V,Si with the formation of a new phase, the composition
of which was not determined and was tentatively assumed to
be VSi. X-Ray structural analysis has established 3’ the
lattice type and the composition of the unknown silicide,
which corresponds to the formula V.Si, and is isomorphous
with Ta.Si,, B-Nb,Si,, Cr,Si;, Mo,Si,, and W;Si,. Kieffer
et al.®® confirmed this structure and composition, and gave
the silicon-vanadium equilibrium diagram shown in Fig. 10.

A series of papers on silicide systems by the Austrian
scientist Nowotny 37,3 are of great value in the search for
extra-hard heat-resistant materials. All the vanadium
silicides shown on the silicon-vanadium equilibrium dia-
gram were prepared, and the systems formed by the sili-
cides were studied.

Table 4 summarises Nowotny's results on the nature of
the interaction between vanadium silicides and those of
other metals.

The VSi,-TiSi, system has been studied in greater de-
tail®. Fig.11 shows the variation in the physical proper-
ties of such alloys, which are very heat-resistant. Their
addition to other alloys, which readily oxidise on heating,
considerably increases the heat-resistance of the latter.

Table 5 gives the chief properties of the vanadium sili-
cides 34,38,40,41

Si, wt, %
o 755 X, 24
200 t—T2 M 120
a ‘\
2000 ’f—— \
WA
1800
1500 —fm-‘,‘;’ =
H 3
i
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VoY 513' LZ lz 1
U I . O
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Si, at. %

Fig.10. Equilibrium diagram of the
silicon-vanadium system.

TABLE 4.
VSi, VSiy 1 V,Si
continuous restricted . continuous restricted continuous restricted
solid solid m;"'{"l'fm solid solid ‘ solid solid
solutions solutions | *° ubility | golutions solutions solutions solutions
NbHSiy TiSiy 7S, TagSis ZrsSis ‘ Cr,Si —
MoSi. I NbsSis Mo,Si _
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In the vanadium-germanium system, alloys containing
29-83% of vanadium have been studied by X-ray micro-
structural methods4?. Apart from the known germanide
V,Ge, which belongs to the Cr,Si structural type®s, the
existence of a new compound V;Ge; was established2, this
having a structure of the MnSi, type (@ = 7.270 kX, ¢ =
= 4,960 kX, c¢/a = 0.676). In rapidly cooled alloys this

meper °C 425
e L
1600 Gonsity —(07
< { 022

1500 m.p,
\\ 1000
1400 ] hq;‘;;.\“ ;ﬂoa
I W g

Wiz TSy, mole % 19

Fig.11. Variation of physical properties
in the VSi,-TiSi, system.

TABLE 5. Principal properties of vanadium silicides.
Silicides
Property V,Si V,Sis vsi,
Silicon content, % 15.5 24.8 52.4
Structure cubic tetragonal | hexagonal
Lauiceo constants, kX
a, A 4.712 9.41 4.562
e & - 4.74 6.359
c/a - 0.504 1.394
Density (experimental), g cm™ 5.67 4.80 4.71
Microhardness (100 g load) kg mm™ 14301560 |1350—1510 | 1090
Melting point, °C 1730 2150 1670
Electrical resistivity (25, pf) cm - - 9.5
Temperature of transformation to
superconducting state, K 17.0 - -
Change in weight on oxidation,
kg cm™, at 1250° 63.0 -1.7 +25
at 1400° - -600 -12
Standard heat of formation, AH 34,
kcal mole™ ~2749 —~96+46 —75421
o Sn, wt. %
PR R
k
1800 Pv—t=
\ @3
W\ \ =
1500 - -l
\
wap |4
A
1200 |+ >
Vel N
1000 “{% -
R \
800 bN
AY
My w s a0 e
v Sn, at. % on
Fig.12. Tentative equilibrium diagram

for the tin~vanadium system.
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compound is in equilibrium with germanium and with the
compound V,Ge. Formation of a solid solution of germanium in
vanadium is possible on the basis of the ratio of their
atomic diameters.

Fig.12 shows a tentative equilibrium diagram for the
tin-vanadium system* based on X-ray and microstruc-
tural examination of ten alloys which had been annealed at
various temperatures up to 1100°. The maximum solubil-
ity of tin in vanadium (& solid solution) is approximately
20 wt.% (10 at.%). The compound V,Sn (47.71 wt.% Sn) has
a cubic lattice with the constant*® a = 4.94 A, and is formed
by the peritectic reaction:

L +a=YV,5n.

