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A PHASE EQUILIBRIUM DIAGRAM FOR THE

TITANIUM-VANADIUM- IRON SYSTEM

By Bi Tsin-Khua and I.I. Kornilov

References [1-3] contain information on the general problems

of the reactions of titanium with other elements depending on the

position if the combinatory elements in the Mendeleyev periodic

system anld on the basic types of phase diagrams for binary systems

based on titanium.

The phase diagram of the Ti-V system (4-51 Is related to a

system containing saturated solutions of fn-tltanlum and unsaturated

solid solutions of a-tItanium. The Ti-Fe phase diagram [6-9] is

related to the system which contains unsaturated solid solutions

of a- and •-titanium.

As yet, no results have been published for research on the

phase diagram of the ternary titanurn-vanadium-iron system before

the formation of TiFe 2 . Just recently, the authors of this article

studied the two quasibinary sections of this system, TiFe-V anid

TIFe 2 -V, and constructed tneir phase diagrams [10, 11], which served

as the basis for studying the ternary system.

The object of this article Is to study the phase diagrams of

the portion of the ternary titanium-vanadium-iron system bounded

by the vercices of the Ti and V concentration triangle, before the

formation of TIFe.

The quasibinary section TIFe-V Is the basis for the formation

FTD'r6.-62- 134/1
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of the secondary system Ti-TiFe-V [10).

This research was carried out by microstructural and X-ray

analysis. The compositions of the alloys were studied along radial

cross sections in specimens with titanium-iron ratios of 95:5,

90:10, 84:16, 80:20, 70:30, and 60:40.

U,

%F V

@A

Ti 0 ff x W a At VB ff a

Fig. 1. Location of alloys studied, on the con-
centration triangle. 1) Fe, % by weight; 2) V,
% by weight.

The initial materials for producing the majority of alloys

were metallic vanadium (98.7% pure V), TiFe premelted In an arc

furnace (45.94% TI by chemical analysis), and TG-O sponge titanium

(99.67% Ti), while a number of the specimens were made from titanium

produced by the iodide method (99.79% pure TI) In order to deter-

mine precisely the boundary of the titanium-based a-solid solution.

The alloys were smelted in an arc furnace in an argon atmosphere,

the air first being evacuated.

FTD-V1'-62-134/l 2-



The alloys obtained were subjected to prolonged annealing,

with the following soaking times: at 1000 for.48 hours; at 8000,

100 hours; at 6000, 200 hours; and at 5500, 100 hours. The speci-

mens were ther cooled together with the furnace.

Sections of the alloys were pickled in hydrofluoric acid. The

results of research on tne microstructure of ailoys annealed for

long periods of time bhowed that, at room temperature, the follow-

ing phases existed in the system: 1) four solid solutions, a, ý,

6, and y, based, respectively, on titanium and vanadium and the

compounds TiFe and (TiFe)V; 2) five binary regions, a + ý, 0 4- y,

T + 6, a + y, and a + 6; 3) two ternary regions, a 4 • 4 y and

a + T + 6 (Fig. 2).

Data obtained from microstructural studies have shown that

the a3- sold solution occupies a very narrow region adjoining the

Ti-V side. It is bounded by a vanadium concentration of 4.0 and

an iron con'centration of 0.5%. On the other hand, the n-solid solu-

tion encompasses a wider region adjoining the high-vanadium side

of the Ti-V concent'ation triangle. As regards the remaining two

T- and 6-solid solutions, they occupy small areas; the y-solid

solution region based on the compound (TiFe)V is larger than the

6-solid solution region based on the compound TIFe.

An equillbr'um mixture of two phases lies between the single-

phase regions. This two-phase area is formed either in crystalli-

zation or as a result of various solid-state reactions. The two-

phase u + 6 region is formed by a eutectold reaction In the TI-Fe

system. In the ternary system, it extends along the TIFe side. In

the quasibinary TiFe-V system, a two-phase y + 6 region is formed

by a eutectic reaction and a 1 + y region Is formed by a peritectic

reaction. The first region Is narrow, but the seccnd is rather wide.

-3-
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In the Ti-V system, a a-solid solution is formed from the p-solid

solution at small vanadium concentrations; beyond this region,

there is a two-phase a + 0 region. In addition, in the central

section of the system studied, the three-phase regions a + 0 + y

and a + y + 6 are observed, separated from each other by the two-

phase region a + y.

AA-

A B b

4
A 'A

Fig. 2. Microstructu'e of alloys in system at room
temperature (200X). ) 2.0% V 4 3.4% Fe, a 4 6-phases.
b) 50% V + 20% Fe, f + y-phases; c) 10% V 4 36% Fe,
a + y + 6-phases.

The presence of these two three-phase regions has been con-

firmed by X-ray analysis. However, it should be pointed out that

vanadium and the compound TiFe have identical body-centered cubic

crystal lattices with nearly the same constants (a - 3.0338 A for

vanadium, a = 2.q7 A for TIFe) [12). Consequently, it is difficult

to determine the boundaries of the ternary regions a + 1 + y and

a + Y 4 6 from X-ray data. These boundaries are more precisely

determined by microstructural analysis. Figure 3 shows the results

of the study of the phase equilibrium of the secondary ternary system
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Fig.- 3. Phase equilibrium dia- Fig. 4. ax -phase region in Ti-
gram of system at room tempera- V-c 3~.m.1 e
ture. 1) Fe, % by weight; 2) V, sytm 1 e by weight,;y
2) V, % by weight. 2 ,%b egt

Ti-TiFe-V, while Fig. 4 shows the a 3-solid solution region.

CONCLUSIONS

Experimental research on the secondary Ti-TiFe-V system by

rnicrostructural and X-ray analysis has shown the following.

1. There are four single-phase regions (a, ý,, 6, and y), five

two-phase regions (aL + (3, ý + 'Y, y + 6, a + 'y, and a + 6), and

two three-phase regiono (a + ý + y and a + y -f 6).

2. Boundaries exist for the titanium-based a 3- solid solution

and the vanadium-based (s-solid solution.

3. The other single-, two-, and three-phase reglohtz ý,f the

system are bounded.

4. The phases in the studied system are shown In the form of

a phase-equilibrium diagram for the ternary system TI-TiFe-V.
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VANADIUM AND THE AREAS OF ITS APPLICATION

By N.I. Kornilov and N.M. Matveyeva

Vanadium is an element in Group V of Mendeleyev's periodic

system of the elements. It was discovered at the beginning of the

19th century, in an era of rapid and fruitful progress in chemical

science. The history of the development of vanadium is elucidated

in works [1-3].

Vanadium was first detected in 1801, but for a long time was

mistaken for chromium. Credit for the definite discovery of vanadium

belongs to the Scandanavian chemist Sefstrom who, in 1830, detected

it in Swedish iron ore. Sefstrom studied vanadium compounds and

named the newly discovered element. In Russia, vanadium was found

in 1834 in the Berezovskiy mine near Yekaterinburg. Brown prismatic

crystals of a new mineral resembling vanadinite, according to the

description given by Rose, were found in the green lead ore from

this mine. Later, "at the end of 1838, a new mineral was observed

in the mines belonging to the Perm State Plants. This mineral ac-

companied ore-bearing sandstone as an incrustation or in the form

of thin sheets gathered Into a kidney-like shape. The thin, soft

sheets of this mineral were citron yellow in color and had a pearly

luster.' Acoordi2ng to studies by Shubin, the newly discovered

mineol was copper vanadate - the mlneral volborthite - of which

no deposits were then known [51. A lare contribution to the aom-

tion of a ohemltr7 of vanadium was mde by the work of Veller,,

i~w~4~l3AiA



Berzelius, and Roscoe and especially by that of Roscoe who, in 1867

first obtained vanadium in the metallic state by reducing vanadium

dichloride with hydrogen. Roscoe pointed out the chief properties

of vanadium, synthesized and studied its compounds, and corrected

certain erroneous ideas about vanadium compounds which had been

established before the element was obtained in the free state.

In particular, supplementing Berzelius' research on vanadium,

he showed that the substance which Berzelius assumed to be pure

vanadium was actually a mixture of vanadium compounds, of vanadium

nitride and vanadium dioxide. Finding that vanadium and phosphorus

had analogous properties, Roscoe incorporated them in one group.

Roscoe's research on vanadium was highly regarded by D.I. Men-

deleyev [6]. In 1871, when his periodic law and periodic tab'.1e were

published, D.I. Mendeleyev had already placed vanadium in Group V,

subgroup VA, together with niobium and tantalum. Since that time,

vanadium has justly occupied this position, in accordance with its

chemical properties and physical parameters, despite the attempt

made in the 20th year of this century [2) to equate vanadium with

arsenic, antimony, and bismuth.

The Occurrence of Vanadium in Nature.

Among the metals of practical importance, vanadium occupies

seventh place, following chromium, so far as occurrence in nature

is concerned (7]. The extent of its occurrence is the same as that

of nickel, zinc, and zirconium, as shown below (by weight, %).

V n , 4 To Ct . . T1 , 9 1 I

0,14 3,24 2,4" 0- 1 03 O . 10- T~o -it)- 0.61 0O25 4.W-
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The data of various authors on the occurrence of vanadium in

nature are contradictory. According to the data of V.I. Vernadskiy

S. (1914), the content of vanadium in the crust of the earth is 0.04%

by weight and 0.01% in the lithosphere [8). According to Washington's

data (1924) (7], the lithosphere contains 0.021% vanadium by weight.

The latter figure, however, fails to account for the elements con.-

tained in sedimentary rocks. Certain authors use the A.P. linogradov

data (1950), according to which the vanadium content in the litho-

sphere is 0.015% by weight.

With respect to its occurrence in nature, vanadium consider-

ably surpasses its direct analogues niobium and tantalum, as well

as molybdenum and tungsten. As may be seen from the data given above,

the vanadium in the crust of the earth exceeds the niobium by a

factor of 1000 and the tantalum by a factor of 1500. There is con-

siderably more vanadium in the crust of the earth than there is

copper, tin, or lead, but these (in contrast to vanadium) are not

considered rare elements.

A.Ye. Fersman related vanadium to the group of rare elements

because of the peculiarities of its chemical properties. Despite

its comparatively wide occurrence, vanadium rarely forms separate

minerals and is an extremely dispersed element. Its widest occurrence

in nature is in conjunction with iron and titanium, uranium, lead,

and copper.

Individual deposits of vanadium are associated with sedimentary

rocks (sandstones, asphalts, coal, a.,d bitumen).

There are 65 minerals which contain vanadium, but only a few

are of industrial importance. The compositions, structures, deriva-

tion, and deposits of minerals containing vanadium are described

in works [1, 7, 9-111.

f.4 _i- 34/l 7



Groups of minerals containing a substantial quantity of vanadium

were also cited. In addition, the list includes certain less impor-

tant natural chemical compounds of vanadium which can serve as an

additional source of vanadium when ore containing the basic minerals

is subjected to complex processing.

Patronite - VS2

Sulvanite - Cu3 v- 4

Kolyuzite CU (As, Sn, V)S4
Titanomagnetite (containing)- (Fe, Ti) 3 04

Minasragrite - V2 04 S0 4 •16H 2 0

Pucherite - BiVO4
Vanadinite - Pb[VO4 ] 3C1
DescLolzlte - (Zn, Cu) Pb 1VO4J IOHJ

Volborthite - CuCa (VO ] (OH]

Brackebuschite - Pb 2 (Mn, Fe)[VO4 ]2 H20
Pyrobelonite - MnPb[VO41 [OH]
Turanite - Cu4 (VO4] (OH] 5
Uzbekite - CU3 [VO4 ] 3H2 0

Tjuiamunite - Ca[UO2 ] 2 (VO4]8H2 0

Carnotite - K2 [UO2 )]2 [VO] 2 "3H20

Fervanite - Fe[V04 )]2H2 0

Rossite - CaV2 06.4H2 0
Metarossite - CaV2 06.2H2 0

Korvusite - V V2 0 17UH2 0
Roscoelite - KV2[ AISi 3010] [OH]2

The principal m~inerals which are sources of vanadium are under-

lined. Some of them are very rare. For example, partonite, the mineral

richestl•n vanadium (52% V205 after roasting),11s found in a ssngle

lul~e deposit in the Peruvian Andes. Roscoelite is a very rare

potasstum-vanadium mica and Is found in the United States (in the
states of Californi a and Colorado) and in Western Australia. The

van&diAm-containing titanzomagntites, vanadinites, and carnotites

occur more widely$
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Titanomagnetites contain vanadium oxide in quantities of several

tenths of a percent. Thanks to the wide occurrence of these types

of ore in the USSR and China, they are the principal source of van-

adium in these nations.

There is an industrial enterprise in Otanmek in Finland which

processes 180,000 tons per year of titanium-ilmenite ores containing

0.58% vanadium after mechanical concentration. The final product

contains 90% V2 05 and is exported to Sweden for the production of

ferrovanadium.

Not counting low-con!-ent ores, the total supply of vanadium in

the capitalist nations before the second World War was estimated at

approximately 43,000 tons; of this quantity, 32,000 tons were in

Peru, 7,000tons in the United States, 3,000 tons In South West

Africa and 1,000 tons in Mexico.

During recent years, new deposits of vanadium ores have been

discovered in the United States, Sweden, Argentina, and Rhodesia (12].

The United States produces more than 50% of the world's vanadium.

According to the statistical data known at the present time, the

consumption of vanadium in the United States during the period from

January to September 1956 was 1316 tons.

South West Africa is a large-scale producer of vanadium, pro-

ducing 907 tons of V2 05 in 1956. The imports of vanadium concentrate

to Oreat Britain during 1956 were estimated at 272 tons and this is

currently on the rise as a result of the use of vanadium in atomic

reactors [13].

According to recent data 1141, 7000 tons of VPO, are mined in

the world each year and this can be considerably increased.

Methods of Xxtract ing Metallic Vanadium

Metallic vanadium is regared as an element which to very dif-



ficult to obtain in pure form. It is easily oxidized at high tem,-

peratures and, because of its high reactivity, produces stable, high-

melting compounds with metalloids.

The plastic properties of pure metallic vanadium vary sharply

when its oxygen content exceeds 0.05% and its nitrogen content ex-

ceeds 0.03% (15-18]. Consequently, the degree of purity of vanadium

is measured in terms of its adaptability to various forms of mechani-

cal processing, since considerable quantities of oxygen, nitrogen,

or hydrogen will make it brittle and hard.

It is noted in the literature that there is not a single metal

which is as difficult to obtain in pure form as vanadium (19). The

methods which had already been worked out in the 19th century for

obtaining metallic vanadium by reducing its pentoxide with silicon,

carbon, hydrogen, or aluminum made it possible to obtain technically

pure vanadium containing up to 5% impurities.

Moissan, Goldschmidt, Weiss, Ruf [sic], and others attempted

to obtain pure vanadium either by the aluminothermal method or by

electrothermal reduction with hydrogen. As a rule, the metallic pro-

duct obtained contained fewer vanadium oxides or reducing-agent im-

purities. However, the aluminothermal methods have remained of very

great importance to the present day for the extraction of vanadium

from ores and for the production of ferrovanadium.

In.1923, Hunter and Jones (2] obtained vanadium powder which

was, in the opinion of the authors, 99.5-100% pure by reducing VC1 3

with sodium in a steel bomb; the metal produced by this method was

in powder form. The authors gave no description of the properties

of the metal obtained, since ttwy did not have the dense metal on

which to determine these properties.

In 1927, Marden and Rich (20] Used metallic potasalus for the
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first time for the purpose of reducing vanadium pentoxide. The re-

action 5Ca + V2 05 = 5CaO + 2V was carried out in the presence of

* calcium chloride in an evacuated steel bomb at a itemperature of 900-

9500 for a period of one hour. As a result of this reaction, we ob-

tained an ingot of soft, ductile metal containing 99.8% vanadium.

Research on methods of obtaining pure vanadium was carried on

by many authors (18, 23, 26-29].

All existing methods for obtaining pure plastic vanadium may

be expediently divided into methods involving the reductioi. of

vanadium compounds and methods involving the refining of crude,

technically pure vanadium. This first group of methods can in turn

be divided into the reduction of oxides and the reduction of chlo-

rides and oxychlorides.

Methods for refining technically pure vanadium have been work*d

out and employed in recent years; among these we should note the

thermal decomposition of vanadium diiodide, V12, the electrolytic

precipitation of vanadium, and the vacuum and zone melting of van-

adium by electron bombardment.

At the present time, the chief method for obtaining metallic

vanadium is the calcium-thermal method of reducing vanadium pentoxide,

which was considerably modified at the time or work [20] and serves

as the basis for the industrial production of vanadium.

Work (21] notes the advantages of the use of the calcium-thermal

method for reducing oxides over its use for reducing chlorides and

oxychlorldes and examines In detail the special features of the

method of reducing vanadium oxides with calcium.

These special features consist, first of all, in the correct

selection of the flux for diluting the slag; secondly, they consist

in the addition of substances which increase the temperature of the



charge to the reaction temperature by liberoting heat in their re-

action with calcium, and thirdly, in the correct choice of the charge

composition so that reaction occurs and the optimum yield of metal-

lic product is obtained.

Gregory [22] used vanadium trioxide rather than vanadium pen-

toxide as the original product, a considerably smaller quantity of

expensive calcium being required to reduce the former. Gregory's

method consisted in the following: 1) V2 0 5 is reduced to V20 3 by

hydrogen at a temperature of 6000 in a tubular furnace; 2) the brown-

black reaction product is pulverized and mixed with finely divided

metallic calcium and powdered calcium chloride in proportions of

1 mole V2 0 3 , 6 moles Ca, and 1 mole CaCI 2 .

The calcium chloride is added to the charge as a flux to melt

the calcium oxide and to eliminate the high-melting film which this

compound forms on the surface of the reactive substances. Calcium

oxide contributes to the formation of larger grains in the reduced

metal. When the ratio of CaCI 2 to V2 0 3 equals 1:1, the reaction

temperature (19000) reaches a value approximating the calculated

value.

An excess of 100% calcium over the amount theoretically re-:

quired gives better results so far as the purity and plasticity of

the vanadium obtained are concerned. Figure 1 shows the apparatus

in which the reduction of vanadium trioxide takes place in a vacuum

device. The reaction mixture 1 Is placed in crucible 2 mounted on

an insulated support 3 within an iron container 4 which is con-

nected to the vacuum system 5, evacuated to 100 i, and filled with

pure argon. The pressure under which the arnon is supplied to the

reaction vessel Is controlled by a manometer and is 0.8 atm. The

crucible and container are lined with mamesium and calcium oxide

rI



to prevent fouling by iron. The charge is heated in a high frequenoy

furnace to the temperature at which the reaction begins and is then

kept at 10000 for one hour. The mass remaining after the reaction

has been completed is washed with 40-50% acetic acid and the van-

adium powder is then washed out of the acetic acid with water by

decantation, filtered, and vacuum dried at a temperature of 40-50O.