There is no reference in the literature to the interaction
of vanadium with lead. From the ratio of the atomic dia-
meters it would appear that solid solutions would not be
formed in this system.

7. INTERACTION WITH ELEMENTS OF GROUP V

Niobium and tantalum, Group VA elements, are direct
analogues of vanadium, having anisomorphous crystal struc-
ture and a small difference in atomic diameter compared
with vanadium. It is this which governs their interaction
with the latter metal.

One of us predicted, during an investigation of the for-
mation of continuous series of solid solutions of the transi-
tion metals, the formation of such solutions of vanadium
with niobium and with tantalum 2. Later experimental
work on vanadium alloys containing up to 70 wt.% niobium *
supported this prediction. Alloys in the neighbourhood of
36 at.% niobium showed, after being annealed at 900°,
some signs of a transformation in the solid state. This
was ascribed* to the formation of a o phase, which is very
characteristic of alloys of transition metals. Later any
hypothesis of intermediate phase formation in the niobium-
vanadium system was rejected, and an equilibrium diagram
with a continuous series of solid solutions was proposed
(Fig.13)4". The liquidus curve is characterised by a mini-
mum at 1810° and 35 wt.% niobium.

A study has been made*? of the heat-resistance, mech-
anical properties, and corrosion in boiling aqueous media
of alloys of vanadium containing 20-50 wt.% niobium. Fig. 14

Nb, at. %
of 020 30 40 50 60708090
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T T 1T

LA T T
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2000} 1950 2
oo T80
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1200}
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V 10 20 30 40 50 &0 70 80 90
b, wt, %

Fig.13. Equilibrium diagram of the niobium-—
vanadium system: 1) end of crystallisation;
2) start of crystallisation.

shows that the addition of niobium to vanadium greatly in-
creases the corrosion resistance in boiling H,SO, and HNO,.
In moist chlorine at room temperature such alloys corrode
at a rate of 25 p per annum. The alloy containing 50%
niobium is the most corrosion resistant in all the media
examined.

Table 6 shows that alloys based on vanadium possess
inadequate resistance to oxidation during prolonged service
in air above 700°, although additions of niobium suppress
the formation of liquid oxides. ~However, the relatively
simple alloys containing 60% of vanadium and 40% of nio-
bium show such a high corrosion resistance at high tem-
peratures that they are fully able to compete with the best
industrial alloys based on iron or nickel, especially if the
comparison is made on the basis of specific strength.

A study has been made * of alloys containing up to 80 wt.%
tantalum, which in the cast state consist solely of solid
solution. Alloys within the range 25-80 wt.% tantalum,
after being annealed at 900°, contain a second phase, which
on the basis of the X-ray diffraction pattern, is ascribed* to
the family of o phases.

In an investigation“® of the structure and properties of
tantalum-vanadium alloys undertaken with the aim of con-
structing the equilibrium diagram of the system, the initial
vanadium contained Al 0.5, Fe 0.22%, and an appreciable
quantity of oxygen. The alloys were prepared in an arc

85%HNg; HEL HyS0,
] \
= 300 \\ 5o\
° HCL| N
> st \ \_30%
§ wop A\ \@
g 0%
§ 0 \Qm/L \ 0%
5 o} N Mes \wq‘
2 Sso L 5%
® s} @1
1.2 1 I/l 11 ’?a/" H:lsu‘ A
01020304050 0 10 20 354050 0 19 20 3040 50

Nb, wt. %

Fig.14. Corrosion resistance of vanadium-—
niobium alloys in boiling media.

TABLE 6. Corrosion and mechanical properties of vanadium—
niobium alloys.

3 Equilibrium rate_of Tensile strength, Proof stress, @, 5, £l i

T oxidation, mg em™ h™ 0, kg mm*? kg mm"? ongation, %

§- ;. room room room

E 700° 800° l 900* temp. 700° | 100G> temp. 700* 1000° temp. 700° | 1000°
0V | 14,4 | 32.6*| — | brittle |88.9] — — {637 — — 24 —
30 Nb fracture
60 V 9.8 | 57.4 | 64.0*| brittle |71.6]24.4] — |63 2161 — 7.4 8
40 Nb fracture
50V 8.7 [312.0 [510.0%] — —_| = — — — - — —
50 Nb i

* Some liquid phase ohserved.,
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furnace in an atmosphere of argon, the beads being remelted

Vanadium forms a series of phosphides VP,, VP, and

six or seven times in view of the great difference in melting VP, (several phases on the phosphorus-vanadium equili-

point and density between the components. Alloys contain-
ing up to 50 at.% Ta were annealed at 1600°, and those con-
taining more than 50 at.% Ta at 1800° for 3 h. The results
(Fig. 15) confirm the formation of a continuous series of
solid solutions between vanadium and tantalum. When
alloys containing 32.04 and 41.5 at.% Ta were annealed at
1400°, the solid solution broke down with the precipitation
of a small quantity of a new phase; as the temperature was
lowered the region of breakdown of the solid solution be-
came wider. No conclusions were reached“® concerning
the nature of the new phase. Other workers+® have found
on thé melting-point diagram a minimum at Ta 30%, 1820°
and also an intermediate B phase (TaV,, 63.9% Ta), which
is formed below 1320°. The two-phase o + 3 region covers
the range 27.5-87.5% Ta at 900°.

The elements of subgroup B in Group V differ markedly
in chemical properties from vanadium. Whereas the metal
congeners in Group V tend to form continuous solid solu-
tions, the elements in subgroup B tend to the same extent
to give various kinds of compounds, without appreciable
ranges of solid solutions.

The solubility of nitrogen in vanadium is very limited4.
An alloy containing 1 wt.% (2.9 at.%) nitrogen has a single-
-phase structure when as-cast, but after being annealed at
900° it has a two-phase structure. Higher nitrogen con-
tents yield vanadium nitride VN, which, like oxides, car-
bides, and nitrides of other metals, has the sodium chlor-
ide structure. The homogeneity range of vanadium nitride
is37.8-49.4 at.% nitrogen, and its melting point is ~ 2050°, 5°

A new vanadium nitride V,N has been discoveredS® with
a hexagonal structure and a homogeneity range of 27.1—-
29.9 at.% nitrogen. It can be prepared>5! by heating a mix-
ture of stoichiometric amounts of VN and vanadium powder,
compressed into tablets under high pressures, in well eva-
cuated quartz tubes at 1000°-1100° for 24 h.

Powdered vanadium nitrides are greyish brown with a
bronze tinge, and are chemically stable, VN more so than
V,N.

microhardness,

12

NN R
¥ Ta, at. % s

Fig.15. Property—composition curves of

vanadium—tantalum alloys: 1) temperature

of crystallisation; 2) lattice coustant;

3) microhardness.
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Jbrium diagram) 52,

The most stable among them is VP,
which is stable up to 1057°. VP, can be obtained from the
elements with excess of phosphorus, and VP is obtained by
the decomposition of VP, in a vacuum at 700°-900°. The
vanadium phosphides are dark grey substances, the lower
phosphides having a semi-metallic lustre and being resist-
ant to acids. The structure of VP, is like that of NbP, and
TaP,, and V,P resembles CryP and (Fe, Co, W),P in struc-
ture.

The arsenic-vanadium and antimony-vanadium equili-
brium diagrams have not been investigated systematically.
Nowotny et al.5® suggest that vanadium forms more than
one compound with arsenic. They obtained VAs by heating
the elements in an evacuated quartz vessel. It dissociates
in a vacuum above 1000° to V,As, which melts at 1345°.
They also obtained the compound VSb,, which is isomor-
phous with CuAl,.

No information is available in the literature on the inter-
action of vanadium with bismuth.

8. INTERACTION WITH ELEMENTS OF GROUP VI

Among the elements in subgroup A, chromium and
molybdenum form continuous solid solutions with vanadium.
This is fully consistent with the conditions stated above for
the formation of such solutions, and agrees with the predic-
tions made by one of us!2, No transformations have been
observed in the chromium—-vanadium system in the solid
state 4,54,%8,

The complete equilibrium diagram for the chromium-
vanadium system has been published recently®¢. The ori-
ginal vanadium contained Al 1, Fe 0.15, C 0.2, Si 0.35%,
and an appreciable quantity of oxygen, the latter affecting
the properties of the binary alloys. Addition of the second
component has comparatively little effect on the melting
point of the alloys, all those in the middle of the diagram
melting at ~1700° (Fig.16). Several properties (hardness
and electrical resistivity), however, vary greatly with
composition (Fig.16), the character of the change and the
microstructure of the alloys indicating complete solubility
of vanadium and chromium in the solid state. The pre-
sence of impurities in the vanadium does not prevent com-
plete miscibility of the components; it only raises con-
siderably the hardness and the resistivity, and displaces
the maximum in the properties towards vanadium.

The magnetic susceptibility of a solid solution of vana-
dium and chromium has been studied5? with the aim of
determining its fine structure.