The chemical composition of the impure vanadium obtained by

the method described is shown in Table 1.

TABLE 1

Chemical Composition of Impure Vanadium, %.

.3UMSTYP0ma "OrN10 o l It ii C 1  PC f i Ca' 2

.ckevihitio 1181 10,031 0,016 0,0051 0,21 0,01 0.0K 0.023
Kinsel I125 o,os-0o5w-0o,0001-0,o3- - - -

10,12 0,04 0,004 0,07 - - -

Gregory 1221 10,1- 0,01- - 0,05 0,01 -. 0,05
S,25 0.015

UadaCoo,0,O2N 0.05 0,00 0,126 0,65 01011 0.01
1241 0,033 0,013 •0,002 0,102 0,4 0,04 0,1

Nasth 11 P.o012 o.08 10,005 *Al 0 07 oo o2 Wer

3 A. M. Cauopuo, A. IOf.lom.i o,,•o 045 0,020 - 0.20 - --

U ap. 1281 0,01 o105 0005 , 05 0,01 0,04 0001 ,01 Al
Joly 1211M - 003 10.06 - j),03A

1) Literature source- 2) others; 3) A.M. Samarin, A.Yu.Polyakov,. et. al. [128].

Although Gregory's method makes it possible to obtain cast

vanadium, it is also used for the production of powdered metal and

of metalloceramic products. In order to use the metallic vanadium

powder obtained, it is necessary to convert it to a dense metal. In

order to accomplish this, the powder is pressed in steel dies under

a pressure of 2.5-3 t/cm2 and is sinte.ned In vacuum furnaces at a

tequerature of 1400-1500 forr 1-2 hours. A vacuum sinter furnace

(Fig. 2) consists of a basic cylirder 1 which rests on a copper

plate 2 cooled by water. The cylinder and plate are hermetically

* - 7-



Joined. Tube 3 serves to remove water from the reaction area. The

pressed briquette 4 is suspended in the center of molybdenum tube

5, which rests on the molybdenum block 6 and is held in this posi-

tion by a molybdenum framework. Tube 5 is enclosed by two shield-

screens 7 which reduce heat losses. Heating is effected by Induc-

tion furnace 8. Vanadium sintered under these conditions is a

plastic metal capable of being rolled into sheets, rods, wires, etc.

Mechanical processing of hot vanadium is carried out either in an

argon atmosphere or in protective steel Jackets in a normal atmos-

phere. The production technology for vanadium products is similar

to production technology for titanium, zirconium, and other metals

which are easily oxidized on heating.

The production of vanadium products by powder metallurgy is

widely practiced in England, where this method is used for the fabri-

cation of vanadium tubes for atomic reactors. In the United States,

the smelting of vanadium in vacuum-arc furnaces with e.pendable

electrodes is preferred. This method is used in conjunction with

casting in a water-cooled ingot mold, after which the metal is sub-

Jected to pressure heat-treatment for the fabrication of products.

McKechnie and Seybolt developed a process for the calcium-thermal

reduction of vanadium pentoxide in the presence of 12 instead of

CaCI 2 (18]. Iodine is combined with calcium at a temperature of

4250 with the formation of Ca1 2 and a heat liberation of 100 kcal/mole

which initiate the main reaction of the reduction of vanadium

trioxide. The change in slag composition where CaI2 is used makes

it possible to agglomerate the metal in the form of a hard regulus.

TVe reaction takes place ir. a closed magnesite crucible which

Is inserted in a steel bomb. The bomb is hermetically sealed on

top by a copper-lined steel cover. The bomb contains 300 gram of

IL



Fig. 1. Vacuum device for the Fig. 2. Vacuum furnace for sin-
reduction of vanadium trioxide. tering powdered vanadium speci-

mens.

V205' 552 grams of Ca (60% more calcium than the amount theoreti-

ca3ly required) and 150 grams of 12 (0.2 moles of iodine for every

2 i:)les of vanadium).

The actual yield ýs 125 grams of varadium or 74% of the theo-

retical yield. The composition of the vanadium obtained by McKechnie

and Seybolt is shown in Table 1. As these authors stated, vanadium

has become a metal of great industrial potential r'ather than a

laboratory curiosity as a result of the semi-industrial method which

they worked out.

Beard and Crooks showed [24] how to increase the actual yield

of metallic vanadium in its production by the method described by

McKechnie and Seybolt. These authors increas-.d the actual yield of

vanadium from 74 to 84% of the theoretical yield by a wiser choice

of charge composition. A c.,nlcal magnesite crucible with a cover

450 mm high and a diameter of 120 mm across the top was placed in

a steel container. Coarse-grained magnesium was used to fill the

space between the crucible anid the bomb i4 order to center and sup-

port the crucible. The reaction took place in an argon atmosphere.

SW./7



The charge sizevvaried in accordance with the type of final pro-

duct; for a powdered product, 2180 grams of V2 0 5, 3840 grams of Ca,

and 1090 grams of 12 were used; for a cast product, 1635 grams of

V2 0 5 , 2880 grams of Ca, and 818 grams of 12 were used.

Induction heating at a rate of 50-60°/min was continued until

a rapid rise in temperature began due to the reduction reaction.

The reaction yielded 770-1020 grams of monocast ductile metal suit-

able for further mechanical processing. Its composition is shown in

Table 1.

The authors also studied the influence of impurities on the

plasticity and hardness of the metal. An oxygen content of more

than 0.05% or a silicon content of more than 0.2% increases the hard-

ness or' the vanadium and makes it unsuitable for mechanical process-

ing. The mean Vickers hardness for plastic metal reguli is 135.

There is basically no difference between the method described

and the method developed by McKechnie and Seybolt but there is a

characteristic tendency in this type of work to make vanadium a

commercially available metal and to present the possibility of a

wide use of vanadium and its alloys in modern engineering.

Kinzel t25] reports that the research laboratories of the Elec-

trio Metallurgical Co. and the Union Carbide and Carbon Company were

able to produce 40 kg of dense metal by this method. The metal had

the following composition (%):

vwr c o ; 8•E K

The Vanadium Corporation of America produces ductile metal.

The metal produced by this firm by MoKechnie'8 method has the fol-

lowing composition (M:)

V C t i •1... C Ii
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Wilhelm and Long 126] and later Joly [21] added comparatively

cheap sulfur to the charge rather than calcium chloride, or iodine.¶ This made it possible to use technically pure pentoxide, one-seventh

as expensive as chemically pure pentoxide, as the original product.

The CaO.CaS formed during the reaction dissolved the Impuri-

ties in the technically pure pentoxide so that they did not enter

the reduced metal.

Calcium chloride in a quantity of 30% pore than the amount theo-

retically necessary was used as a flux in the charge in the experi-

ments described in work (21]. There was a 70% excess of metallic

calcium over the amount theoretically required and this ensured a

maximum yield of metallic vanadium, 85% of theoretical. The chemi-

cal composition of the vanadium obtained by Joly is shown in Table 1;

its Vickers hardness was 90.

Several years ago, plastic vanadium was produced at a cost of

several hundred dollars per pound. On 1 April 1958, the cost of

vanadium containing no less than 99.5% V and produced by the cal-

cium-thermral method was 18.2 dollars per kg (27].

The basic shortcoming of the calcium-thermal method of ex-

tracting vanadium is the necessity for consuming large quantities

of high-purity calcium, since impurities present in the calcium

pass into the vanadium, reducing its plasticity (when calcium con-

taining more than 0.05% nitrogen is used, the vanadium becomes

brittle).

According to the data of the Soviet researchers A.M. Samarin

and A.Yu. Polyakov, and others [28, 29], the use or carbon as a re-

ducing agent In vanadium production has extremely good prospects.

Carbon is a t;tronger reducing agent than calcium at a reduced gas-

phase pressure. Carbon has a lesser tendency to reduce plasticity

rIt



than does the oxygen which can be present in quantities of more than

0.1% in vanadium produced by the calcium-thermal method. In the

experiments described in work [27], vanadium trioxide obtained by

the reduction of chemically pure pentoxide by hydrogen in a tubular

furnace at a temperature of 500-6000 was used. Lamp black was added

as a reducing agent in a quantity 5-7% greater than that stoichio-

metrically calculated. Briquettes pressed from the reaction mixture

were first subjected to preliminary reduction for two hours under

a quartz hood at a temperature of 900-10000. The briquettes were

heated by a high-frequency inductor placed around the quartz hood.

After repeated pulverization and pressing, the briquettes were then

subjected to high-temperature reduction in vacuum furnaces evacuated
to i'i0" 4 mm Hg.

The rate at which vanadium trioxide is reduced depends on the

the temperature and degree of evacuation. The reaction rate increases
0

rapidly in the temperature interval 1300-1125° at a pressure of

-41-10" mm Hg (Figs. 3 and 4).

Fig. 3. Rate of reduction of Fig. 4. Rate of reduction of
vanadium trioxide (V%) ty car- vanadium trioxide at 14500 as
bon in a vacuum (m1-10 mm Hg) a function of degree of evacua-
at various temperatures. Re- tion. Reducing "ent - lamp
ducirng agent - lamp black, black. 1) 1,10-4 mm HS;1) Min. 21 mm .Hs; 3) 17 va H;

without evacuation of CO;
5 min.

The composition of the plastic metal obtained undAr theose con-

t te



ditions is shown in Table 1. The authors of this article established

the relationship between the carbon and oxygen contents. As may be
seen from Fig. 5, a low oxygen content in the metal (less than

0.10%) is reached only when the carbon content is no less than

0.1-0.25%. With this carbon content, the metal still remains plas-

tic at room temperature.

In the method described, there is a virtually complete conver-

sion of vanadium from oxide to metal and this, together with other

factors, is a very important advantage of this method for obtaining

pure vanadium. Consequently, this method can be used on an indus-

trial scale.

This method of producing vanadium pentoxide with carbon in a

vacuum is also employed in work [25]. The original materials are

vanadium pentoxide containing 99.9% V2 05 and acetylene black. Re-

duction of the briquettes pressed from the reaction mixture takes

place in three stages. In the first stage, the briquettes are heated

to a temperature of 7500 to 13500 for three hours at a pressure of

l.10"1 mm Hg. The light grey product obtained contained 86-87% V

and 7-8% oxygen. It was pulverized, mixed with an additional quan-

tity of acetylene black sufficient for the carbon content to equal

the oxygen content, and was once again heated for 8-10 hours at a

temperature of 1500 , at a pressure of 1.10-3 mm Hg. After the

second stage of reduction, the product contained 9-97% V, 1.0-

1.5% C, and 2-3% 0, was silver-grey in color and had a metallic

luster, and was very difficult to pulverize. After the addition of

the appropriate quantity of acetylene black to the pulverized second

stage product, the mixture was heated for 12 hours at a tempera-

ture of from 150° to 17000 with a pressure of 1.10- m Hg at the

conclusion of the process. The final produet contataE49:.6% V,



0.12% C, and 0.06% 0 and had a hardness -v 50.

The weight of metal obtained corresponded to a yield of more

than 95%.

The extraction of metallic vanadium by reducing its chlorides

and oxychlorides with magnesium, sodium, or hydrogen was known long

ago. As has already been noted, Hunter and Jones obtained high-

purity vanadium by reducing its trichloride with sodium. DMring

[30] obtained very pure vanadium in finely powdered form by the

reaction:
VCI3 + , 1/ H2 - V + 3MCI.

VCl in a platinum combustion boat is placed in a platinum tube3
through which, when the tube is heated to a temperature of 9000,

pure, dry hydrogen passes until the evolution of hydrogen chloride

ceases.

The following can be used as

preparative methods for obtaining

99.5% pure vanadium in prwder form.

1. Two grams of VCl 2 and 1

gram of Mg are pressed Into tablets

which are placed in magnesium oxide

Fig. 5. Relationship between combustion boats In a quartz tube
hydrogen and oxygen contents
(in %.by weight) in metal ob- and heated for 1-2 1/2 hours at a
tained. 1) mm Hg.

temperature of 7000 in hydrogen or

argon.

2. VC1 4 vapor is passed above magnesium shavinpi placed In the

magnesium oxide combustion boat. This occurs In an atmosphere of pure

hydrogen and the apparatus is gradually heated to a temperature of

7W0° for 2 1/2 hours. The chlorides are washed out of the mixture

Of V, VC1 2 , and VC3 with water and the residue in powdered vanadium.

rN _ 1....



The reduction of chlorides and oxychlorides does not always

give good results because of incomplete reduction and because of

the hygroscopicity of the initial products; however, this method

has long been used as a *laboratory" method of obtaining vanadium

[30-32].

Two yEc•rs ago, in England, vanadium was industrialýy produced

by the reduction of vanadium from VC13 with magnesium at a tempera-

ture of 8400 in an argon atmosphere [(14]. Vanadium trichloride was

obtained by the chlorination of ferrovanadium containing 80% van-

adium in a special chamber, a chlorinator. The chlorination process

is a( %panied by the liberation of a considerable quantity of heat

and consequently requires no external heat supply after the process

is begun. A mixture of VCI 4 , VOCI5P and FeCI3 is obtained from

chlorination. The FeCl3 is removed In a special separator and the

micTure of VCn4 and VOeC3 is condensed and is subjected to thermal

decomposition to VCI3 in a stream of hot inert gas. In this case,

the undecomposable orychloride is separated from the solid VC1 3 by

distillation.

'he device yields 18-20 kg of sponge vanadium during a cycle

and this is separated from the magnesium chloride, while the excess

of magnesium is rmelted in an argon atmosphere and then heated to a

temperature of 900" in a vacuum and leached. The composition of

the vanadium obtained was; 99.7% V, 0.12% C, 0.005% 0, 0.01% N,

and 0.01% mg [26].

The thermal decomposition of vanadium iodide according to the

reaotion V12 - V + 12 gave the best results so far as the purity

of the metal formed Is concerned.

It is possible to obtain a rather small quantity of metallic

vanadium with an exceptionally low (less than 0.1%) oontent of il..



purities by this method. This method, which was first used by Van

Arkel (32] for titanium, zirconium, and then for vanadium (33],

consisted in the reaction of technically pure vanadium with iodine

in an evacuated vessel, resulting in the formation of volatile

vanadium diiodide. The diiodide is then decomposed by red-hot turz-

sten or vanadium wires, leaving a dense residue of highly pure

vanadium.

The iodine which reacts w th the technically pure vanadium

containing oxygen, nitrogen, ilicon, etc., in the first stage of

the process, has no noticeable effect on oxides, nitrides, carbides,

etc. and, consequently, none of these impurities enter the vanadium

vanadium iodide.

The ghortcoming of Van Arkel's method is the fact that the

filament residue remaining after thermal decomposition is coarse,

nonhomogeneous, and not dense.

The iodide method has recently been considerably improved [19];

a technique has been developed for obtaining a smooth, uniform resi-

due which can be used for further mechanical processing without re-

founding in the form of rods. Vanadium diiodide must be heated to a

temperature of 800-9000 in order to obtain an adequate rate of sub-

limation and a uniform residue. However, in this temperature range,

the diiodide does not dissociate to any great degree and, in order

to push the reaction toward dissociation, it is necessary to con-

stantly remove the liberated iodine from the reaction area. If the

vanadium dilodide is extracted in the same ve-:.l where its thermal

decomposttion occurs and not in separate devices, this still further

promotes the production of a uniform residue.

In the experimental installation for extracting vanadium by

the iodide method (Fig. 6), smill pieces of crude vanadiuam 1



placed on projections on the out-

side of a perforated molybdenum

tube 2 which is inside a quartz

vessel with a rounded bottom 3. This

vessel is charged with approximately

800 grams of technically pure van-

adium. Two 6 millimeter tungsten

electrodes 5 in a uranium glass.

sheath 6 pass through the ground

Fig. 6. Equipment for extract- cover 4. A vapor generator 7 made
ing vanadium by the iodide
method. of high-melting glass contains about

860 grams of iodine.

The system is evacuated to a pressure of 1.10- mm Hg and is

then isolated from the vacuum system 8 by a shut-off device 9 and

is heated to a temperature of 900°. The iodine is slowly vaporized

in the quartz vessel, and it reacts with the vanadium to form a

diiodide. When the reaction Is completed and the device is cooled

to room temperature, the vapor generator Is sealed off. The quartz

vessel and the vanadium diiodide which it contains are again con-

nected to the vacuum system, evacuated to 1'10-4 mm Hg, and slowly

heated to a temperature of 800-9000. The tungsten or vanadium fila-

ment is heated to a temperature cf 14000. The rate of precipitat~en

is maintained by controlling the filament temperature. The opera-

tional regime varies from 0.6 amps and 12 v at the beginning of do-

composition to 82 amps and 8 v at its end. The precipitate of ex-

tremely pure metal weighs 50 grams. The metallic regulus is refounded

In an are furnace in a pure argon atmosphere (99.92% argon) and has

a Vickers hardness of 70. The vegulua is rolled at room temperatue

Into a 1I sheet with no Intermediate tMpe~re . The high value of



relative contraction exhibited by the vanadium is shown by its high

plasticity. We will consider later the properties of vanadium ob-

tained by the iodide method.

In addition to the thermal decomposition of vanadium dliodide,

which is assumed to include the refining of technically pure vanadium,

zone [34) and vacuum [353 melting by electron bombardment have re-

cently come into use for purifying metallic vanadium. The specimen

(anode) is melted by bombarding, with electrons, a cathode made of

tungsten wire or strips in the form of a ring enclosing the anode.

In order to avoid contaminating the vanadium with material from

the crucible, a method has been worked out for vertical, noncrucible

melting. In zone melting, when the melt zone moves along the speci-

men, the latter is refined by three processes: 1) degasification

in vacuum melting; 2) evaporation of vaporized impurities; 3) re-

moval of impurities in the liquid phase.

Work (34] describes the manner in which the vertical, noncrucible

melting of vanadium was carried out with an electron beam. The speci-

men was fastened to a frame which moved with a velocity of 1.25-

2.25n cm/min relative to the cathode. Melting took place in a pyrex

tube 50 cm long with a vacuum of 1.5"10"4 mm Hg. The maximum speci-

men diameter, which was determined by surface tension and the den-

sity of the liquid phase, was 6 mm for vanadium and the standard

voltage and current used to melt a specimen of this diameter was

1.5 kv and 6 ma. This method yielded single crystals of vanadium

ranging from 20 mm to 1 cm in diameter and up to 16 cm in length.

Ductile vanadium, containing 99.5% vanadium can be further

purified by electrolysis. It has recently been suggested [36) that

this method be used to extract the very pure vanadium used as a

coolant in atomic reactors. Slectrolysis Is carried out in an Iron
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crucible with a graphite lining placed in an evacuated steel chamber

filled with an inert gas. The refined metal and vanadium scrap are

at the bottom of the crucible and serve as an anode. A fused salt

mixture of NaCl.VCI 2 serves as the electrolyte. VCl 2 is also pro-

duced in the chamber by slowly chlorinating the vanadium scrap.

Chlorination continues until the vanadium content in the electro-

lyte is brought up to 2.1%.

The current density in the iron rod which serves as a cathode

is 0.3-0.0016 amps/cm2 , corresponding to a voltage of 0.35-1.0 v.

Since the anode dissolves during electrolysis, it is necessary to

add vanadium scrap to the bath lest the efficiency of the chamber

be red'aced and the cathode precipitate have a small-crystal form

with a considerable quantity of occluded salts.

The yield of regenerated, purified metal was 87% of the metal

charge; the hardness of the vanadium crystals obtained varied be-

tween three and 90 on the Rockwell scale.

Thus, there are basically three contemporary methods of ob-

taining plastic vanadium, not including refining:

1) reduction of V205 and V2 03 with ce'.cium in a vacuum;

2) reduction of V2 0 3 with carbon in a vacuum;

3) reduction of the chlorides and oxychlorides with magnesium,

sodium, and hydrogen.

Only the first of these methods is used industrially, but both

the first and second methods xiold the promise of making ductile

vanadium as available a metal as tungsten, molybdenum, etc., in

the near future.

Data on certain physical properties of various vanadium com.

pounds used to obtain pure vanadium, as well as carbides and nitrides

(3T), and the most aosom phases In metallic vanadium are given

417
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in Table 2.

TABLE 2
Physical Properties of Vanadium Compounds

op..~a Ur?.OT, ¢oNUm anh-2 Y" T-,9O -

"C | "c

T4p1udA. cPUCau1 ocKINICR, cTpyl..
_Typ& KopyffA..• . ......... 4, 87'4 1970 - =2 10

V*% §PSJW4O5 pomwu'aeciru . . . . 3,357"4 690 1750 437 _L 7
LesonaTo-catoANunel., rurpo-

VCI, 0KOUSqu, nnat"URN reftearo.
Oanbuamu. ............ .. 3,23s -- 147 -4- 4
Poaosue KpacTanuw, pacnasnaw-VC3 1e .oopswuesys xawoc. 3,00" - - 187 : 8
KpacnO-YPaR jAMunRn=# WRAOCTb,

VCI4  pwnaraoecn soAoi H ua noaAy- 1,832"6 28+2 148, 5 1M5 4
12xe0 .................... .. (755 .m)

VOCI, 1poapamfan cmorao-ecn'raan a;t- 1,8544 -78,9 127,20 200± 4vO f tn . . .. .. .. .. ... . 0:2 (760 am)

"?eMuo4;o.4erosue ivKcaroaaib-
VJ1  HUG ANCTO'tlu 1paCTSahlywcH

400 TUay GdJO, rurpoceonvwum 5,44 - - -vKopu'weao.qep.naI KpNOTSaJNnnWe.
v a, Hn nponyKT rurpoc~ounqe . ,2 -

CTemaut, mpuvcannn.ecxnA, rexca-
6e romanej, KoM(aKoCH ..... ... •19,7 -

VC Temunud, KpucTuan'ec .i., rpa.
7neu esrpaposa.,wf hqy6Aveca•u 5,48 2830 28,0
Teiwo-cep-A, upncaTaanntiecnai,V$N reKcarouanew, namotman ynatos-VN a 8 .................. ... 5,967 - -

Cepo.KopuieuuiA, HPapmcTaAAwec.
VN KnI, rpane9eUTapaposavzu*, xy.

6.tecguA .. .......... 6,040 2055 60,0-±2,0
23=

1) Formula; 2) color, stats, crystal shape; 3) specific
weight; 4) melting point, C; 5) boiling point, oC;
6) heat of formation, kcal/mole; 7) black, crystalline,
corundunm-type structure; 8) orange, rhombic; 9) greenish-
micaceous, hygroscopic, hexagonal sheets; 10) rose-colored
crystals distributed in a brown liquid; 11) red-brown
fuming liquid, decomposes In water and air; 12) transparent
light yellow liquid; 13) dark violet hexagonal sheets
crystallized after the fashion of Gd12, hygroscopic;
Vt) brown-black crystalline produce, hygroscopic; 15) dark,
crystalline, hexagonal, dense; 16) dark, crystalline, face-
centered cubic; 17) dark grey, crystalline, hexagonal,densely packed; 1d) grey-brown, crystalline, face-centered,
cubic; 19) calculated.

The Properties or Metallic Vanadium

The metallic vanadium first obtained by Roscoe contained about

9 vanadium and was extremely brittle. In the history of the ex-

traction of pure metals, a similar phenomenon y be noted for
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titanium, zirconium, uranium, and even for chromium. In the first

stages of obtaining these metals, they were brittle and hard because

of their high content of detrimental ilpurities.* In 1927, by the

reduction of vanadium pentoxide with calcium (V2 05 + 5 Ca - 5CaO +

+ 2V), high-purity metal was obtained, containing 99.3-99.8% V,

0.06-0.05 Si, 0.20-0.24 Fe (20). Metal having this chemical com-

position was ductile and sufficiently soft. Unfortunately, the authors

of work (20] did not give the mechanical properties of the vanadium

which they obtained but this work, published 100 years after the

discovery of vanadium, shed new light on the physical nature of van-

adium and completely changed the previously held notion that it was

a very brittle, nonplastic metal.

Metallic vanadium is greyish-white in color, does not decom-

pose water, does not oxidize in air at ordinary temperatures, and

when strongly heated combines vigorously with oxygen, chlorine,

bromine, nitrogen, sulfur, and phosphorus. The metal is capable of

absorbing a considerable quantity of hydrogen but does not form

definite compounds in this case. Vanadium is insoluble in hydro-

chloric acid, is highly soluble in nitric acid and hydrofluoric

acid, is unaffected by alkali solutions, and dissolves in molten

alkalis with the formation of vanadates.

The first data on the properties of metallic vanadium were in-

correct, because of Its insufficiently hih purity, and only when

new methods fdr obtaining very pure vanadium containing less than

0.08% impurities were worked out was it possible to consider these

*•Te lack of sufficient Information in the scientific and technical
literature on the extraction of pure metals, including pure vanadium
which has good plastic properties, served as the vexing cause of
the fact that the Bol '1shi Sovetska•a &ntslklopeLYa [Great Soviet

n•4tclopedia], in the 1951 edition, Volum VI, in the article on
vanadium, noted that vanadium is 'a brittle and very hatd metal.'



The Physicochemilcal and Mechanical Properites of Vanadium

Atomic number 23
Atomic weight 50.95
Atomic diameter 2.69
Isotopes 47, 48, 49,

50, 51, 52
Electronic configuration 1322S2 2P63S3

3p 64S23d3

First ionization potential 6.8 ev
Content in Earth's crust, % 0.02
Crystal structure up to 15500 body-centered cube

Lattic3 constant, A (Angstroms) 3.034

Specific weight at 200 5.8
0Melting point, C 1900 ± 25

Heat of fusion, kcal/mole 4185

Entropy of fusion, kcal/degree 2.1

Boiling point, °C 3000

Volatility at melting point very slight

Heat capacity at constant pressure over
temperature interval 20-1000, kcal/g-deg 0.120

Thermal conductivity ratio, kcal/cm.sec, at 1000 0.074

The same, at 5000 0.088
Coefficient of linear expansion (200-10000) 8.95.10-6

Specific electrical resistance at 200, ohm-cm 26.10-6

Temperature coefficient of specific electrical
resistance (25-1000) 2.8-10-3

Magnetic susceptibility 1.4"10-6

Hardness (Vickers)

Iodide method 70
Calcium-thermal method 143

Iodide method (cold rolled) 120
Modulus of elasticity, kg/MM2  14,070

Shear modulus, kg/imn2  4730
Ultimate strength, aV, kg/m2 2  22.2

Limit of proportionality, kg/t 2  8.5
Yield point, a.: 0.1 kg/mm2  10.7

0.2 k&/'=2 11.6
Relative elongation, specimen length, 2.5r4 cm, % 3840
fecklng, specimen length, 2.54 an, % 6140

T.eWratuwe region of recrytallixation, C 650-800



properties as established.

The basic properties which we considered above were for van-I adium of 99.7-99.9% purity. The physical properties given were based

on works (2, 33, 20] and the mechanical properties on work [19] for

very pure vanadium iodide which was cold-rolled with a 90% reduc-

tion and then tempered at a temperature of 8000. Pure vanadium has

low ultimate strengths, high plasticity, a low specific weight,

high resistance to corrosion, and a high melting point and in this

respect resembles titanium and zirconium.

The ultimate strength of vanadium is sensitive to the presence

of impurities and varies from 22 kg/mm2 for vanadium iodide to

56 kg/rmn2 for industrial types of vanadium extracted by the calcium-

thermal method. The most important property of vanadium is its ability

to remain strong when heated, even to a temperature of 9000. At

this temperature the ultimate strength of the unmelted vanadium is

10.5 /mm 2  14, 38].

It is assumed that vanadium has three allotropic forms, two of

which (high-temperature and low-temperature) were recently discovered

and have not been sufficiently verified experimentally by us. The

alpha-type haa a body-centered cubic lattice and exists from room

temperature to 15000.

Seybolt and Samsion [16] in measuring the electromotive force

of a vanadium-molybdenum thermocouple as a function of temperature,

discovered a high temperature form of vanadium. The electromotive

force curve of a vanadium-molybdenum thermocouple as a function of

temperature, has a point of flexion at 1530 t 100 (Fig. 7). How-

ever, there has as yet been no data given in the literature on the

structure of this form.

Rostoker and Yamamoto [39] discovered a low-temperature form



of vanadium which exists between -33 and -25° and has a body-

centered tetragonal lattice.

In comparison with such metals as copper, aluminum, and iron,

vanadium exhibits higher el 'ctrical

resistance and lower thermal con-

ductivity. The linear coefficient

of thermal expansion for vanadium

is also low in comparison with other

metals.

The mechanical properties of

vanadium depend to a considerable

degree on the composition and de-

Fig. 7. Electromotive force ofr
a vanadium-molybdenum thermo- gree or purity or the metal. Since
couple as a function of tem.-coupleas a efunctn o. tvery pure vanadium in quantities

* perature. 1) emf, my.

sufficient for study of its mechani-

cal properties has been obtained only recently, not all these pro-

perties have been studied with sufficient thoroughness. The most

interesting information on the mechanical properties of pure vanadium

is given in Reference [2].

The following properties of metallic vanadium produced by the

calcium-thermal method were studied: ultimate strength, strength at

elevated temperatures, toughness, temperature of transition from

plastic to brittle state, and hardness. The influence of oxygen,

nitrogen, and carbon on the properties enumerated above was a'.so

studied. It was established that carbon did not have so great an ef-
fect on ultimate strength, hardness, .and plasticity as did oxygen

and nitrogen. The total impurities due to the latter should not ex-Ii
ceed 0.16%, so that the metal can be rolled at room temperature

with a reduction of up to 90% without intermediate tempering. The

i °° v



mechanical properties of vanadium vary as a function of the tmpurt-

ties present (Table 3), the temperature (Table 4), and the type of

heat treatment (Table 5).

TABLE 3
Effect of Impurities on the Mechanical Properties of
Vanadium.

COAePIWaUN pt~ c % nI u up a I VANRU 4
~ NCTfl. I:/AUS AAlhtueO~P WO~ cruellue. % -

0,25 0 09 0 08 58,73102
0,12 0,18 0,10 28,00

1) Content of impurity, %; 2) ultimate strength, gm2
3) elongation with specimen length of 2.5 mm, %; 4) re-
duction in area, %.

TABLE 4
Effect of Temperature on Mechanical Properties of
Vanadium [content of impurities (%): C - 0.002;
0 - 0.085; H - 0.0068; N - 0.11]

I17ee npt Vzzmunn.NpUO B
________ 1,5 AM. % _ _ _ _

22 63,84 2 48

400 69,44 t9 58
600 28,00 38 87
800 16,10 36 89

WOOX 4,98 50 9

1 Temperature, 0C; 2)ultimate strength, kg/mm ;

3 elongation with specimen length of 2.5 mm, %;
4 reduction in area, %.

Hydrogen, Just as oxygen and nitrogen, is a detrimental im-

purity in vanadium. It detracts from the plastic properties of the

metal. When the hydrogen content reaches 0.045%, vanadium becomes

very brittle. The hydrogen-induced brittleness of vanadium is sharply

manifested at room temperature but decreases when the temprature

is raised or lowered, more intensively for an increase than for a

decrease in temperature. This brittleness can be eliminated by heat-

ing the metal to a temperature of 400° in a vacuum.
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TABLE 5
Effect of Heat Treatment on the Mechanical Properties of
Cold-Rolled Vanadium Subjected to a 75% Reduction in Area
[content of impurities (%): c - 0.14; 0 - 0.15; H
0.001; N - 0.08]

Hot~~n Anne~h I OT. 6f pasaa a

1C oC aOTm 75% 79,03 5
KOToM0 NA? 3 u-

15 HEE. nps
"ue~nep-Type:

GO0 . . .. 72,45 14,5
800W .... 53,48 25
915" . 50,M3 28.0

1) Type of heat treatment; 2) ultimate strength, kg/mm2 ;
3) elongation with specimen length of 50 mm, %; 4) with
75% reduction in area; 5) vacuum annealing for 15 minutes
at a temperature of:

Fig. 8. Fracture properties of Fig. 9. Fracture properties of
untreated vanadium as a func- recrystallized vanadium as a
tion of temperature. 1) kg/mm2 . function of temperature. 1) Ulti-

mate strength under tension;
2) 0.2% yield point under ten-
sion; 3) 411ngation, %; 4) ten-
sion, kg/mm.

In work (14], generalizations are made from the vast experi-

ence of the author and his colleagues in research on the mechanical

properties of vanadium and its alloys.
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Figure 8, in accordance with the data given in work (38], shows

the fracture properties of unworked vanadium with a composition of

0.077% C, 0.056% o, 0.086% N, and 0.002% H. The fracture properties
of processed vanadium in the temperature range from -195 to +12270
are studied in detail in work [40).

Metal which has been fused in an arc furnace and then cast is

subjected to hot rolling in a soft steel jacket at a temperature of

9000 and then cold rolled from 5 to 0.5 mm with intermediate vacuum

tempering at a temperature of 3000 for half an hour. The rolled

sheet has the following content of impurities (percent by weight);

0 N H C W Fe S1
0.057 0.07 0.0004 0.09 <0,02 <0,o05 <0.005

Specimens for tenslon testing were cut from a strip parallel

to the direction of rolling and tested after cold rolling (Table 6)

and after recrystallization at a temperature of 10000 for one hour

(Fig. 9).

Table 6.

Mechanical Properties of Rolled Vanadium

U=A o OCTt|. 
1 

nP0qnoc;s. A6U.In0 ellm t n|u,,WAUm" me WAS.•*" paspiwow. %

27 7t,93 73,5 0,8
227 61.38 461:88 0,2
427 54,42 56,10 0,9
727 23,33 31,.0 4.5

1027 3,29 5,93 46,3

1) Test temperaCure .°C; 2) 0.2% ultimate 2
strength, kg/mm ; 3) ultimate strength, kg/mm2 ;
4) relative elongation at fracture, %.

The authors of work (40] came to the conclusion that vanadium

has fracture properties which depend on temperature in a manner

characteristic or metals with a body-centered lattice structure.

Certain peculiarities of this dependence are indicated by the fact

that the strength of the metal depends on temperature in the low-

S. . . . .. . . . . . . . . . .. . . . . .' ... ... .. , . . . ... ... . ... . . . . .. . . . . . . ..... . .. . . . .. . . ...



temperature region, while the yield point implies mechanical aging,

a fact verified by the minimum on the expansion curve and a maximum

on the ultimate strength curve at approximately 4270.

TABLE 7

Corrosion Properties of Vanadium.

oHOpucm HOPPuu (TOMama) UnME a& Nana.

C""a 1
_________ _____________ - tr 3 1 pottATauANU !oýMM~UWm 5

600, 11C1 - 70° c nponyCmauxeM ,oaiyxa
nepe3 pafCTWPp ........... -. 0,00182 0,0()18:1

7 20% li0, To .e .. ........... ..... 0,1905 0,0i421 0,0143
t0% HSO,, ........... ....... - 0,00165 0,00150

8 20% IlCI - 70( c npouycKau~N 8ao1a
1Iopea paCTDOp .... ........... - 0,03120 0,01393

.9 10% i ,S04. To We ......... ... 0,000915 0,00014

10 37% 1ICI - KOmnaraaR Teu1lopaTypa Gea
npotymacK8a raaa nepew p8CT1op .- 0,00737 0,0066ou

11 10% H1SO04-- nnUan... ........... U,01219 0,00787 0.00914
12 85% lPO,--Kmunama. ............ - PacTDopXCr 18
13 1omAuTpISpoMaauan iINO.- KOMUTUar 28 I

rtUM1OPaTYP....... ................ PaCTROpROT Pac TO p~eT

114 5% FeCI, + 10% NaCi - KomaTaR Trem-

1 .paTypa ... .... ......... . 1S 0,182 0,1905
1 201 NaCI (6puaru) ..... .......... lie i.'tuoaT,

16 MO tan moaa......................- 26 0,000%,52
17 llpoMuUleuuan aTMoc4wepa ... .. ..le o'ropo

wopawauauuo

1) Medium; 2) rate of corrosion (thickness of film after
1 month, cm);3) cast; 4) rolled; 5) tempered; 6) lO%HCl -

700 with passage of air through solution; 7) 20% HC1,
the same; 8) 20% HCl - 700 with passage of nitrogen through
solution; 9) 10% H2 So 4 , the same; 10) 37% HCI - room

temperature without passage of gas through solution; 11
11) 10% H2 SO4 - boiling; 12) 85% H3 PO4 - boiling; 13) con-

centrated HNO3 - room temperature; 14) 5% FeCl3 + 10% NaCi -

room temperature; 15) 20% NaCl Jets; 16) sea wnter; 17) in-
dustrial atmosphere; 18) dissolves; 19) unaffected;
20) some staining.

Because of the reactivity of vanadium, all processing and

testing at elevated temperatures must be conducted in a protective

atmosphere or a protective sheathing must be used. Kinzel [25]

suggested the use of stainless austenite steel as a sheathing.

It should be pointed out that the metal in pure form lends It-

self well to hot or cold mechanical processing; it is easily pressed,

ground, cut on a machine tool. stamped, extruded, welded, etc. The! -6



plastic properties of pure vanadium are approximately the same as

those of copper and nickel in this respect. The mechanical proper-

tien of vanadium after extrusion are analogous to the properties of

cast iron and are characterized by low ultimate strength (a - 40-

43 kg/mm2) and considerable plasticity (6 = 33-44%; * = 64-80%).