Fig. 17 shows the variation in density, hardness, and
magnetic susceptibility with the composition of the alloys.
The hardness of alloys prepared from pure materials in-
creases from 90 Hy for pure vanadium to 400 Hy for alloys
containing 50% chromium. The hardness of alloys pre-
pared from less pure metals lies about 150 units above the
basic curve. The comparatively broad maximum on the
magnetic susceptibility curve at 50% chromium is ascribed
to the formation of a Kurnakov type of compound, the time
for ordering of the solid solution being less than a few
seconds. However, no superlattice lines were observed on
the X-ray photographs, and if ordering does take place, it
occurs to the extent of less than 10%. This phenomenon is
quite possible, since vanadium and chromium atoms have



Vol.31 No.9

RUSSIAN CHEMICAL REVIEWS

September 1962

o

P N LA N WP e
0+ ~
1600
Hy, kg mm™? .
2390 / <

200,

315
0 20 40 60 40 100
v Cr, wh. % Cr

Fig.16. Equilibrium diagram and properties
of chromium—vanadium alloys: 1) fusion

diagram; 2) hardness in annealed condition;
3) hardness at 1000°; 4) electrical resistivity
at 25°,

z/cu‘,

‘e
S
s
Z
g
2
$
g 350
&
3
_ S a0
f E 250 J
3 :
e E 200
a b
° H -
3 @ 150 i
B ¥
H
07§ i n 1 % 100 i i N
a 25 50 7 00 g g 25 50 7% 00
v Cr, ot. % cr Vv Cr, at. % cr
Fig.17. Vaviation of properties with composition of

chromium-vanadium alloys: 1) density;
3) magnetic susceptibility.

2) hardness;

closely similar electrochemical properties anddimensions.
The presence of a fine structure in this region has been
shown in other work, involving neutron diffraction and spe-
cific heat measurements. Fig. 18 shows the molybdenum-
vanadium equilibrium diagram with complete miscibility of
the components in liquid and solid states®8. The alloys
were prepared from aluminothermic vanadium of 95.5%
purity and 99% molybdenum by fusion in an electric arc in
argon. Before the properties of the alloy were determined,
it was annealed in a vacuum at 1600° for 10 h.
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Fig.18. Fusion diagram of the molybdenum—
vanadium system.

It is evident from Figs.19 and 20 that addition of the
second component markedly increases the hardness, micro-
hardness, and resistivity of the alloys while diminishing
their plasticity.

A vanadium-tungsten equilibrium diagram has been sug-
gested®9:%° which shows complete mutual solubility of the
components. Addition of tungsten to vanadium, and espe-
cially of vanadium to tungsten, lowers the melting point,
the liquidus passing through a minimum at W 4.5 at. %,
1430°.

Apart from determinations of the liquidus and solidus
temperatures, severalproperties of the alloys were studied %
as a function of their composition (Fig.21). The alloys
were prepared from carbothermic vanadium (98.6%) and
from tungsten rods (99.95%) in an arc furnace in an atmos-
phere of helium, and then annealed at 1100° for 500 h.
Additions of tungsten up to 1.25 at.% decrease the hardness
and increase the plasticity and compressive strength. The
subsequent property-composition curves are typical of
systems having unlimited solubility of the components. The
alloys oxidised readily in air, and the attack increased
progressively with rise in temperature and in the vanadium
content of the alloys. It was concluded® that at 700°- 1000°
all the alloys oxidise vigorously, and require protection.
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Fig.19. Variation in resistivity in the
molybdenum—vanadium system.
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E., % solubility of uranium in vanadium (5 phase) is a maximum
[ Hol g at the eutectic temperature, its value being 4 at.% or
L7 ] 15 wt.% uranium.
so- 600 A The equilibrium diagram of the plutonium-vanadium
% \ system has recently become known®2. It is of simple
’ﬂL 00 \ eutectic type (Fig.23), the eutectic point occurring at
V 2.3 at.%, 625°. Additions of vanadium do not affect the
%]/ polymorphic transformation temperature of plutonium.
J0F 49 =
ﬁ//o’"'"’? The interaction of vanadium with the Group VIB ele-
ok / {——] N ments, oxygen, sulphur, and their congeners, results in
LAY T~ the formation of a series of compounds which have been
LF thoroughly investigated and well described. No data are
o “"{ A\'\ v available on the interaction of vanadium with polonium.
sl N ,/ i The equilibrium diagram of the oxygen~vanadium system
0 u W & & W has been studied repeatedly and thoroughly as a result of
Mo Vot % its great practical importance. The early work, concerned
Fig.20. Variation in mechanical properties in the

molyhbdenum—vanadium system: 1) hardness of
as-cast alloys (Hp); 2) hardness of annealed alloys;
3) microhardness (Hy); 4) plasticity on compression
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Fig.21. Equilibrium diagram and properties
of tungsten—vanadium alloys: 1) fusion diagram;
2) and 3) plasticity and compressive strength;

4) hardness of as-cast alloys; 5) hardness of
annealed alloys.