The properties of vanadium hardened by extrusion are studied

in detail in work (41].

We should take note of the high corrosion resistance of pure

metallic vanadium. Kinzel [25] summarized research in this field in

the following fashion: vanadium has a high resistance to reducing

acids of medium concentrations and is unstable to oxidizing agents.

Table 7 shows the results of new research on the corrosion

properties of vanadium [2]. The high corrosion resistance of van-

adium in air and marine environments is especially important and

this, in conjunction with low specific weight and a high modulus of

elasticity, makes metallic vanadium an important construction mate-

rial.

The Use of Vanadium

Vanadium has received the attention chiefly of metallurgists,

being an extremely important alloying, reducing, and carbide-forming

element. In this respect, metallurgy is the basic area of its use.

The introduction of vanadium in the production of special types of

steels has made possible the formation of thin, uniform structures,

makes the steel denser, increases its toughness, elastic limit, and

ultimate strength under tension and bending and extends the rarge

of tempering temperatures.

Steel containing 0.3% C, 1% Cr, and 0.2% V, after hardening at

a temperature of 9000 in oil and annealing at a temperature of 40 0',

has the properties av - 129 kg/Mm2 , ao - 109 kg/mn2 , 6 - 13%, while

37
* 1... 2r [•[.•2 .• ltl2t:2 2 ilF ..... ..- "'!l•: ' ... . " .. . . . ..- ..



after hardening in water and annealing at a temperature of 4000. it

has the properties av = 144 kg/mm2 and as . 124 kg/mm2 .

Vanadium carbides increase the hardness of steel and its re-

sistance to abrasive and impact stresses.

Vanadium is an important additive to tool (up to 2%) and con-

struction (up to 0.2%) steels. The successful development of heavy

and transport machine building requires vanadium-manganese steels,

characterized by their high resistance to impact and fatigue.

Vanadium is used for alloying steels in combination with

chromium, nickel, molybdenum, tungsten, etc., and this increases

the strength, hardness, and impact resistance of the products.

The addition of vanadium to low-alloy heat-resistant steel or

the replacement of a portion of the molybdenum in the steel by van-

adium considerably improves the mechanical properties of the steel

at room temperature and its long-term strength and resistance to

creep at temperatures of 470 and 5900 [42]. Table 8 shows the chemi-

cal composition of the alloys tested and Table 9 shows the fracture

propert ies of these alloys at room temperature.

As we may conclude from Table 9, alloys B and C are the strong-

est. Standardization at a temperature of 10650 markedly increases

the str'ength of alloys with high vanadium contents and does not

change the strength of alloys B and C. In this case, the plasticity

of the alloys is reduced, but not so far as to preclude their

technical use.

The long-term strength at a temperature of 5900 after standardi-

zation at a temperature of 9800 and annealing is highest for alloys

C, B, A, and E (Fig. 10, i). Increasing the normalization tempera-

ture to 1065 and 10950 has a positive effect on the heat-resistance

of alloys with high vanadium contents (alloys F, 0, 5, Fig. 10).
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TABLE 8

Chemical Composition of Impure Vanadium Alloys Tested, %.
cnI3I I 1 n iI IC04•,481 C St man Uo V V

_ _ _ _ 1_ _ _ _ _ _ _ _ I _

A 0,22 0,19 0,42 0,54 -- -

B 0,20 0,22 0,61 0,50 0,21 -
C 0,07 0,19 0,46 1 0,30 0,18 -
D. 0,20 0,25 0,53 - 0,20 -
E 0,23 0,34 0,60 0,29 0,48 -
V 0,20 0,22 055 0,27 0,72 0,59
G' 0,18 0,21 0,46 066 0,

1) Alloy.

TABLE 9
Fracture Properties of Alloys at Room Temperature

1 I 2 3 , 14 5 Ic,.,H,. ,,ao
lpuen I1Ic*eo OTaociwJuoeULmSAU uODOp6,-

Quas Tepunec,, oan o0paCmKa UpoquoCt. OH,"7irO . yaeNM.mu, % MoroNI/M-' KI/'M U"= .,

17
A HopMuaaJNUUN oT Trenepa. 48,3 32,2 38 63

Typu 9820 n omtci; c I
B 6 80,8 70,7 21 u,
C 77,0 56,8 23 62
1) 47,6 37,8 41 73

E 58,8 46,9 30 73
F 50,4 27,3 37 83
G 8 49,7 24.5 39 81

A HopuamauMn oTr Tenepa. 48,3 32,9 33 64
TYPH tO650 n o~ycx a

B Temeparypoi 676 81 ,9 71,4 22 62
C 7057 1t,9 23 60
D 49,0 33,6 33 70
E 72,8 51,i 25 64
F 60,2 44,8 25 75
C 58,8 35,7 31 74

1) Alloys; 2) heat treating; 3) ultimate strength, k&/mm2 ;
4) yield point, kIg/mm2 ; 5) relative elongation, %; 6) re-
duction in area of cross section, %; 7) normalization at
temperature of 9820 and annealing at a temperature of 6760;
8) normalization at a temperature of 10650 and annealing
at a temperature of 6760.

Thus, the molybdenum content in vanadium steels can be reduced

to 0.3T without detriment to strength at elevated normalization

temperat'ures.

While the metallurgical use of vanadium as an alloying mateial

had already begun at the end of the last century, the use of the metal

• ; , . .... ... . .." . . .. . ._ _ l i _ !~i _ ,i - I I~ l l kO II I I I I- . . . • , ' t . . . . .... . .. . .



itself and its alloys in modern technology became possible only

very recently - after the production of the pure metal had been

mastered. Metallic vanadium and its alloys are similar to titanium

and its alloys in the nature of their use, their properties, and

the prospects for their use.

Rostoker studied the solubility

in vanadium of 21 elements of the

periodic system (43], as well as

the mechanical properties of many

binary and ternary alloys of vanadium

[14, 38]. The greatest interest has

been aroused by binary alloys of

vanadium with titanium which re-

mained plastic and possess high

strength with titanium contents of

up to 50% and alloys with zirconium

contents of up to 3% which have

Fig. 10. Strength of low-alloy higher plasticity than unfused van-
steel at 5900 as a function of
composition and normalization
temperature. I) Normalization adium. In the opinion of the author,
at 9820, annealing• II) nor- multicomponent alloys based on
malization at 1065v, anneal-
Ing; III) normalization at titanium-vanadium or titanium-zir-
10950 annealing; 1) tension,
k/2, 2) time until railure, conium alloys should be of high
hours.

strength and plasticity. Chromium,

aluminuw, and silicon are promising as third components (Fig. 11).

A ternary alloy containing 50% titanium and 2% silicon possesses

the properties al - 105 kg/mm2 ; 6 = 12.5%, and • - 17.5%. A vanadium

alloy containing 50% titanium and 5% aluminum has high long-term

strength at a temperature of 3000 and is no less strong than a ti-

tanium alloy and its strength to density ratio exceeds that of alloyshi' _ _____
"___°________



based on iron, cobalt, and nickel. In addition, this alloy is pre-

pared from vanadium produced by the aluminum-thermal process and

its mechanical properties do not differ from the mechanical proper-

ties of a vanadium alloy produced by the calcium-thermal method.

In general, vanadium alloys

are also used as heat-resistant

materials at temperatures not ex-

ceeding 6730, where the alloy rapidly

begins to oxidize because of the

melting of the V20.

Vanadium bronzes and alloys

of vanadium and aluminum are used

Fig. 11. Hardening action of' in airplane construction and ship
aluminum, chromium and silicon building because of their high
as third components in a binary
alloy containing 45% V and 50% salo 50 conal;ing 2)5% Cr 3d 5 strength and corrosion resistance.Ti. 1) 50% Al; 2) 5% Cr; 3) 5

3 ) ultimate strength, Alloys of vanadium and noble
kg/mm metals are used in Jewelry work and

dentistry. Malleable vanadium is used as an X-ray filter in tubes

with chromium anticathodes in order to obtain pure a-Cr radiation.

Vanadium is successfully used as the filament in vacuum tubes

because of its high temperature-strength characteristic. Vanadium

filaments can now replace tungsten filaments in the iodide method

of producing vanadium and this eliminates contamination of the metal

with tungsten.

Each year the use of vanadium in components for high-speed

Jet aircraft and rockets increases, as does its use as a sheathing

material for nuclear reactors and for the cladding on reactor fuel

elements. Vanadium's inability to fuse with uranium and its high

thermal conductivity warrant a great deal of attention.

....



The industrial use of metallic vanadium and its alloys is a

recent phenomenon and engineering has consequently still not taken

advantage of all the useful, physical, physicochemical, and mechani-

cal properties of these new materials.

Table 10 shows the compositions and designations of certain

multicomponent alloys containing vanadium.

For alloying steel, ferrovanadium is used. The problem of pro-

ducing ferrovanadium has been solved since the revolution by the

use of Kerch iron ore and Ural titanomagnetites.

Vanadium compounds are widely used in the glass and ceramics

industries because of their diversity of colors, in the dye industry

as mordants, in the rubber industry, and in photography. Vanadium

pentoxide, as the best drying agent, is used for oil paints. Vanadium

pentoxide is of great value in the chemical industry as an active

catalyst in the synthesis of organic substances (acetaldehyde and

acetic acid, benzaldehyde and benzoic acid, etc.) and in sulfuric

acid production. Vanadium replaces platinum as the catalyst in the

contact process for the production of sulfuric acid because of its

low price and resistance to poisoning.

Pecently, soluble arsenovanadates have been effectively used

as fungicides and insecticides. In medicine, the use of vanadium

revolves chiefly about the oxidizing and antiseptic properties of

its compounds.

CONCLUSIONS

Methods have now been worked out for the extracting of high-

purity (up to 0.08% impurities) vanadium which Is capable of under-

going various types of mechanical processing. The basic Industrial

method for obtaining malleable vanadium is the reduction of vanadium

pentoxide or trioxide with metallic calcium. In order to obtain
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small quantities of extremely pure vanadium, the thermal decomposi-

tion of vanadium dilodide is employed. The latter method may still

be considered among the laboratory methods for obtaining pure metals.

Vanadium has now become an easily available and important metal in

engineering rather than the expensive metal and laboratory curiosity

which it once was.

The basic properties of extremely pure vanadium (low specific

weight in conjunction with considerable strength and high plasticity,

corrosion resistance) make it a valuable basis for construction and

corrosion-resistant materials.

Recently, malleable vanadium has been used not only as the

basis for new alloys, but also for special-purpose applications be-

cause of its peculiar physical properties. The solution of the prob-

lem of obtaining very pure vanadium and the determination of its

properties have opened up great prospects for its use in the most

diverse branches of engineering.
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THE METALLOCHKMISTRY OF VANADIUM

By I.I. Kornilov and N.M. Matveyeva

Metallochemistr-y is the study of the metallic elements of the

periodic system as react with each other and with the metalloids

with which they form metallic-type bonds [1, 2].

The most important task of metallochemistry is the establish-

ment of general quantitative relationships governing the formation

of the different classes of solid solutions and metallic compounds

of constant and varying composition which generally do not obey the

rules of valency. This problem has been solved by the use of the

periodic law and the study of equilibria. The specific purpose of

metallochemistry is the study of equilibria and the construction of

structural diagrams of metallic systems whose nature can be pre-

dicted by the established quantitative relationships governing the

formation of solid solutions and compounds by various metals.

Recently, in addition to the continuation of studies of the

reactions of such widely known metals as iron, nickel, and aluminum,

research has begun on phase diagrams @r' the rare metals, including

vanadium.

Metallic vanadium in pure form was not obtained until 100 years

after its discovery. This was the chief obstacle in research on

the physical and physicochemical properties of pure vanadium and on

phase diagrams for metallic systems based on vanadium. The pure

metallic vanadium which has recently been obtained is characterized
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by high corrosion resistance, plasticity, and considerable strength;

this, in conjunction with its low specific weight ani high melting

point, make vanau.im an important base for special and technical

alloys for various branches of industry, including the chemical in-

dustry.

The solution, in the 1950's, of the problem of industrial ex-

traction of pure vanadium and the demands of new branches of engin-

eering for new materials made it possible for us to set ourselves

the task of a systematic study of the chemical reactions of vanadium

with various elements and of the construction of phase diagrams. The

work of Rostoker [3] must be considered as the beginning of the

systematic study of the reactions of vanadium with other elements.

Rostoker studied the solubility in vanadium of twenty-one elements

of the periodic system and proposed phase diagrams for the systems

which he studied.

The problem of the reactions of vanadium with other elements

can be solved by the general quantitative relationships governing

the formation of metallic solutions and compounds established by

the work of Yum-Rozeri [4], N.V. Ageyev [5], 1.1. Kornilov [6], et

al. The formation of solid solutions is governed by the following

conditions:

1) the similarity of the chemical properties of the metals, as

determined from their positions in the periodic system;

2) a small difference in the atomic radii of the elements, not

exceeding 8-10% for the formation of saturated solid solutions and

14-18% for unsaturated solid solutions;

3) an Isomorphous crystal structure for the formation of satu-

rated solid solutions.

Metallic compounds are formed when the difference between the
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chemical properties of the elements increases to the transition

points from intermediate semiconductor-type compounds to ionic-type

compounds.

The aforementioned conditions for the formation of solid solu-

tions and metallic compounds have repeatedly been verified in con-

siderations of the solubility of elements of the periodic system

in iron, nickel, chromium, and titanium [6-10].

These same quantitative relationships apply to the study of

the formation of solid solutions and compounds of vanadium.

An analysis of the differences in atomic diameter between

vanadium and the elements of the periodic system (Table 1) makes

it possible to draw general conclusions concerning the nature of

the reactions of vanadium with many elements of the periodic system.

Alkali and alkali-earth metals have larger atomic diameters

than vanadium. In Group I, this difference increases from 16.3%

for lithium to 100.7% for cesium and in Group II it increases from

16.3% for beryllium to 66.5% for barium. This large difference in

atomic diameters explains the fact that there is no reaction, metal-

lic in nature, between these elements (with the exception of lithium

and beryllium). These electropositive metals form neither solid

solutions nor metallic compounds with vanadium.

The absence of a similar reaction explains the use of sodium,

magnesium, and calcium as the most active elements in the reduction

reactions of vanadium compounds and in the extraction of pure vana-

dium which does not contain impurities of these elements.

As the elements approach the group which contains vanadium,

their chemical properties become more similar to those of vanadium

and the difference between their atomic diameters and that of

vanadium decreases.
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TABLE 1

Differences in Atomic Diameters Between Elements of the Periodic
System and Vanadium.

. foan~lfTp % rla...ii.-.ue. i•a• nu't .laS.in~se,
rpt l I •~U 11%4T ilam4eTp % •V

"" loArpyuua A

I II 1,20 5Z,,3 VIii ll 2,54 5,U
L , 26,3' viii Co 2,50 7"b
Na 3,83, c Vill Ni 2,49 7, iv

I K 4,76 71,; Vill ti 2,57 0,74
1 ib 5,40) wo0,7 Vill lIt 2,68g 0,37,

!~ ~ I.O 1 ,,0 '),7 ,, Vill I'd -7,", 2.22
_ _ LiV Viii 03 2,70 3

B , 6, VIII Ir 2,71 0,74
!1Mg 3,20 18,9 1, Vill Pt .),1% 7,05

I1 Va 3,.03 As,___

I1 Sr' 4,214 9,. 5 IIo:rpyu ta I
II Ba 4,48 '•1, 0
11 Ila -- , I Cl 2,5M 5,2

7 1 A2 2,883&1

I it 1 ,-I9 27 ,q I Au 2,877 ___,7

11 AIl 2,80 11O, .... .

II 3,0. II Z 2,718 22,2

111 ,62 311.6 1 Cd I .'r II Ih 3II 1 .

IV Ti 2,93 8,2 e--

IV Zr 3.10 Is,," III Ga 2,7-j 1,&,.
IV Iff 3,17 17" III in 31,t38 16,6
IV Tit 3, CA) .3.8 i III 3,427 27,4

V V ,69 IV C t,51 42,8
V Nb 2,94 "3 IV Si 2,34 13.01
V Ta 2,94, 9,3 IV Ge 2,78 3.3

I NV Sit 3, 168 17,8V I Cr .7 ,,46 V b 3,,19 2 ,i " 8
VI Mo 2,80 4168 -
VI W V,82 1.42 "7,
Vi U 2.81 4,6t V 1 2,20 18.2

I z,80 , ,08
VII NMn 2,60 3,, t v sb ,228. 2,0
VII Ih* 2,75 2.h 2 V 30 ;,610

1) Group; 2) element; 3) atomic diameter; 4) difference, %; 5) sub-
group.

In Group III, aluminum is most similar to vanadium with respect

atomic diameter and ytterium is least similar. It can consequently

be assumed that aluminum has maximum solubility in vanadium, and

ytterium, minimum solubility.

Data In the literature confirms the high solubility of aluminum

in vanadium.

Beginning with Group IV, and especially in the series of ele-

ments encompassed by the long period IV from Group IV to Group VIII,

_ 
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we have the greatest similarity to the atomic diamete. o, vanadium.

This series of elements, with crystal structures identical to that

of vanadium and atomic diameters differing from that of &,gdiu', h',

5-6%, can form saturated solid solutions with the latter. These ele-

ments include Ti (0-form), Nb, Ta, Cr, Mo, W, and Fe (a-form). The

possibility of forming saturated solid solutions of these elements

in vanadium was predicted in 1950 (6].

Experimental confirmation of many of these hypotheses has now

been obtained. Certain elements of these groups are very similar

to vanadium with respect to atomic diameter but are not isomorphic

to it in structure. This is the reason for the formation of only

unsaturated solid solutions in similar systems. These include Mn,

Re, Co, Ni, and all metals of the platinum group. With the majority

of metals in Subgroup B, vanadium tends to yield only unsaturated

solid solutions and metallic compounds. With many metalloids (B,

C, N, 0), it forms only very unsaturated solid solutions of the

interstitial type and high-melting compounds.

In accordance with the considerations cited, let us examine

the material on the reactions of vanadium with other elements, which

is available in the literature. We will consider these elements in

the order in which they appear in the groups of the periodic system.

Reactions with Elements of Group I

For the elements in Group I, data on reactions with vanadium

is available only for hydrogen, copper, and silver.

Starting from the fact that the hardness of vanadium increases

sharply when it absorbs hydrogen, certain authors assume that hydro-

gen forms a solid solution in vanadium, but it is not known what

type of solid solution is produced in this caspe. The absorbed hydro-

gen can be 3.ibeŽrated from the metal by heating it to a terparature



I . of 4o00 in a vacuum. This indicates the instability of vanadium
hydride as a chemical compound. Vanadium hydride containing 38.6-

50 atom % of hydrogen is obtained [.11 by reducing V2 0 3 with cal-

cium hydride in a hydrogen stream at a temperature of 11750 for

45 minutes. This hydride is dark gray (approaching black) in color.