The equilibrium diagram for the uranium-vanadium
system®! is illustrated in Fig.22. The alloys were pre-
pared in an electric arc furnace in helium from iodide vana-
dium and the purest uranium containing at most 0.1% of im-
purities. The equilibrium diagram is of eutectic type, the
eutectic point being at V 18 at.%, 1040°. The tempera-
tures of the allotropic transformations in uranium are
lowered by vanadivm. The solubility of vanadium in
v-uranium is 12 at.% at the eutectic temperature, falling
to 9 at.S at the eutectoid temperature (727°). The solu-
bility of vanadium in the 3 modification is 2 at.% at 700°,
that in the & modification being 1.5 at.% at 600°. The
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mainly with the oxides of vanadium VO, V,0,, VO,, and
V,0;, their crystal structure, and the conditions and limits
of their existence, has been reviewed by Pearson®3. Seybolt
and Sumsion® have established that vanadium undergoes a
high-temperature polymorphic transformation at 1500°, and
this is reflected in the equilibrium diagram which they pro-
posed for the V-VO, system (Fig. 24).

Up to 3.2 at.% oxygen is dissolved by a@-vanadium, and
up to 35-40 at.% by the high-temperature y modification.
A later paper ® denies the existence of a high-temperature
modification of vanadium, and gives a different V-VO equi-
librium diagram (Fig.25). The alloys were prepared from
calciothermic vanadium (total impurities 0.13%) and chemi-
cally pure V,O; in an arc furnace. The limiting soluhility
of oxygen in a-vanadium at temperatures below 900° was
found to lie between 0.27 and 0.98 at.%. At 1600 °the maxi-
mum solubility reaches 3.9 at.%. X-Ray examination has
established that at room temperature a 8 phase, with a
body-centred tetragonal lattice, exists over the range
8-40 at.% oxygen. This phase is regarded®® as a low-tem-
perature allotropic modification of vanadium which is stable
at high temperatures in the oxygen-vanadium system.

The (a + B)/B phase boundary passes from 14.5 at. %
oxygen at 900° to 22.1 at.% at 1800°, in agreement with
Seybolt and Sumsion's results. Below 1100° a 6 phase,
the crystal structure of which was not determined, is formed
by a peritectoid reaction between the 8 phase and VO. Be-
tween 41 and 56 at.% oxygen is the region of homogeneity of
the compound VO, which has the NaCl structure with a lat-
tice constant of a = 4.08 kX.

Investigations were made not only of transformations in
the solid state but also of the fusion diagram, which showed
a minimum at 30.2 at.% oxygen®, agreeing with the mini-
mum on the diagram based on Seybolt and Sumsion's data.
At the temperature of the minimum it is the B phase which
solidifies, not the y phase as the latter investigators
imagined. Over the range 0-50 at.% oxygen the fusion dia-
gram contains two peritectic horizontals on the two sides of
the minimum, at the temperatures of which the following
reactions take place:

L+a=p(1850°) and L + VO=5 (1690°).
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system according to Rostoker: 1) one phase;
2) two phases; 3) three phases; 4) thermal
analysis.

In order to confirm their hypothesis of a low-tempera-
ture allotropic modification of vanadium, Rostoker and
Yamamoto %* measured the electrical resistance of a fine
vanadium wire as a function of temperature in a vessel
containing dry ice and acetone. The curve (Fig. 26) shows
a change in resistivity (a break) between -33° and -25°.

Oxygen tends to stabilise the 8 modification, which has
a considerable range of homogeneity in the oxygen—vana-
dium system. However, doubt has been cast®® on the
existence of a low-temperature modification of vanadium.
The curve for the temperature dependence of the electrical
resistance of cold-worked vanadium wires containing 99.7
and 99.9% vanadium showed®® no breaks which would indi-
cate first-order transitions; it is characterised merely by
a slight negative deviation from linearity at 73°. The curve
representing the temperature dependence of Young's modu-
lus of the vanadium wire showed neither a break nor a
deviation from linearity. X-Ray examination indicated
only a body-centred cubic lattice.