It was first detected by Hagg in his study of the adsorption of

hydrogen by vanadium when the latter was heated 1121.

As has previously been noted, the alkali metals differ greatly

from vanadium in chemical properties and atomic diameter. Conse-

quently, vanadium should not react with alkali metals, with the

possible exception of lithium. This phenomenon is used to obtain

pure vanadium by the reduction of its chlorides with, for example,

metallic sodium.

Of the elements in Subgroup B of Group I of the periodic system,

copper forms an unsaturated solid solution with vanadium. Rostoker

and Yamamoto computed the saturation point of copper in vanadium

to be 5.5-8 atom % Cu [3]. It is assumed that there is an area of

stratification on a copper-vanadium phase diagram, lying between

20 and 80% copper by weight, but this data must be assumed to be

only tentative [91. As far as 4ilver is concerned, there is only iso-

lated data on the mutual insolubility of these two metals, both in

the liquid and solid states [3). There is no information in the

1iter•':• .. ;.. .zac A.:;grams for vanadium-gold systems, but we do

have data on the soluLIlity of vanadium in gold, which comes to ap-

proximately 13 atom I at room temperature and 17.5 atom % at a

temperature of 9700 [13, 14).

*. with Elements of Group II

T,;io ietac .. .:' p II, Subgroup A, Just as the alkali metals,

vanadium in chemical properties and atomic



diameter and consequently should not form solid solutions with vana-

dium. The exception is beryllium (whose atomic diameter differs

from that of vanadium by 16.3%). The saturation point of beryllium

in vanadium is 0.8% by weight or 4.3 atom %. The phase diagram of

a vanadium-beryllium system [3] is of the eutectic type. The eutec-

tic point corresponds to the alloy at 49.9 atom % Be and a tempera-

ture of 1680°. A VBe 2 phase, isomorphous to MgZn 2 and having a

hexagonal crystal structure, has been discovered in vanadium-beryl-

lium systems by X-ray crystallography.

The fact that there is no reaction between magnesium and cal-

cium, and vanadium explai,,.i the wide use of these elements in the

development of a method for extracting vanadium from its compounds

- chlorides, oxides, and sulfides.

The reactions of vanadium with the elements of Group II, Sub-

group B - zinc, cadmium, and mercury - are not covered in the litera-

ture. Because of the considerable difference in atomic diameter

and the great difference in melting and boiling points, it is dif-

ficult to assume the possibility of these elements forming solu-

tions and compounds with vanadium.

Reactions with Elements of Group III

Of the elements in Group III, Subgroup A, boron has the small-

est atomic diameter and can yield very dilute solid solutions with

vanadium, as well as forming metallic compounds with it - borides.

According to the data of Reference (3], the solubility of boron in

vanadium does not exceed 2 atom %. Rostoker and Yamamoto confirmed

the existence of the earlier known vanadium borides (17.52% B by

weight) and VB2 (2r9.81 atom % B) by X-ray crystallography. VB has

a rhombic crystal lattice of the CrB type and is formed, according

to Reference [3], by a peritectic reaction of VB2 and by fusion at



temperature of 17800. VB2 has a hexagonal crystal structure and is

isomorphic to other diborides (Ti, Zr, Nb, Ta)B 2 . V2 B 5, which is

isomorphic to TiB W2 B5 , and Cr 2 B5 [15], and V3 4 have also been

discovered [16].

A work was recently published [17] in which a preliminary

phase diagram for a vanadium-boron system was proposed; this dia-

gram was based on melting-point studies of the alloys, their micr6-

structures, and X-ray analysis (Fig. 1). The initial materials were

vanadium containing less than 0.5% impurities and powdered boron

containing 96% boron, 0.9% magnesium, 0.14% iron, 0.1% silicon, and

a significant quantity of oxygen. The alloys were produced from

powders by sintering under pressure in argon for 12 hours at a

Fig. 1. Preliminary phase dia- Fig. 2. Phase diagram of a vanadium-
gram for a vanadium-boron aluminum system (black dots indicate
s stem. 1) V, % by weight; points determined by experimenta-
2) V, atom %. tion). 1) Al, atom %; 2) Al, % by

weight.

temperature of 16000 and by ordinary sintering in a tubular tung-

sten furnace in argon for 4 hours at a temperature of 1800O.-At

this temperature, the alloys rich in vanadium and the alloys rich

In boron are fused.

i
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X-ray analysis confirmed the presence of the earlier known

borides VB, V3 B4 , VB2 and detected the new compound V3 B2 in the

vanadium-boron system. However, the presence of the earlier klaown

compound V2 B3 was not proved either in the roasted or smelted speci-

mens. The range of concentrations in the homogeneous regions desig-

nated as borides has not been established by X-rays, but it is

assumed that it must be small. Determination of melting points with

a micropyrometer and the known microstructures have shown that the

compounds V3 B2, VB2 , and VB melt without decomposition, while V2 B4

is formed by a periltectic reaction. The eutectic reaction L-VV 3 B2 +

+ a occurs at a temperature of 15500 and Ith 15 atom % boron. The

location of the second eutectic, which is on the other side of the

diagram, has not been precisely determined. As has already been

shown, of the elements in Group III, aluminum is most similar to

vanadium in atomic diameter. According to the data of Reference [3],

the solubility of aluminum in vanadium is approximately 50 atom %

of aluminum.

Figure 2 shows the phase diagram for a vanadium-aluminum system.

Malleable vanadium produced by the calcium-thermal method is used

to produce the alloys. In contrast to the work by Rostoker and Yama-

moto (3), where alloys containing up to 70% vanadi,,um by weight are

studied, the authors of the more recent work [18] studied the en-

tire diagram and introduced additions and corrections to the earlier

proposed phase diagram. Thus, a new phase 6 has been discovered,

formed by a pericectic reaction between the liquid phase and the

v,&-adium sol'd solution at a temperature of 16700. Its composition

is 54.2% by weight or 38.5 atom % of vanadi•..i and corresponds to

the formula Al 8 V5 . This is a single phase which has a rather wide

region of homogeneity. TWo oL2cr phases, y(Al 3V) which melts i'v'n-
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gruently at a temperature of 13600 and P(Al6V) which melts incon-

gruently at a temperature of 7350, were described earlier by Ros-

toker and Yamamoto. The P-phase was first discovered by them. A new

phase, to which the composition A 11 V (14.6% by weight or 8.3 atom

% V) can be ascribed, is formed by a peritectic reaction between

the liquid and the a-phase at a temperature of 6850. This can also

be considered to be a solid solution of A!IoV and Al 2 1 V2 . Aluminum

dissolves only a very small quantity of vanadium, (0.37% by weight

or 0.09 atom %) at a temperature 6600. Reference [18] did not verify

the formation of a compound by a peritectic reaction at a tempera-

ture of 12150, as was surmised by Rostoker and Yarramoto. Neither

was the existence of the earlier known phases V2 Al, VA1, V2 A13,

VAl 4 , VAl7 confirmed.

There is no data available which permits the construction of

phase diagrams for vanadium systems involving the remaining ele-

ments of Group III of the periodic system, including the elements

of the lanthanide series. It may be concluded from the fact that

rather high-purity vanadium has been extracted by the reduction of

its pentoxide with a mixture of metals and lanthanides that these

metals do not form solid solutions with vanadium. Vanadium does not

form solid solutions with the elements of Group III, Subgroup B -

gallium, indium, and thallium - because of the difference in chemi-

cal properties and the ratio of atomic diameters.

Reactions with Elements of Group IV

The elements of Group IV, Subgroup A - titanium and zirconium -

react with vanadium and form solid solutions. Titanium, the nearest

neighbor to vanadium in the periodic systum, has an atomic diameter

which approximates that of vanadium, and, at high temperatures, it

is isomorphic to the varldium crystal lattice (s). Consequently, in

S7



this form, it should form a continuous series of solid solutions

with vanadium on crystallization. The phase diagram (Fig. 3) for

a vanadium-titanium system has been studied in detail (19, 20].

The fusibility diagram has a certain minimum at 31 atom % of

vanadium. Vanadium sharply reduces the temperature of the a

polymorphic transformation of titanium and, consequently, reduces

the field of the a phase. The two-phase region a + P (Fig. 4) ex-

tends as far as 21 atom % of vanadium at a temperature of 6500. The

data given in work (19] on a vanadium-titanium phase diagram are

confirmed by other data in works [3, 20]; the only discrepancy is

a slight difference in the saturation point of vanadium in a titanium.

Fig. 3. Phase diagram of a Fig. 4. Two-phase region of a + 1-
vanadium-titanium system. phase diagram of a vanadium-titanium
1) Ti, atom %; 2) Ti, % by (light dots indicate one phase,
weight. crosses indicate two phases). 1) V,

atom %; 2) V, % by weight.

The alloys in a vanadium-titanium system in the region encom-

passed by 15-17% vanadium by weight are subjected to intensive pre-

cipitation hardening, with a resultant increase in hardness, de-

crease in plasticity, and considerable change in the crystal lattice

parameters [21].



|V
Study of a single crystal of an alloy containing 16% vanadium

which was subjected to aging at a temperature of 4600 for one-half

hour showed reflections on the X-ray photograph of a new w-phase

whose elementary cell can be represented as a hexagonal system with

the parameters a = 4.60 A and c = 2.82 A. The a1-phase is metastable.

The kinetics of its formation were studied in alloys containing 15

and 17.5% vanadium by weight [22]. After diffusion annealing in the

P region (900-9500) the specimens were quenched in water and then

soaked at temperatures of 200-7000. In this case, an w-phase was

formed. Brief heating of the aged alloys to temperatures exceeding

5500 led to virtually complete dissolving of the a-phase. The c-

phase forms again on repeated soaking at lower temperatures, but

it is proportionally smaller to the extent to which the previous

soaking at the dissolution temperature of the w-phase was greater.

Vanadium forms only unsaturated solid solutions with zirconium,

in accordance with the great difference in atomic diameters. The

saturation point for zirconium at a temperature of 10000 is less

than 1.7 atom %, while at room temperature it is still less. Figure

5 is a phase diagram of the vanadium-zirconilum system discussed in

Reference (3]. While vanadium does not form compounds with titanium,

the compound V2 Zr is observed In a titanium-zirconium system. This

compound is formed by a peritectic reaction between the vanadium

solid solution and the melt at a temperature of 17400. V2 Zr is in

eutectic equilibrium with the zirconium solid solution at a tem-

perature of 13600.

There is no information in the literature on the reactions of

vanadium with hafnium. In accordance with atomic diameters, It can

be assumed that hafnium, as a very close analogue of zirconium,

111 yield highly unsaturated solid solutions with vanadium. For



the same reason, thorium should be absolutely insoluble as a solid

in vanadium. A vanadium-thorium phase diagram [23] is of the simple

eutectic type (Fig. G). The eutectic occurs at a temperature of

14000 and contains approximately 19 atom % vanadium.

Fig. 5. Phase diagram of a Fig. 6. Phase diagram of a
vanadium-zirconium system. vanadium-thorium system.
1) Zr, % by weight; 2) V, 1) Th, % by weight; 2) Th,
solid solution, atom %.

Carbon and silicon - the elements in Group IV, Subgroup B -

react with vanadium to form highly unsaturated solid solutions and

compounds of the carbide and silicide type.

Owing to the large difference in atomic diameters, carbon

forms unsaturated solid solutions with vanadium [24, 25]. The small

atomic diameter of carbon, as when carbon reacts with iron, facili-

tates the formation of solid solutions of the interstitial type.

According to the data of Sch6enberg (25], the solubility of carbon

in vanadium at a temperature 10000 is approximately 0.2% by weight

or 1 atom %.

The carbide phases of vanadium have been studied in many works.

References (3, 261 are critical surveys of these works. The authors

of Reference (3] carried out independent phase research on a vanadium-

carbon system containing up to 19% carbon by weight, using X-ray

crystallographic, microstructural, and thermal analyses (Fig. 7).



V
SchWnberg used 99.7% pure vanadium in order to produce alloys in a

vanadium-carbon system. He detected two carbide phases, V2 C and VC.

The hexagonal phase V2 C has a region of homogeneity from 8% C by

weight or 27 atom % C to 10.5% C by weight or 33 atom % C. The VC

phase has a region of homogeneity from 15.1% C by weight or 43 atom

% C to 18.5% C by weight or 49 atom % C.

M.A. Gurevich and B.F. Ormond [27] studied the structure of

the carbide phases of vanadium containing up to 18% C by weight and

0.14% 02 by weight. The authors came to the conclusion that the

carbide phases, no matter by what method they were obtained, con-

tained a certain quantity of oxygen. Oxygen occurs in these phases

! in the form of oxycarbides. In addition to the known carbides V2C

and VC, which were considered as oxycarbides in work [27], a new

6-phase has been discovered, having a region of homogeneity extend-

ing approximately from VCo 5 = 00 O.4 to VCo. = 00.0_0.l4 and

a cubic face-centered crystal lattice with periods 4.115-4.130 kx.

References [3, 26, 27] rejected the existence in a vanadium-

carbon system of such phases as V 5C and V4C, which were found in

this system by Osawa and Oya [28]. The work by H. Nowotny et al.

[29] is devoted to vanadium carbide VC and its reaction with

uranium carbide UC. VC dissolves UC very slightly; uranium carbide

was discovered in an alloy containing 90 molecule % VC by X-ray

crystallography. On the other hand, UC dissolves VC in quantities

up to 40 molecule %, despite the considerable difference (19%) in

the lattice constants of the carbides.

The solubility of silicon in vanadium at temperatures
approaching the melting point of vanadium is less than 5% by weight

or 6.4 atom % and at a temperature of 9000 is less than 2.5% by

weight or 13 atom %. At a temperature of 18400, according to refer-



erence r3], a e utectic reaction L Vtv.r + V3Si occurs in a vanadium-i

silicon system, proceeding from the vanadium. A study of the micro-

structure of cast alloys, given in the same work, showed that a

peritectic reaction occurs between the liquid phase and the V Si
3

at temperatures exceeding 20000 with the resulting formation of a

new phase whose composition was not determined by the authors and

which was tentatively assumed to be VSi.

In work [30], the structure and composition of the unknown

silicide was established by X-ray analysis and proved to correspond

to the formula V Si and was isomorphic to Ta 5 Si 3 , 1 Nb5 Si 3 , Mo5 Si 3 ,

and W Si5 3*
Kieffer, Benesovsky, and Schmid [31] studied the vanadium-

silicon phase diagram, verified the structure and composition of

V5 Si 3 , and constructed the diagram shown in Fig. 8.

Of interest are the works by the Austrian author Nowotny,

which are devoted to a study of a system of silicides [30, 32] and

are of great importance for research on superhard, heat-resistant

materials. All the vanadium silicides shown in the vanadium-silicon

phase diagrams have been obtained and silicide vapor systems have

been studied.

Let us also cite from Nowotny's work the data on the nature

of the reactions between vanadium silicides and silicides of other

metals.

Primarily, the authors studied the volume of the elementary

cell (Fig. 9) and the lattice constants (Fig. 10) and established

the limits of mutual solubility for silicides.

The VSi 2 -TiSi 2 system has been studied in greater detail (33].

The alloys of this system (Fig. 11) have a very high heat resistance

and their addition to other alloys which are subject to Intensive

z.~



oxidation on heating considerably increases their heat resistance.

Fig. 7. Phase diagram of a Fig. 8. Phase diagram of a
vanadium-carbon system. vanadium-silicon system.
1) C, % by weight. 1) Si, % by weight; 2) Si,

atom %.

L

Fig. 9. Chanapin volume of elementary cell in the
following systems: a) VSi 2 -TiSi 2 ; b) VSi 2 -NbSI 2 ,

VSi 2 - MoSi 2 ; c) V5 -Si 3-Zr 5 Si 3, V5'i -1 c 5 Zi'; 1) Mole-

cule
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1) Saturated solid solution; 2) unsaturated solution; 3) very slight

solution.

Table 2 shows the basic properties of vanadium silicides [26,

31, 33).

Work [34) is devoted to the reaction of vanadium with germanium.

For the purpose of this work, alloys containing 29-83 atom % vana-

dium were studied by X-ray and microstructural methods. In addi-

tion to the previously known germanide V 3Ge, belonging to the struc-

tural type Ge3 Si [35), the authors of work [34) distinguished a

new compound V5 Ge3 , having a structure of the MnSi 3 type (a =

=7.280 kx, c = 4.960 kx, c/a = 0.676). In rapidly cooled alloys,

this compound occurs in equilibrium with germanium and the compound

V 3Ge. In accordance with the ratio of the atomic diameters in the

vanadium-germanium system, it is possible to form a solid solution

of germanium in vanadium.

A tentative phase diagram for a vanadium-tin system (Fig. 12)

was constructed in Reference [36) from data obtained by X-ray and

microstructural analyses of ten alloys annealed at various tempera-

tures up to 11000. The maximum solubility of tin in vanadium (cz-

solid solution) is approximately 20% by weight or 10 atom %. The

compound V3 Sn (47.71% Sn by weight) has a cubic lattice structure

with the constants a = 4..94 A [37) and is formed by the peritectic

relation L + a-. V Sn.3.
There is no data in the literature on the reaction of vanadium

with lead. According to the ratio between the atomic diameters,
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TABLE 2

Properties of Vanadium Silicides.
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1) Properties; 2) silicides; 3) silicon content, %; 4) structure;
5) lattice constants, kx; 65 experimentally determined density, g/cm3 ;
7) microhardness with 100 g load, kg/mm2 ; 8) melting point, oc;
9) specific electrical resistance (250), 0 ohm-cm; 10) temperature
of transition to superconductive state, 0 K; 11) change in weight
(mg/cm2 ) on oxidation at temperature of 12500; 12) cubic; 13) tetra-
gonal; 14) hexagonal.
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Fig. 10. Change in lattice constants in the follow-
ing systems: a) V3 Si-Nb 3Si; b) V3 Si-MoBS i, V3Si-Cr 3 Si.

1) Molecule %.

solid solutions should not be formed between vanadium and lead.

Reactions with Elements of Group V

Niobium and tantalum, elements of Group V, Subgroup A, are

_ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ I



direct analogues of vanadium, have

a crystal structure isomorphic to

that of vanadium, and differ only

slightly in atomic diameters. This

also determines their reactions with

vanadium.

While studying the problem of

the formation of saturated solid
Fig. 11. Change in physical
properties in a VSi 2 -TiSi 2  solutions of metals of the transi-

system. 1) Hardness, HV; tion group, one of the authors of
ý melting; p~int 3) density;
mei, kg/mm; 5p 1/density; reference [10] predicted the forma-

6) Tp1 ' °C; 7) TiSi 2, mole- tion of saturated solid solutions

cule %.
of vanadium with niobium and of

vanadium with tantalum. Later, experimental research on the alloys

of a vanadium-niobium system containing up to 70% niobium by weight

(Fig. 13) showed that the components of the system formed a con-

tinuous series of solid solutions. After annealing at a temperature

Fig;. 12. Tentative phase dia- Fig. 13. Phase diagram of a
gram of a vanadium-tin system. vanadium-nMobium system. 1) End
1) Sn, % by weight; 2) Sn, of crystallization; 2) beginning
atom %. of crystallization; 3 Nb, atom %;

4) Nb, % by weight.



of 9000, alloys in the region of 36 atom % niobium showed certain

signs of transition to a solid state. The authors of reference [3]

Iattributed this transition to the formation of a c-phase which is

characteristic for alloys of metals in the transition groups. The

later work [38] refuted the hypothesis of the formation of some kind

of phase in a niobium-vanadium system and proposed a phase diagram

with a continuous series of solid solutions.

Reference (3] studied alloys containing up to 80% tantalum by

weight which only formed a solid solution in the cast state. Alloys

in the region of 25-80% tantalum by weight, annealed at a tempera-

ture of 9000, contain a second phase which, in accordance with the

X-ray diffraction diagram, the authors included in the a-phase

series. According to our classification (39], the a-phases formed

from the solid solutions of vanadium-niobium and vanadiur1-tantalum

systems can be related to Kurnakov compounds.

The element- of Group V, Subgroup B are markedly unlike vanadium

with respect to chemical properties. Just as the metal-analogues or

Group VA tend to form saturated solid solutions, so do the elements

of Subgroup B tend to give a different type of compound with no

noticeable regions of solid solution.

It is known that nitrogen dissolves very slightly in vanadium

[3]. A cast alloy containing 1% nitrogen by weight or 2.9 atom %

having a single-phase structure is characterized by an obvious two-

phase structure after annealing at a temperature of 9000

When the nitrogen content Is high, vanadium nitride VN is

formed. This compound has a sodium chloride structure and is similar

to the oxides, carbides, and nitrides of other metals. The region

of homogeneity for vanadium nitride occurs between 37.8 and 49.4

atom % nitrogen and the melting point of' this compound is approxi-
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mately 20500.

Reference [40] describes the discovery of a nlcw vanadium nit-

ride V N with a hexagonal structure and a region of homogeneity ex-

tending from 27.1 to 29.9 atom % N. It is obtained by mixing VN and

powdered vanadium in stoichiometric proportions, pressing the mix-

ture into tablets under high pressure, and heating them for 24 hours

in thoroughly evacuated quartz tubes at a temperature of 100-1100°

[41).

In the powdered state, vanadium nitride is of a grey-brown

color with a bronze tint and is quite stable chemically, VN being

more stable than V 3N. Vanadium forms the phosphides VP2P VP, and

VP < 1 (some phases on the phosphorus-vanadium phase diagram) [42].

The most stable of these is VP, which is stable up to temperatures

of 10560. VP 2 can be obtained by synthesis from its elements with

an excess of phosphorus. VP is obtained by the decomposition of

VP 2 in a vacuum at temperatures of 700-900°. Vanadium phosphides

are dark-grey substances (the lower members of the series having

a semimetallic luster) with acid-resistant properties. The struc-

ture of VP2 is similar to that of NbP 2 and TaP 2 ; V3 P is similar in

structure to Ge P and (Fe, o, W)3 P.

The phase diagrams for vanadium-arsenate and vanadium-antimony

have not been systematically studied.

H. Nowotny and his fellow workers [43) surmised the existence

of some compounds of vanadium with arsenic. They obtained one of

these compounds, VAs, by heating the elements in an evacuated sili-

con vessel. This compound dissociates in a vacuum at temperatures

exceeding I000 to V2 As which melts at a temperature of 13450. The

compounds VSb 2, isomorphic to CuA1 2 , was obtained during the course

of this work.



There is no information in the literature on the reaction of
vanadium with bismuth. :

Reactions with Elements of Group VI

Of the elements of Group VI, Subgroup A, chromium and molyb-

denum form saturated solid solutions with vanadium. This Is in com-

plete accordance with the conditions stated for the formation of

saturated solid solutions in vanadium and corresponds to the pre-

dictions of one of the authors of this paper on the formation of

a continuous series of solid solutions in these systems (10]. No

transitions to the solid state have been discovered in the vanadium-

chromium system [3, 44, 45]. Figure 14a shows the change in lattice

constants for annealed alloys of the vanadium-chromium system as a

function of their composition [44]. Figure 14b shows the change in

lattice constants of alloys of the vanadium-molybdenum system which

were annealed for 5 hours at temperatures of 1000 and 6000 and

slowly cooled (46]. The nature of the curve indicates that the new

phase discovered earlier (3] in the microstructure of annealed

alloys is not formed in the region of 10-60% molybdenum by weight.

Figure 15 is a phase diagram of a vanadium-molybdenum system

constructed according to data on the change in liquidus and solidus

temperatures and studies of microstructure, physicochemical pro-

perties, and plasticity (7]. The alloys were reduced from 95.5%

pure vanadium produced by the aluminothermal method and 99% pure

molybdenum by electric arc fusion in an argon atmosphere. Before

j the tests to determine their properties, the alloys were annealed

in a vacuum for 10 hours at a temperature of 16000. The method used

to study the solidus and liquidus temperatures of these high-melting

alloys consisted in the determination (with an optical pyrometer)

of the instant at which a hole drilled into the sample closed (the



solidus temperature) and of the instant at which contact is broken

on the melting of the specimens at a necked section (liquidus tem-

perature).

Fig. 14. Change in lattice constants in the follow-
ing systems: a) vanadium-chromium; b) vanadium-
molybdenum. 1) Lattice constant, kx; 2) Cr, atom %;
3) Mo, atom %; 4) Vegard's (Wegard's) line.

As may be seen from Fig. 16,

the addition of a second component

sharply increases the hardness,

microhardness, and specific elec-

trical resistance of the alloys and

reduces their plasticity, pheno-

mena characteristic of a system

Fig. 15. Phase diagram of a with unlimited solubility. The
vanadium-molybdenum system.

microstructure of the alloys con-

firmed that a continuous series of solid solutions was formed In

this system.

There is not sufficient data to construct a phase diagram for

a vanadium-tungsten system. If we proceed from the relationship of

atomic diameters, the formation of a continuous series of solid

solutions in this system is predicted in reference [10].

Experimental research [3] on alloys of vanadium with tungsten

which contain up to 30 atom % tungsten has established that the



j solubility of tungsten in vanadium exceeds 21 atom %. But there is

no data in this work on the solubility of tungsten at temperatures

approaching the melting point of vanadium. Figure 17 is a phase

diagram of a vanadium-uranium system [47, 48]. The alloys were pro-

Fig. 16. Change in properties in a vanadium-
molybdenum system: a) specific electrical re-
sistance; b) mechanical properties; 1) hard-
ness of cast alloys (Hp); 2) hardness of

annealed alloys (Hp); 3) microhardnoss of
(H 4 platiciy (e-6

(Hg); 14) plasticity (st); 5) rl10 ohm-cm;6) HW , Kglmm,2 ; 7) et %

duced in electric arc furnaces in a helium atmosphere from vanadium

iodide and pure uranium containing no more than 0.1% impurities.

The phase diagram is of the eutectic type, with the eutectic state

occurring at 18 atom % vanadium and 10400. Vanadium reduces the allo-

tropic transition temperatures of uranium. The solubility of vanadium

in y-uranium is 12 atom % at the eutectic temperature and it de-

creases to 9 atom % at the eutectoid temperature (7270). The solu-

bility of vanadium in the 0-form at a temperature of 7000, as well

as in the a-form at a temperature of 6000, is 1.5 atom %. The solu-

bility of uranium in vanadium (6-phase) is at its maximum at the

eutectic temperature and is 4 atom % or 15% uranium by weight.

Sufficient information has recently become known to permit the
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construction of a phase diagram for a vanadium-plutonium system (49],

in a simple eutectic form (Fig. 18). The eutectic point occurs at

2.3 atom % vanadium at a temperature of 6250. The addition of vanadium

has no effect on the polymorphic transitions of plutonium.

Fig. 17. Phase diagram of a Fig. 18. Phase diagram of a
vanadium-uranium system (black vanadium-plutonium system.
dots indicate points deter- i) Pu, % by weight; 2) Pu,
mined experimentally). 1) U, atom %.
% by weight; 2) U, atom %.

The reactions of vanadium with the elements of Group IV, Sub-

group B - oxygen and sulfur and its analogues - lead to the forma-

tion of thoroughly studied compounds.

There are no data on the reaction.s of vanadium with polonium.

Because of its great practical importance, the phase diagram

for the vanadium-oxygen system has been studied repeatedly and In

detail. The work by Pearson [50] makes a survey of previous works,

and this work was devoted chiefly to the study of the vanadium

oxides - VO, V20 VO2 , and V2 05 - their crystal structure and the

conditions for and limits of their existence. The researchers A.

Seybolt and H. Samison (51] discovered a high-temperature polymorphicI ~~'742



I transformation of vanadium at a temperature of 15000. This was shown

I on the phase diagram for a V-VO system proposed by the authors (Fig.

19a).

Oxygen dissolves in the a-form of vanadium in quantities up to

3.2 atom % and in the high-temperature y-form in quantities up to

35-40 atom %. A more recent work [52] denies the existence of a

high-temperature form of vanadium and gives a different phase dia-

gram for the V-V0 system (Fig. 19b). The alloys were produced from

vanadium containing a total of 0.13% impurities, produced by the

calcium-thermal method, and chemically pure vanadium pentoxide in

electric arc furnaces. X-ray analysis, microstructural analysis,

and measurements of electrical resistance as a function of tempera-

ture have been used to conduct this research. It was found that

the limit of solubility of oxygen in a-vanadium at temperatures

Fig. 19. Phase diagram of a V-VO system. a) After
Seybolt and Samsion; b) after Rostoker 1) 0, atom
%; 2) 02, atom %; 31 02, % by welght; 4) slngle

phase; 5) two-phase; 6) three-phase; 7) thermal
analysis.

below 9000 was between 0.27 and 0.98 atom %. At a temperature of

7.3



16000, the maximum solubility was approximately 3.9 atom %. X-ray

analysis has shown that a P-phase region having a body-centered

& tetragonal lattice structure exists at room temperature when the 4

oxygen content lies between 8 and 40 atom %. The authors consider

this phase to be stable at high temperatures in a vanadium-oxygen

system and believe it to be a low-temperature allotropic form of'

vanadium. The boundary of the phase a + / starts at 14.5 atom %

oxygen at a temperature of 9000 to 22.1 atom % oxygen at a tempera-

ture of 18000.

At temperatures lower than 1100°, a 6-phase whose crystal

structure is not clear is formed by a peritectic reaction between

the p-phase and the VO.

Between 41 and 56 atom % oxygen, there occurs a region of

homogeneity for the compound VO, which has an NaCl-type structure

with the lattice constant a = 4.08 kx.

In addition to studying the transition to the solid state, the

authors of reference [48] investigated a fusibility diagram which

showed a minimum at 30.2 atom % oxygen, corresponding to the mini-

mum on the fusibility diagram compiled from the data of Seybolt and

Samison. At the minimum temperature the 0-phase solidifies rather

than the y-phase, as Seybolt and Samison had supposed. In the re-

gion 0-50 atom % oxygen, the fusibility diagram has two peritectic

horizontals on both sides of the minimum. at temperatures which

makes It possible to achieve the following reactions:

L + t -3 (1850) and L - VO (I•6O).

To confirm the hypothesis of a low-temperature sllotroplý form

of vanadium, the authors of reference (521 measured the electrical

resistance of a thin vanadium wire as a function of temperature in

a vessel containing dry ice and acetone. The curve obtained (Fig. 20)I7



It

shows the change in electrical resistance (break) between -33 and

-25O

Oxygen serves to stabilize the

5-form. In a vanadium-oxygen system,

this form has a substantial area

of homogeneity.

The vanadium-sulfur system has

been studied by means of a ten-

siometer, and by X-ray analysis (53].

The a-phase, VS, occurs in eutectic

Fig. 20. Change in electrical equilibrium with vanadium at a tem-

resistance of vanadium wire a
in temperature range -33 to perature or 1312 and has a struc-

-25o. 1) Resistance, ohms. ture of the nickel arsenide type;

the P-phase, V2 S3, which has an asymmetric lattice structure, falls

between VSl. 17 -VS1. 5 3. VS4 is stable in the presence of sulfur at

temperatures up to 4000. Reference [53] contains a repudiation of

the existence of the previously discovered sulfide V2 S5 . The phase

diagrams for a vanadium-selenium system and a vanadium-sulfur system

are similar [50].

The following phases in the vanadium-selenium system were es-

tablished in Reference [54] by X-ray analysis: VSe isomorphic to

NiAs; V2 Se 3 , which has a hexagonal lattice structure with slight

symmetry; and VSe 2 , isomorphic to CdI 2 . Of the vanadium tellurides,

VTe is already known and is isomorphic to NiAs (55].

Reactions with Elements of Group VII

No phase diagram has been constructed for systems containing

vanadium and the metals of Group VII. However, sufficiently complete

data is available on the reactions or vanadium with manganese and

rhenium.
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III
The formation of saturated solid solutions of vanadium in,

manganese is impossible because of the nonisomcrphic crystal

structures of the components and the existence of several poly-

morphic forms of manganese. However, in accordance with the rather

small difference in the atomic diameters of the components, man-

ganese is quite soluble in vanadium. No limit of solubility has yet

been found for an alloy containing 14.2 atom % manganese at a tem-

perature of 9 000 [3].

The alloy contains equal numbers of vanadium and manganese

atoms, has a body-centered cubic crystal structure, and is con-

sidered asa metallic compound of vanadium and manganese with the

composition VMn [56].

A a-phase is formed in alloys rich in manganese with a re-

gion of homogeneity lying between 13.4 and 24.5 atom % vanadium

at a temperature of 1000° [57].

There is an indication in the literature of the existence of

the compound Mn2 V (33.3 atom % vanadium) with a melting point of

approximately 13700. The Mn2V alloy, cast and annealed at tempera-

tures of 13000 and 12000, has a body-centered cubic crystal struc-

ture; the alloy annealed at temperatures of 1000, 800, and 6000

is a mixture of two phases, one of which has a body-centered cubic

crystal structure and the other a a-phase structure [23).

Vanadium and rhenitun differ only slightly in atomic diameter

and this favors the formation of a considerable range of solid

solutions between them. According to the data In reference [58], a

solid solution of rhenium in vanadium contains up to 38 atom %

rhenium and a solid solution of vanadium, in rhenium contains up

to 40 atom % vanadium. In the region of 40-66 atom % vanadium, no

metallic compounds have been discovered.



X-ray studies have been carried out on alloys tempered at a

temperature of 12000 after being subjected to homogenization anneal-

ing at the same temperature for three to five days.

There are no data on the reaction of vanadium with technetium.

With the halogens, vanadium forms halogenides of the type VH2 , VH3,

and VH4 . Chlorides and iodides are of great importance as raw

materials in the technology of the extraction of pure vanadium.

Consideration of similar compounds ts not within the scope of this

work.

Reactions with Elements of Group VIII

Vanadium should react with all elements of Group VIII by form-

ing solid solutions and compounds

with bonds of a metallic nature.

For the nine elements in Group VIII,

phase diagrams have been constructed

only for iron [44, 59, 60], cobalt

[61], nickel [3, 57, 62], and palla-

dium [63].

The reaction of vanadium with

iron is characterized by the forma-

tion of a continuous series of solid

solutions, in accordance with the

general conditions for the formation

of saturated solid solutions betweenFig. 21. Phase diagram of an

iron-vanadium system. 1) V,
atom %; 2) V, % by weight; metals.I3) magnetic transition. Figure 21 is a phase diagram

for an iron-vanadium system as given in the handbook by Hansen [23).

With the cooling of an a-solid solution, a metallic compound corre-

sponding to the formula FeV is formed at a temperature of 12300 (60].
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By determining the distance between the lines on Debye crystallo-

grams for various alloy compositions, it has been shown that the

compound FeV is soluble both in iron and in vanadium. The region

of homogeneity for this compound (a-phase) lies between 37 and 57

atom % vanadium (40]. On examination of composition hardness and

composition specific electrical resistance diagrams for alloys an-

nealed at a temperature of 900 for 70 hours, singular minima were

discovered at 25 atom % vanadium, corresponding to the compound

Fe3 V, and at 50 atom % vanadium corresponding to the compound FeV

[64, 65]. A double iron-vanadium system has a closed region en-

compassing a phase-centered y-solid solution whose upper limit lies

at 1.2 atom % vanadium.

Certain data in the literature indicates the complexity of the

phase transitions associated with the formation of a a-phase. Re-

ference [66] deals with the formation of a metastable ordered phase

with a structure of the CsCl typeat a temperature o r6000 in an equi-

atomic alloy which is tempered whileanci-solid. This phase precedes

the formation of a stable a-phase.

The research described In reference (67] shows ttat a second

ferromagnetic phase is formed in an iron alloy containing 47% vana-

dium under certain heat-treating conditions. In this case, high-

temperature annealing at a temperature of 13500 for 60 hours with

subsequent quenching in at, alkali is of decisive importance. The

change in magnetic properties and microstructure discloses the

formation of a second magnetic phase 0', whose quantity in alloys

annealed at various temperatures increases until a temperature of

975° is achieved.

Reference (68] studies the structure of iron alloys containing

28.5, 43, 49.5, and 74 atom % vanadium after heating at various

7f



temperatures from 6000 to 14000 with subsequent quenching in water.

In accordance with X-ray research and the microstructure data on

the alloys, all alloys consist of a mixture of the two phases a + 0

in the temperature region 1400-1150°. In the opinion of the authors,

the second phase - the cubic, face-centered 0-phase - is the equi-

librium phase and the quantity of this phase increases with an in-

crease in vanadium content. At a temperature of 800 , an alloy con-

taining 28.5% vanadium consists of a single a-phase, while alloys

containing 43, 49.5, and 74% vanadium consist of two phases -a and

a. At a temperature of 6000, an

alloy containing 49.5 % vanadium

exhibits no a phase crystals; the

structure is purely c-phase.

Thus, the authors of reference

[68] consider the iron-vanadium

system to have a more complex phase

transformation in the region of

28.5 to 74 atom % vanadium when the

temperature is reduced from 1400

to 6000 than might be concluded

from the phase diagrams in the

literature.

Fig. 22. Phase diagram of a Cobalt and nickel, the analogues
vanadium-cobalt system. of iron, differ more widely In
1) Co, atom %.

atomic diameter from vanadium than

does the former and are not isomorphic to it in crystal structure.