The following phases have been established®” in the sul-
phur-vanadium system: an a phase VS, which is in eutec-
tic equilibrium with vanadium at 1312° and has a nickel
arsenide type of structure, a 8 phase V,S; with an asym-
metric structure, and VS,, which is stable in the presence
of sulphur up to 400°. The existence of the previously dis-
covered sulphide V,S; has been denied®’.

A study of the crystal structure of the sulphide richest
in vanadium, V,S, has shown?®® that it exists as two poly-
morphic modifications, 8-V,S stable above 950°, and
a@-V,S stable below 825°; interconversion of these two
sulphides occurs between these temperatures. §-V,S has
a body-centred tetragonal structure with lattice constants
of a = 9.470 and ¢ = 4.589 A; o-V,S has a tetragonal struc-
ture with constants ¢ = 9.881 and ¢ = 4.663 A. The struc-
ture of B-V,S is similar to the Ni,P type, and the a-V,S
structure is close to that of -W. A complete crystallo-
graphic description of these two forms of V,S is given.
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Fig.26. Change in electrical resistance of
vanadium wire between -33° and -25°,

The equilibrium diagrams selenium-vanadium and sul-
phur-vanadium systems are similar in general character 83,
The following phases have been shown by means of X-rays?®°
to be present in the selenium~vanadium system: VSe iso-
morphous with NiAs, V,Se, with a hexagonal lattice of low
symmetry, and VSe, isomorphous with CdL,.

The only vanadium telluride known as yet is VTe, which
is isomorphous with NiAs ™.

9. INTERACTION WITH ELEMENTS OF GROUP VI

The equilibrium diagrams of vanadium with the metals
of Group VII have not been fully studied. Formation of a
continuous series of solid solutions between manganese and
vanadium is excluded since the crystal structures of the
components are not isomorphous and manganese exists in
several polymorphic modifications. In conformity, how-
ever, with the very slight difference in atomic diameter
between the components, manganese shows considerable
solubility in vanadium, the limit of which has still not been
reached? in the alloy containing 14.2 at.% manganese at
900°. The equiatomic alloy has a body-centred cubic
structure, and is regarded ™ as an intermetallic compound
of vanadium with manganese having the composition VMn.

Manganese-rich alloys contain a 0 phase, whose range
of homogeneity at 1000° is 13.4-24.5 at.% vanadium 2.

The literature contains a hint of the existence of the
compound VMn, (33.3 at.% vanadium), melting at 1370°.
An alloy having the composition VMn, which has been cast
and annealed at 1300° and 1200° has a body-centred cubic
structure, while those which have been annealed at 1000°,
800°, and 600° are mixtures of two phases, one having a
body-centred cubic structure and the other a ¢ phase struc-
ture 3.

Vanadium and rhenium have a slight difference in atomic
diameter, which favours the formation of a considerable
range of solid solutions, which may contain 7® up to 40 at.%
vanadium. No intermetallic compounds have been detected
within the range 40-68 at.% vanadium.

It has been established ™ that a ¢ phase of the composi-
tion VRe, is formed in the rhenium-vanadium system by a
peritectic reaction at 2490° between the melt and the solid
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solution based on rhenium. The results of X-ray and
microstructural analyses indicated the occurrence of a
eutectoid breakdown of the o phase at 1500° with the forma-
tion of a mixture of two solid solutions, based on vanadium
(@) and on rhenium (8). The lattice constants of the phase
area =9.36 and ¢ = 4.86 A.

No data are available on the interaction of vanadium with
technetium.

With the halogens, vanadium forms halides of the types
VHal,, VHal;, and VHal,. The chlorides and iodides are
important as raw materials in the industrial production of
pure vanadium.

10. INTERACTION WITH ELEMENTS OF GROUP VIII

Vanadium should interact with all the Group VIII ele-
ments to form solid solutions and compounds containing a
metallic type of bond. Of the nine elements in this group,
equilibrium diagrams are known only for the systems with
iron54s™s7, cobalt??, nickel*:7%", and palladium .

With iron, vanadium forms a continuous series of solid
solutions, in conformity with the general conditions govern-
ing the formation of such solid solutions between metals.

Fig. 27 reproducts the equilibrium diagram for the iron-
vanadium system given in Hansen's Handbook3!. When the
« solid solution is cooled, a Kurnakov compound VFe, ®
which dissolves both iron and vanadium, is formed at 1230°.
The range of homogeneity of this compound, the o phase,
lies between 37 and 57 at.% vanadium. The plots of hard-
ness and of resistivity against composition for alloys which
have been annealed at 900° for 70 h pass through singular
minima at 25 and at 50 at.% vanadium, corresponding to
the compounds VFe, and VFe respectively®®, The binary
iron-vanadium system contains a closed region of a face-
-centred y solid solution, with a maximum at 1.2 at.%
vanadium.
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With certain conditions of heat treatment, a second
ferromagnetic phase is formed in an iron alloy containing
47% vanadium. High-temperature annealing at 1360° for
60 h with subsequent quenching in alkali is of decisive value
in this connection.