This explains the limited solubility of cobalt and nickel in vana-

dium.

According to data given in the literature (61), the solubility



of cobalt in vanadium is 20 atom % at high temperatures and 5% at

room temperature.

The phase diagram for a vanadium-cobalt system [1, 6], con-

structed in accordance with data on hardness, and thermal, micro-

structural, and X-ray diffraction analyses, is shown in Fig. 22.

At the temperature of the eutectic, 12480, y and n-phases are found

in equilibrium with the melt. A a-phase is formed at a temperature

of 1420°0 by a peritectic reaction between the melt and the vanadium

solid solution. The region of homogeneity for the c-phase, a solid

solution based on the compound CoV, lies between 38.5 and 59.5

atom % vanadium [57]. In an alloy containing 70.7 atom % vanadium,

a eutectic reaction occurs at a temperature of 1100 to 11500 be-

tween the a and P-phases with the formation of the metallic com-

pound CoV3 which crystallizes into a structure of the P-tungsten

type. A new ordered phase (y) is formed in the region of the cobalt

solid solution at a temperature of 10700 [69]. This phase is based

on the compound Co 3V and has a region of homogeneity between 19.1

and 26.09 atom % vanadium. There are two-phase regions 7 + y' and

y' + a on both sides of this homogeneous region. The y' + a phase

is formed by a eutectic reaction at a temperature of 10400. The

well regulated phase exhibits weak superstructural lines on an X-ray

diffraction diagram.

Acz-ording to the data in reference [3] the solubility of nickel

in vanadium is 6 to 9 atom %. The phase diagram of a nickel-vana-

dium system [62] containing up to 60% vanadium is shown in Fig. 23.

At the eutectic temperature an a-solid solution of vanadium and

nickel and a a-phase are found in equilibrium at the eutectic tem-
perature. The a'-phase has a substantial region of homogeneity ex-

tending from 55 to 74 atom % vanadium and, at a temperature of 760,Ii



undergoes the transformation a' -- a, the nature of which is not as

yet known. The a- and a'-phases do not differ on the X-ray dif-

fraction diagram. The boundaries a/a + a and a + o'/a have been

established by X-ray diffraction analysis. At a temperature of 8400,

the eutectoid decomposition a 6 + a' occurs, while at 9070 the

euctectoid decomposition a-• e + 6 occurs. The 6-phase, which has

a body-centered orthorhombic crystal structure, is a solid solu-

tion based on the compound Ni 2 V (30.27% vanadium by weight). The

e-phase, which has a tetragonal lattice structure of the TiAl
3

type, is a solid solution based on the compound Ni 3V formed at a

temperature of 10450.

There are indications [3, 70] of the formation of the compound

NiV3 (72.25% vanadium by weight) with the structure of O-W in re-

gions rich in vanadium by a peritectic reaction at a temperature

of 13800.

Only unsaturated solid solutions in metallic compounds can be

formed between vanadium and the elements of the platinum group be-

cause the crystal structures of these elements are not Isomorphic

to vanadium. The alloys of vanadiurnwith palladium are the most

fully studied (58, 63], but alloys of vanadium with ruthenium,

rhodium, and platinum have been partially investigated [58]. There

is no information in the literature on the reactions of vanadium

with osmium and iridium.

A vanadium-palladium phase diagram is of the eutectic type

(Fig. 45). At the eutectic temperature of 13400, the a-oolid solu-

tion of palladium in vanadium, at this temperature containing up

to 37.5 atom % palladium, is in equilibrium with y-solid solution80°
of vanadium in palladium. At a temperature of 840 the compound

PdV3, which has the structure of j-W with a - 4.80 kx and iso-3,J



morphic to CoV and NiV3 , is formed by a peritectic reaction. This

compound has a wide region of homogeneity and is not plastic. Two 4

metallic compounds Pd3V and Pd 2V are formed in the region of the

'y-solid solution during its stabilization, at temperatures of-815

and 9050, respectively. These compounds have a face-centered tetra-

gonal lattice structure with the lattice constants a = 3.84 kx,

c = 3.87 kx, c/a = 1.007 for Pd3V which is isomorphic to Ni 3V and

a = 3.882 kx, c = 3.729 kx, and c/a = 0.962 for Pd 2 V. The eutectic

reaction y -* Pd V + Pd V occurs at a temperature of 7200 and 28

atom % vanadium. At room tempeature, the field of the y-phase

exists not only at vanadium contents up to 21 atom %, but also

between 44 and 50% vanadium.

At a temperature of 5000, the solubility of palladium in vana-

dium is 15 atom %. There is no definite data on the solubility of

ruthenium in vanadium. Alloys containing 36, 50, 71, and 82 atom %

Fig. 23. Phase diagram of a nickel-vanadium
system. 1) V, % by weight; 2) V, atom %.

ruthenium have been studied as described in reference (58] by

X-ray diffraction after tempering at a temperature of 12000. The

Ira.



I alloy containing 36 atom % ruthenium

has a cubic lattice structure of

• the CsCl type with lattice constants

very similar to those of a solid

solution based on vanadium. A phase

having a tetragonal lattice struc-

ture was found in the alloy contain-

ing 50 atom % ruthenium. According

to reference [58] a solid solution

of vanadium in ruthenium contains

less than 18 atom % vanadium.

Fig. 24. Phase diagram of a Reference [54] describes re-
vanadium-palladium system.
1) Pd, atom %. search on alloys containing 25, 42,

50, and 60 atom % rhodium which was

tempered at a temperature of 12000. The compound V Rh (42.24% rhodium
3

by weight) with a crystal lattice structure of the f-W type has been

detected. A second compound with a tightly packed hexagonal lattice

structure was found in the alloy containing 60 atom % rhodium.

The limit of solubility of platinum in vanadium [37] is 8 atom

% or 25% platinum by weight, while the solubility of vanadium in
I

platinum is 40 atom % (583. The compound V Pt (43.91% vanadium by
3

weight), isomorphic to V3 Pd, has been discovered in the vanadium-

platinum system. It is only possible for one compound to exist be-

tween a rich platinum solid solution and V 3Pt [58).

The nature of the reactions of vanadium with elements of the

periodic system here considered and the basic properties of vanadium

are set forth in Tables 3 and 4.

Tables 3 and 4 are a portion of the general table of metallo-

chemical properties of the elements of the periodic system of D.I.



I!I
Mendeleyev, as suggested by one of the authors of this article (71].

TABLE 3
Basic Properties of Vanadium and Their Reactions with the Elements
of the Periodic System.

3 om.volk m .omep 2 Aroat 1 2 3 A - - ume pan,•w•. AD•.e.. - :m AToM~nit, WC - 50,9 5 ,1 • au. _A) ~o,,
.pcu 13 S"--0. 3+-- I., 4

Powevia - H '6-e. Pacipocrpaunonocm 91 3.30HTpouuoe CTpO- ..IM1... xna. iwO9naaa1u
CHaRl, o06seCKoHz-snT- aciauoi, Hope. Soc. %I erno -3d$ _-4s 68.64 .
pRpoMHunaR 1,5.t0-'

1) Atomic number of element - 23; 2) atomic weight - 50.95; 3) atomic
radius -1.34 A; 4) ionic radii, A; 5+ - 0.4, 3+ -0.74; 5) lattice
structure - body-centered qubic; 6) occurrence in earth's crust,
percent by weight, 1.5. 1 0 -'; 7) electron configuration; 3 d2 , 4s2;
8) ionization potential, 68.64 v.

TABLE 4
Reactions of Vanadium with Elements of the
Periodic System

1 Ifewpnnue 2 oprani.vy,,tie 3 ,
TUOPAG P paCTSOpM ?DO C paCTSlpUl 3

S--Ti; Cr; Be; B; N; 0; Al; lie; Al; Mn; Ca;
a--Fe; Si; a--Ti; MIn; Ni; Ge; Zr; R1;

Nb; Mo; Ta Co; Ni; Cu; Go; Sn; Sb; lit; Ru;

Zr; ltu; ih; Sn; Pd; Pt n
W; Re; Pt; An; 4 e(M.1.1011on,-

U; Pd Ill-IV
rpyni,

1) Saturated solid solution; 2) unsaturated
solid solution; 3) metallic compounds; 4) metal-
loids of Groups III-IV.

CONCLUSIONS

1. The extraction of vanadium in pure form has opened broadj prospects for the practical use of vanadium and its alloys.

The existence if very pure vanadium has forced us to reconsider

the previously used phase diagrams which were constructed for tech-

nically pure vanadium (95-969 vanadium) and this serves as a basis

for the broad development of work on the metallochemlstry or vana-

dium.

2. In work published in 1954 (3] twenty-one double systems of



vanadium with other elements were studied. Analysis of this work

and other works for the purpose of determining general quantitative

relationships for the formation of metallic solid solutions and com-

pounds has shown that these rules extend to the reactions of vana-

dium with other elements of the periodic system.

3. The formation of solid solutions or the absence of such

solutions in double systems containing vanadium is a function of

the similarity or difference in the chemical properties of the ele-

ments, as determined from the periodic law of D.I. Mendeleyev, and

the magnitudes of their atomic diameters.

4. The metal-analogues of vanadium - niobium and tantalum, and

the elements of groups IV and VI which are in proximity to vanadium -

as'well as iron, which differ least from vanadium with respect to

atomic diameters and isomorphic crystal lattices, are capable of

producing saturated solid solutions with vanadium.

5. Elements differing from vanadium in physicochemical proper-

ties, the elements of groups I and II (with the exception of the

alkali and alkali-earth elements) and the elements of groups III,

VII, and VIII give unsaturated solid solutions and metallic com-

pounds with vanadium.

6. Such metalloids as H, F, C, Si, N, and 0, which are of

small atomic diameter, form only highly unsaturated solid solutions

of the interstitial or substitution type with vanadium. To a great

extent, they tend to form compounds of the following types: borides,

carbides, silicides, nitrides, and oxides of vanadium.

7. The establishment of the general nature of the reactions

of the elements of the periodic system with vanadium, from the point

j of view of the formation of metallic solutions and compounds, facili-

tate the systematization of phase diagrams for two-component systems

I,
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based on vanadium, the majority of which have still not been studied,

and the general representation of more complex multicomponent

* equilibrium systems based on vanadium.
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RESEARCH ON VANADIUM-COPPER-CARBON AND

VANADIUM- COPPER- ALUMINUM ALLOYS

By Ye.M. Savitskiy, V.V. Baron, and Yu.V. Yefimov

No phase diagram for the vanadium-copper system has as yet

been published. There is information in the literature on investi-

gations of the copper angle of this phase diagram [1-5]. The alloys

at the vanadium angle have been investigated by Rostoker and Yama-

moto [6, 71 who established only that copper enters into a vanadium-

based solid solution in quantities of approximately 7.5-10% by

weight. There are no data in the literature on the physical and

mechanical properties of these alloys.

The work which we will describe here was undertaken for the

purpose of investigating the structure and properties (microstruc-

ture, hardness, microhardness, plasticity, and strength) of the

alloys at the vanadium angle of the vanadium-copper-carbon and

vanadium-cepper-aluminum systems.

Preparation of alloys. Vanadium produced by the aluminothermal

and carbothermal methods (Table 1) and Type MO electrolytic copper

were used as the initial materials for producing the alloys. Smelt-

Ing was carried out in an arc furnace with a nonconsumable tungsten

electrode, at a pressure of 0.5 atm in a helium atmosphere. Before

the experimental alloys were smelted, a titanium specimen was

melted as a getter to purify the helium. After being smelted four

times, the ingot being turned in the sole compartments In order to

i 4



TABLE 1
Chemical Composition of Initial Vanadium, in Percent (%) by Weight

1 V C oj jAl se

2 Aa u u w p mw ~ I unxAm i 96-51 0.06 0,8 0,27 1'5 0,15 0,5 0lt

3 K.,oI~pmsmm*!uNasu USBqj1 1.6 10,3 0,02 aaacsUpU4

1) Material; 2) aluminothermal vanadium; 3) carbothermal vanadium;
4) metallic admixtures in amounts not exceeding 0.2%.

ensure uniform composition, the melts are poured in quantities of

approximately 50 g into a square column (h = 50-60 mm), (i0 X 10), using a

specially designed sole fabricated in the Rare Metal Alloys Labora-

tory of the Institute of Metallurgy of the Academy of Sciences USSR.

The specimens were cast in iron molds. The aluminum-containing alloys

were prepared by adding copper to aluminothermal vanadium and those

containing carbon were prepared by adding copper to carbothermal

vanadium.

The copper, carbon, and aluminum contents of the alloys ob-

tained were determined by chemical analysis (Table 2). After their

microstructure was studied and their hardness measured, the cast

alloys were subjected to homogenization annealing in evacuated double

quartz ampules for 100 hours at a temperature of 10000 and then

cooled to room temperature with the furnace (24 hours). To make

the specimens, the ingots were cut under small but constant pres-

sure with silicon carbide stones. This cutting material was used

because of its great hardness and poor workability. The microsec-

tions were prepared by mechanical polishing with abrasive papers of

different grades and by wet grinding with chromium oxide cloth. The

microsections were pickled in a mixture of hydrofluoric (95%) and

nitric (5%) acids.

The hardness (Hk) is determined by the applIcation of a carboloy

9Z



I ~TABLE 2

Composition of V-Cu-Al and V-Cu-C Alloys and Thermal Analysis Data
TBE2 _ _ _ _ &"GID pnowi

Ow At a

f.t 0,00 1,61 -- 09"-
2 0,25 - - --

3 .0,4 - - - 1745 -
A. 0,8 1,64... - - t720 1'95
5 .3,12 - -- - 1 635 1780
6 5,0 -, -580 15
7 6,0 -- - 1570 -7a 7.35 1,37--"----
9 8,0l... .

to 8,67 - -- ' 40J 171O

it 11,1 1,31 -t 30 1530 1725
"12 04,36 -- ,02 1120 1530 161O
13 .0,8 - - 1120 1530 -
14 20,99 - 1120 1530
15 0,00 - 1,61 - 1820 -
18 0,2 - - t750 -

17 0,4 - - - 1660 1820
ia 0,54 - 1,47 - 1690 -

S19 1,0 log 1,37 - t600 1W•
S20 2,97 t'- 1,-- t558 is00

2t 3,73 - 1,52 -- 1575 iS00
22 9,50 -- i, ittO 1575 .t650

23 14,23 - - ittO 1575 -

24 20,56 - ti0o

I 1) Alloy; 2) chemical analysis, in % by weight; 3) thermal analysis
at temperature, oc; 4) melting of copper phase; 5) solidus; 6) liquidus.

point for 30 seconds under a load of 50 kg. The microhardness of
the alloys was determined with a PMT-3 instrument at a load of 100 g.

The strength and plasticity of the alloys were determined by com-

pressing 4 x 4 x 6 mm specimens in a Gagarin press.

Microstructure of the alloys. Microscopic analysis of the cast

V-Cu-Al alloys showed the presence of stratification regions in the

system. In alloys containing more than 14.4% Cu by weight, a non-

uniform distribution of copper-phase inclusions is noted along the

ingot, this causing considerable scattering of data in chemical

analysis, and a very thin second layer of the copper phase (an alloy

containing 17.1% by weight Cu) appears at first in the lower sec-

tions of the ingot. When the copper content in the alloy is increased,

the thickness of the copper-phase layer increases and this indicates

smrqm•.--,-



.*. the immiscibility in the liquid and

solid states. Moving upward along

A •the ingot, from the copper-phase

layer, the number of second phase

inclusions gradually decreases.

White, oval dispersed inclusions of

the vanadium phase may also be seen

in the copper-phase layer (Fig. 1).

No stratification was observed in

* cast alloys containing less than

14.4% Cu by weight.

4 ,•Alloys containing from 8.0 to

14.4% Cu by weight were two-phase

in the cast state with uniform dis-

Qr, 44.• tribution of the red inclusions

characteristic of copper along the

ingot. The remaining alloys with

Fig. 1. Change in microstruc- lower copper contents were single-
ture of V-Cu-Al alloy contain-
ing 21.0% Cu by weight, along phase. Homogenization annealing had
the vertical cross section of
the ingot (lOOX). no material effect on the structure

of the alloys.

Thus, microstructural analysis of V-Cu-Al alloys has made it

possible to establish the immiscibility of the liquid and solid

states, whose boundary on the vanadium side occurs at 16% Cu by

weight. At room temperature, the solubility of copper in the vanadium-

based solid solution was approximately 7.5% by weight. When the

copper content was increased, the second phase (the copper-based

solid solution) increased in size. The inclusions of the second

(lower-melting) phase were located principally along the grain bound-

iI



aries of the vanadium solid solution. No indications of a eutectic

formed between the solid solution and the copper phase in these

alloys have been detected. Black inclusions of impure vanadium

whicn may easily be distinguished from the color of the copper phase

by visual inspection were found in the microstructure of the annealed

alloys (Fig. 2a).

V+PAL 4SZCU 4&t%Cu V

-A~~I 04 I
.14& *, 10

i- ".Pi ., .)*

av.

V.,5ZC qssu , CU J

Fig. 2. Microstructure of annealed alloys (10oX). a) V-Cu-AI
alloys; b) V-Cu-C alloys.

Microstructural phase analysis was used to determine the limit

of solubility of solid copper in the vanadium-based solid solution.

High-temperature forms of the alloys were produced by quenching in

water at temperatures of 600, 800, 1000, 1350, and 1500°.

Isothermic soaking (50 hours) at the first three temperatures

was carried out in evacuated quartz ampules and at temperatures of

1350 and 15000 was carried out in a special setup for high-tempera-

ture quenching. The specimens were heated by passing a current

through them for I hour with subsequent quenching in water. After



the heat treatment, the alloys were subjected to metallographic

analysis.

Microstructural phase analysis showed that the solubility of

copper in a solid solution of the vanadium-based V-Cu-Al alloys

increases with temperature and reaches a maximum at 15300 (9.5% Cu

by weight).

Individual small inclusions of the second phase were seen in

the microstructure of V-Cu-C alloys containing 1.1% Cu by weight

(Fig. 2b). These inclusions increased in number as the copper con-

tent increased. At room temperature, the limit of solubility of

copper In a solid solution of the vanadium-based V-Cu-C alloys con-

taining 1.5% C by weight, is approximately 1% by weight.

It was established that stratification is present in alloys

containing 14.0 and 20.6% Cu by weight. The boundary of the immis-

cibility region for these alloys lies at 11% Cu by weight.

Thus, the presence of carbon in vanadium-copper alloys decreases

the solubility of the copper in the vanadium and broadens the region

of their immiscibility.

Microstructural phase analysis of V-Cu-C alloys was carried

out after quenching at temperatures of 1000, 1350, and 15000.