A study has been made®® of the structure of iron alloys
containing 28.5, 43.0, 49.5, and 74.0 at.% vanadium, after
they have been heated at various temperatures between
1400° and 600 ° with subsequent quenching in water. All
alloys in the temperature range 1400 °~ 1150 °consist of a
mixture of two phases (a+p). The second phase, the face-
-centred cubic 8-Fe~V, is regarded?®? as the equilibrium
phase in the temperature range above the @ = ¢ transfor-
mation, its amount increasing with increase in the vana-
dium content. At 800° the alloy containing 28.5% vanadium
consists of a single phase, @, whereas alloys containing
43, 49.5, and 74% vanadium consist of two phases, o and 0.
At 600° crystals of the a phase disappear from the alloy
containing 49.5% vanadium, and its structure consists
solely of the o phase. It is therefore considered?®® that the
phase reactions occurring within the range 28.5-74 at.%
vanadium when the temperature is lowered from 1400° to
600° are more complicated than would appear from the
published iron~vanadium equilibrium diagram.

The analogues of iron — cobalt and nickel — show
greater differences from vanadium in atomic diameter, and
are not isomorphous with it in crystal structure. This
explains the gap in the solubility of cobalt and nickel in
vanadium. According to data in the literature 77, the solu-
bility of cobalt in vanadium is 20 at.% at high temperatures
and 5% at room temperature.

The equilibrium diagram of the vanadium-cobalt sys-
tem 77 is shown in Fig.28. At the eutectic temperature of
1248° the melt is in equilibrium with y and ¢ phases, the
latter being formed at 1420° by a peritectic reaction be-
tween the melt and the vanadium solid solution. The homo-
geneity region of the solid solution (o phase) based on the
compound VCo lies between 38.5 and 59.5 at.% vanadium 7.
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An alloy containing 70.7 at.% vanadium undergoes, at tem-
peratures between 1100° and 1150°, a eutectoid reaction
between the o and ¢ phases with the formation of the metal-
lic compound V,Co, which crystallises with the 8-tungsten
structure. In the region of the cobalt solid solution at
1070° 8¢ a new ordered ¥’ phase based on the compound
VCo, (a Kurnakov compound) is formed with a homogeneity
range of 19.1-26.09 at.% vanadium, on both sides of which
are two-phase regions, y + ' and ¥’ + 6. The X-ray photo-
graph of the ordered phase shows weak superstructural
lines. It has a close-packed hexagonal structure contain-
ing 24 atoms in the unit cell with lattice constants of a =
=5.032 and ¢ = 12.27 kX. 8

The solubility of nickel in vanadium is 6-9 at.%.* Fig.29
shows the equilibrium diagram of the nickel-vanadium sys-
tem 7" up to 60% vanadium. At the eutectic temperature a
solid solution of vanadium in nickel, the & phase,is in equi-
librium with the o’ phase, which has a considerable range
of homogeneity, from 55 to 74 at.% vanadium, and at 760°
undergoes the transformation ¢’ — o, the nature of which is
not yet known. X-Ray studies do not distinguish between
the ¢ and o’ phase. The a/(a + ¢) and (@ + 0')/0 boundaries
have been established by means of X-ray studies. At 840°
the eutectoid decomposition @ = 6 + ¢’ takes place, and at
907° @a=16 + 6. The 6 phase, whi¢h has a body-centred
orthorhombic lattice, is a solid solution based on the com-
pound VNi, (30.27 wt.% vanadium). The 6 phase, which
has a tetragonal lattice of the TiAl, type, is a solid solution
based on the compound VNi,, the latter being formed at
1045°.

There are indications 8¢ of the formation of the com-
pound V,Ni (72.25 wt.% vanadium), having the 38-W struc-
ture, by a peritectic reaction in the vanadium-rich region
at 1380°.

Only restricted solid solutions and intermetallic com-
pounds can be formed between vanadium and the platinum
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group elements owing to the absence of isomorphism be-
tween the crystal structures. Alloys of vanadium with pal-
ladium have been most fully investigated 73,7, while those
of vanadium with ruthenium, rhodium, and platinum have
been studied to some extent?. There is no published in-
formation on the interaction of vanadium with osmium or
iridium.

The palladium-vanadium equilibrium diagram is of
eutectic type (Fig.30). At the eutectic temperature of 1340
an a solid solution of palladium in vanadium, containing up
to 37.5 at.% palladium at this temperature, is in equilibrium
with a ¥ solid solution of vanadium in palladium. At 840°
a peritectoid reaction yields the compound V,Pd having the
B-W structure with @ = 4.80 kX, isomorphous with V,Ni.
This compound has a narrow range of homogeneity, and has
no plasticity. In the region of the y solid solution the
ordering process involves the formation of two intermetal-
lic compounds: VPd, at 815°, with a face-centred tetra-
gonal lattice having the parameters a = 3.84, ¢ = 3.87 kX,
and ¢/a = 1.007, isomorphous with VNi,; and VPd, at 905°,
with a similar lattice having a = 3.88, ¢ = 3.72 kX, and
c/a =0.962. The eutectoid reaction

Yy =VPd, + VPd,

occurs at V 28 at.%, 720°. At room temperature the

vy phase is homogeneous not only up to 21 at.% vanadium but
also between 44 and 50%. The solubility of palladium in
vanadium at 500° is 15 at.%.

No definite data are available on the solubility of ruthen-
ium invanadium. Alloys containing 36, 50, 71, and 82 at.%
ruthenium, after being quenched from 1200°, have been
studied ® by means of X-ray diffraction. The 36% Ru alloy
has a cubic lattice of the CsCl type with a lattice constant
which is very close to that of the solid solution based on
vanadium. A phase having a tetragonal lattice was found in
the 50% alloy. The solid solution of vanadium in ruthenium
contains less than 18 at.% vanadium *. The same paper ™
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reports an investigation of alloys containing 25, 42, 50, and
60 at.% rhodium after being quenched from 1200°. The
compound V,Rh (42.24 wt.% rhodium), having the B-W type
of crystal lattice, has been detected. The alloy containing
60 at.% rhodium contains a second compound having a
close-packed hexagonal structure.

The limiting solubility of platinum in vanadium %5 is 8 at.%
(25 wt.%), and the solubility of vanadium in platinum is
40 at.%." The compound V,Pt (43.91 wt.% vanadium),
isomorphous with V,Pd, has been found. A further com-
pound may exist between the platinum-rich solid solution
and V,Pt. "

11. TABLE SHOWING INTERACTION OF ELEMENTS OF
THE PERIODIC SYSTEM WITH VANADIUM

The theoretical concepts and experimental results dis-
cussed enable us to give a general picture of the nature of
the chemical interaction of vanadium with all the elements
in the Periodic System. By analogy with other metals
which we have examined previously87-89, the interaction of
the elements with vanadium can be represented in terms of
Mendeleev's Periodic Table. This is shown in Fig.31 in
extended form, vanadium being place above the Table.

The elements can be divided into four classes in relation
to vanadium: (1) those forming continuous solid solutions
with vanadium; (2) those forming restricted solid solutions
and intermetallic compounds; (3) those forming ionic com-
pounds but no solid solutions; and (4) those which do not
interact with vanadium.

In Fig.31, which we shall call the “Table of the Metal
Chemical Properties of Vanadium”, these classes are
separated from one another as shown, and are linked by
straight lines with vanadium. It can be accepted that
metals which are close to vanadium in the Periodic System
will form solid solutions with it. Most of them tend to
give intermetallic compounds, which are formed either as
a result of reaction in the solid solutions or, as in the case
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Fig.31. Metal chemical table of the elements: 1) continuous
solid solutions; 2) restricted solid solutions and intermetallic
compounds; 3) ionic compounds without solid solutions; 4) no
interaction.
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of systems having limited solid solutions, directly on crys-
tallisation. Such non-metals as H, B, C, Si, N, and O,
which have small atomic diameters, form with vanadium
extremely restricted solid solutions of the interstitial or
substitutional types. They show a greater tendency to form
compounds of the type of the borides, carbides, silicides,
nitrides, and oxides of v&nadium. With increasing differ-
ence in electronic structure and in chemical properties, the
tendency to form solid solutions diminishes. With elements
which differ markedly in chemical properties, vanadium is
unable to give solid solutions, but forms compounds of

ionic type. The last class comprises those elements which,
owing to an unfavourable size factor or electronic structure,
are incapable of interacting with vanadium. It includes the
alkali and the alkali-earth metals and, perhaps, several
other metals (Zn, Cd, Pb, etc.).
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