The solubility of copper in a solid solution of the vanadium-

based V-Cu-C alloys containing 1.5% C by weight increases with

temperature and reaches a maximum at 15750 (3.5% Cu by weight).

Thermal analysis. Thermal analysis was carried out by two

methods. In the first of these, the solidus temperature was deter-

mined by an optical pyrometer, using the appearance of a drop of

molten metal in a depression (depression diameter, 1 mm; depth,

3.5 mm) in a 4 x 4 x 5 mm specimen, this being carried out on a

special device. The liquidus temperature was determined at the tern-



perature at which the specimen melted through at a previously weak-

ened point. The specimen was heated by passing a current through it

in a vacuum.

!c 4
751~~: -9 5R

N 0 4W

JOE

Fig. 3. Properties of alloys. at) V-Ou-Al alloy (1.5% Al' ~~by weight); b) V-Cu-C alloy i . % C y we i h . Ex e -• ~~mentally determined points--* -- H k- 0 --. zh - 9k
annealing, quenching at 600° - the same quenching at

10000; I- the same, quenching at 1350-. iI Hk, H4, kg/mmg;

2) E st, %; 3) H k; aszh, kg/mm2 ; 4) asz; 5) Est

Differential mlcrothermal analysis was used to substantiate
the result's and Increase their accuracy. In this method, the heatingcurves of the alloys were recorded on a special device by a record-Ing pyrometer of the type designed by N.S. Kurnakov and by h.igh-

S~temperature dli"ferential and ordinary Rh-Pt,/Rh thermocouples. Aone gram sample of the alloy was fastened to the exposed junction
of the thermocouple. Heing at60; wseete a rate of 30 deg/min
by a tungsten heater. The change in temperature of each alloy wasrecorded twice. In both methods, calibration was carried out at themelting points of pure metals (Ag, Cu, NI, Ti, Zr, Pd). The results
obtained by these two methods were In good agreement.
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The introduction of copper reduces the melting point of vanadium.

Thc point of intersection of the solidus curve with the monotectic

horizontal (15300 for V-Cu-Al alloys) corresponds to the limit of

solubility of copper in the vanadium-based solid solution (9.4% by

weight). In alloys containing more than 8.7% Cu by weight, the melt-

ing point of the copper phase is fixed at 11200 for all alloys.

Thermal analysis of V-Cu-C alloys (Table 2) has shown that carbon

increases the monotectic equilibrium temperature (15750).

Properties of the alloys. Annealed V-Cu-Al alloys, within the

limits of the solid solution, undergo an increase in hardness (Hk)

and microhardness (Hmk) when the

carbon content is increased. In the

transition to a two-phase region,

4 Ar /the hardness remains constant over

3I .- a certain concentration range and

then slowly decreases in hardness

Swhen the amount of the softer second

I I $ CV.% g phase is increased. Measurements of

Fig. 4. Lattice constants of-soid vaLadtium solutonts in the microhardness of quenched alloysa-solid vanadium solution in

alloys. 1) V-Cu-Al (1.5% Al; completely confirm the results of
2) V-Cu-C (1.5% C by weight ;
3) lattice constant, kx;
Experimentally determined microstructural analysis. When com-

points: 0 - annealing; 0-- pressed- V-Cu-A alloys just as
quenching at 10000; 0 -p s V
annealing, vanadium alone, undergo brittle frac-

ture as a result of interstitial elements present as impurities

(Fig. 3a).

The results of measuring the hardness H k, the plasticity Est,

and the strength of annealed V-Cu-C alloys subjected to a compres-

sive stress aszh (Fig. 3b) indicate that a sharp increase in hard-

ness and strength and a decrease in plasticity occur within the



solid solution. Inflection in the curves is observed with a Cu
content of approximately 1% by weight in the alloys. When the
copper content is further increased (up to 10% by weight), there is

virtually no change in hardness, strength decreases, and plasticity

increases, obviously as a result of an increase in the quantity of

the plastic copper phase.

X-ray analysis. Powders made from the annealed and quenched

(at 600 and 10000) alloys were subjected to X-ray analysis. The

X-ray exposures were made by copper radiation in an RKU camera with

a filter. Calculation of the lattice constants showed that an in-

crease in lattice constants occurred, up to the saturation point, when

copper was dissolved in the vanadium-based solid solution of alloys

V-Cu-Al (Fig. 4). The lattice constant of aluminothermal vanadium is

a = 3.030 kx, that for the saturated, vanadium-based, annealed

solid solution is a = 3.055 kx, and that for the solid solution

quenched at 1000 is a 3.060 kx. When the alloys are quenched at

6000, the lattice constant of the saturated solid solution is the

same as that for the annealed alloy (within the error limits of the

experiment). For alloys having a two-phase region (containing more

than 9% Cu by weight), copper phase lines are observed, in addition

to the vanadium solid solution lines (these denote a solid solution

of vanadium in copper having a face-centered cubic lattice struc-

ture and a lattice constant a = 3.620 kx).

The lattice constant function for the a-solid solution of

annealed V-Cu-C alloys is also shown in Fig. 4. The lattice con-

stant of the a-solid solution of carbon in vanadium is a = 3.028 kx

and that for the saturated copper of the a-solid solution is a =

= 3.050 kx. According to X-ray data, the limit of solubility of

copper in the vanadium-based solid solution of V-Cu-C alloys (1.5%

C by weight) is also 1% Cu by weight.



Weak lines representing a second vanadium phase with a hexago-

nal lattice structure, apparently a y-phase, were observed together

with the a-solid solution lines on the X-ray diffraction patterns

for all V-Cu-C alloys containing 1.5% C by weight [8].

M l - /4W

0* em 10 0 U

* moo
O ...

•.• .

Fig. 5. Vertical section of Fig. 6. Vertical section of
vanadium angle of phase dia- vanadium angle of phase diagram
gram of V-Cu-Al alloys having of V-Cu-C alloys having con-
constant aluminum content stant carbon content (1.5% C
(1.5% Al by weight). 1) zh. by weight). 1) zh.

Lines representing a solid solution of vanadium in copper were

seen on the X-ray diffraction patterns for V-Cu-C alloys containing

3.0 and 9.1% Cu by weight.

Vertical sections of the vanadium angle of the phase diagram

for a V-Cu-Al alloy (1.5% Al by weight) (Fig. 5) and a V-Cu-C alloy

(1.5% C by weight) (Fig. 6) have been constructed, using all avail-

able experimental data.

CONCLUSIONS

Vertical sections of the vanadium angle of the phase diagrams

for V-Cu-Al and V-Cu-C systems with constant aluminum and carbon

i /00



contents (1.5% by weight) have been constructed from data obtained

by microstructural, thermal, and X-ray analyses and by investiga-

tions of certain mechanical properties of V-Cu-Al and V-Cu-C alloys.

Vanadium and copper form unsaturated solid solutions. At a

temperature of 20°0, the limit of solubility of copper in alumino-

thermal vanadium is approximately 7.5% by weight. When the tempera-

ture is increased, the solubility of copper in the vanadium-based

solid solution increases, reaching a maximum (9.4% Cu by weight) at

a temperature of 15300.

A broad region of stratification is observed in this system,

in the :Liqu.ci and 3olid states, starting at the vanadium side when

the copper content is approximately 16% by weight. The monotectic

temperature is 15300. The melting point of the solid solution of

vanadium in copper is 11200.

The addition of 1.5% C by weight to the alloys causes a sharp

decrease in the solubility of the copper in the vaniadium, this being

the result of the fact that there is no reaction between copper and

carbon. The limit of solubility of copper in carbon-containing

vanadium alloys is approximately 1% by weight at room temperature

and 3.5% by weight at 15750. Copper increases the monotectic equilib-

rium temperature from 1530 to 15750 and expands the region of Im-

miscibility. The alloys are stratified, beginning at 11% Cu by weight.

Copper dissolved in vanadium Increases the hardness of the

latter and, as was established for alloys containing carbon, reduces

its plasticity. The addition of copper to these alloys increases

their strength.

The addition of copper causes an increase in the lattice con-

stants of the vanadium solid solution. No new phases are detected

in the vanadium-copper-aluminum system besides those solid solutions

SID, )f
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based on these metals. It has been established for alloys con-

taining carbon that a second vanadium phase with a hexagonal lat-

tice structure, apparently a V-phase, is present in addition to

the two solid solutions.
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THE INFLUENCE OF TENSILE STRESSES ON THE

CORROSION RATE OF METALS

By V.V. Romanov

The simultaneous action of tensile stresses and the electro-

chemical corrosion of metals can increase or decrease the rate of

corrosion or can change its nature, i.e., can cause extremely detri-

mental forms of local corrosion - corrosion fatigue and corrcsion

decrepitation. This explains the interest which investigators have

manifested in the study of the stress factor in the corrosion of

metals.

Despite the abundance of experimental data gathered together

In the literature, at the present time one of the basic problems

in this field has still not beewsufficiently clarified. This is

the question of the influence of static tensile stresses on the

corrosion rate of metals.

In this article, an attempt is made to generalize the data on

this problem, which occurs in the literature, and experimentally

to study the influence of external tensile stresses on the corro-

sion rate of certain metals in neutral chloride solutions.

Apparently, the general opinion of researchers is that stress

increases the corrosion rate of metals in acid media, regardless

of whether the stress is internal or external, and that the increase

in corrosion rate is an approximate linear function of the increase

in stress (1-7].

According to the data of Skapskiy and Chizhevskly (2], the in-
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crease in corrosion rate in these media begins when the pH drops

below 4.

* However, there are exceptions to this general rule; Garre [1]

observed that rolling reduced the corrosion rate of pure tin in

hydrochloric acid. Evans [1] explained this by the fact that tin

recrystallizes at comparatively lower temperatures after rolling

and, consequently, the lattice structure of' the rolled metal must

be more perfect than that of the unrolled metal.

Ye.M. Zaretskiy [5] established that the corrosion rate of

copper in a 0.1 mole solution of ammonium persulfate (pH = 2) de-

creased with an increase in the degree of tensile deformation.

According to the data of Fontana [8], stress does not increase

the corrosion rate of stainless steel in fuming nitric acid at

elevated temperatures.

Straumanis and Wang [9] established that specimens of pure

(99.99%) cold-rolled aluminum had the same corrosion rate in 1 N

hydrofluoric acid as did specimens of the same material subjected

to preliminary recrystallization at temperatures of 40-575O°

The authors also established that the corrosion rate of alumi-

Snum is independent of the angle to the direction of rolling at which

the specimens were cut.

The increase in corrosion rate in acid media under the action

of stress is explained by the shift in the values of the electrode

potentials of the metals to the negative side, by the redistribu-

tion of cathodic impurities, or by the mechanical breakdown of the

protective films.

In addition, G.V. Akimov [10] suggested that the deformed

metal yielded less work, i.e., the bond Me +. E was weakened and

the ion Me+ consequently left the lattice more easily than it could

• i
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in nondeformed metal.

For one particular case, an alloy of Al with 5% Mg or more,

Mirs [11] attributed the increase in corrosion rate in the case of

deformation to the liberation, from the Al-Mg solid solution, of

a metallic compound which corroded quite rapidly in certain media.

The data in the literature on the influence of static stresses

on corrosion rate in neutral salt solutions are somewhat contra-

dictory, although the majority of authors have shown that stress

has little or no effect on corrosion rate [4, 5, 9, 12-16].

Evans explained this by the fact that the majority of metals

corrode in neutral salt solutions by oxygen depolarization and the

rate of this process is determined by the diffusion of oxygen to

the microcathodes.

Of course, the rate of oxygen diffusion is independent of the

deformation of the metal.

The author found confirmation of this opinion in the fact that

deformation had an effect on corrosion rate when oxygen was inten-

sively supplied to the microcathodes as, for example, when the solu-

tion was agitated (1].

In a diffusion regime, the possible redistribution of cathode

particles will have no effect on the corrosion rate, since N.D.

Tomashov [17] has shown, when the degree of dispersion is small and

the cathodes are uniformly distributed on the surface of the metal,

virtually the entire possible electrolyte volume is used for the

diffusion of oxygen to the corroding surface, even when the area

of the microcathodes is rather small.

For the same reason, apparently, stress has no influence on

the corrosion rate of a metal under atmospheric conditions (18, 19].

In accordance with these data, Mears, Brown, and Dix [20] and



Mirs [11] came to the conclusion that a static load less than the

yield point has no influence on the corrosion rates of the majority

of technical aluminum alloys under normal operating conditions.

Luz (21] expressed the same conclusion about magnesium and its

alloys.

Evans [11 noted the fact that stress does not increase the

corrosion rate of steel under atmospheric conditions and, on the

contrary, often even reduces it.

This decrease is due to the large number of corrosion products

and the fact that they adhere more closely to the surface of un-

stressed metal than to that of stressed metal and, as a result, the

surface of unstressed metal dries no further and corrodes strongly.

The experimental data of Vedenkin and Gladyrevskaya [19] are

in complete accordance with this conclusion. These data show that

the corrosion rate of carbon steel decreases under atmospheric con-

ditions when the tensile stress is increased from 0 to 16 kg/mm

G.V. Akimov expressed the opinion that stress increases the

corrosion rate of a metal: "A great deal of experimental material

shows that stress and deformation always increase the corrosion

rate" [22, page 175]. However, this opinion is confirmed only by

the data of Krenig [4], other experiments in this direction not

being considered. The data given show that this opinion is not

exact.

The influence of stress on the electrochemical characteristics

of metals is of great value for clarifying the mechanism by which

stress influences the rate and nature of corrosion.

We know of attempts at a theoretical calculation of the possi-

ble change in reverse electrode potential of a metal during the

course of certain work on deformation.



Carrying out such a calculation for a magnesium electrode

under a stress of 17 kg/mm2, Ye.M. Zaretskiy (23] obtained a value

of 2.5 mv. Harwood (24), as well as D.V. Ryabchenkov and V.M.

Nikiforova [253, obtained electrode potential changes of the same

order as those calculated theoratically for the deformation of the

metal.

Experimental verification has shown that both external and in-

ternal stresses change the electrode potential of the metal either

very slightly or to tenths of a millivolt, i.e., up to values which

cannot be associated with an increase in the internal energy supply

of the metal [4, 21-31].

As a rule, the change in electrode potential under stress is

observed in the first comparatively short time intervals, after

which the potentials of stressed and unstressed metal converge [23,

31].

Researchers have noted that the electrode potential of a metal

changes quite markedly under the action of stresses caused by plas-

tic deformation and changes no more than 1-2 mv under the action

of elastic stresses (311.

We know of experiments that were devised to investigate the

influence of stress on the polarizability of magnesium [23], iron,

and soft steel [29], and these have shown that stress and deforma-

tion do not materially change the polarizability of a metal.

The influence of stress on the electrochemical characteristics

of a metal rests on the following circumstances. For example, G.V.

Akimov has suggested that the film formed on stressed or deformed

metal at the initial Instant of electrolyte action contains more

cracks of greater size' than that formed on nondeformed metal, thus

making it possible to debase the electrode potential of the metal

[22).
/07
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An analogous idea was expressed by Evans and Simand (31].

In addition, Evans thinks that stress increases the internal energy

supply of the metal.

In the experimental section of this work, the influence of

stress on corrosion rate, electrode potential, and the kinetics

of the electrode processes were studied.

Certain alloys, widely used in practice were selected as the

subject for research (Table 1). These alloys were in the form of

semifinished industrial products (sheets) and had not been sub-

jected to special heat treatment.

The specimens were cut parallel to the direction of rolling

and were of the conventional shape for tensile testing. Their sur-

faces were polished with successively finer grades of emory paper.

The final polishing was longitudinal and was carried out with

grade 14 emory paper and the specimens were then degreased and

treated in the following solutions:

Alloys based on magnesium, g/l:

1) CrO3  - 150,

2) N6aNO2  - 20,

for 3 minutes;

alloys based on aluminum, %:

1 ) HNO 3  - 6,

2) K2 Cr 2 0 7 - 1,

for 5 minutes;

alloys based on iron, %:

1) HF - 1,

2) 110O3  - 5,

for 3 minutes;

copper and copper-based alloys:

J
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1) 0.1 'N HNO3

for 2 minutes, washed, dried, and agitated for 19-20 hours in a

dez iccator.

The working surface of the specimens was of two sizes: 100 x

x 10 x 2 mm for laboratory tests for uniaxial tension and 50 x 10 x

x 2 mm for the remaining specimens.

With tests under atmospheric conditions or in direct loading

apparatus, the nonworking surfaces were insulated with BF-2 lacquer

which was then dried at a temperature of 600 for 3 hours, while

for the other tests, in addition to BF-2 lacquer, a perchloral

t vinyl lacquer containing dibutyl phthalate as a filler was used.

For the laboratory tests, the specimens we:e vertically posi-

tioned and, by uniaxial elongation, their insulation was moved to

5 mm below the water level.

In the basic tests, stress was produced by uniaxial elonga-

tion of the specimens on lever machines (34) and on devices and

machines adapted to set up uniaxial tension by the use of a weight

or spring when the specimens are horizontally positioned (33, 35).

As a rule, the original stresses are selected so as to fall within

the limits of elasticity.

For purposes of comparison, a number of the experiments were

carried out with specimens bent into a curve with a constant depth

of curvature, i.e., in the presence of nonuniform tensile stress

t distribution and residual deformation in the metal, phenomena fore-

seen as a consequence of the incomplete straightening of the speci-

mens after bending.

The experiments were of a purely qualitative character and

the maximum tensile stresses for a given case were not calculated.

In order to conduct these last experiments, the specimens were

/hoj



fastened in curved textolite shoes by ebonite screws.

The surface adjoining the shoe was insulated, as was the non-

working section of the specimens. The shoes and specimens were

fastened to a variable loading wheel [32], or an ordinary variable

loading unit.

I In order to carry out uniaxial tension experiments on the

t specimens, the latter were placed in a beaker with a capacity of

approximately 250 cm3 , being passed through a hole in the bottom

of the beaker when vertically positioned and through holes in the

side walls of the beaker when horizontally positioned. In both

cases, hermetic sealing was effected with slitted rubber plugs.

The basic corrosive agent in the laboratory tests was 0.1 N

NaCl prepared from chemically pure salts in distilled water, while

main water was used as the corrosive agent in tests on the variable

loading wheel.

For purposes of comparison, several experiments were carried

out under atmospheric conditions in 0.1 N H2SO4 + 35 g/liter NaC1,

0.1 N NaC1 + 10 g/liter INH4 C1, &nd 5% HC1, which were also pre-

pared from chemically pure salts in distilled water.

The corrosion rate was determined by the gravLmetric method

and by the amount of hydrogen evolved; in the latter case, a meas-

uring burette was placed in the working flask beneath the hcrizcn-

tally positioned specimens. Weighing was carried out on damped

analytical balances.

After the weight losses were determined, the corrosion products

were removed from the specimens in the solutions described in ref-

erence (10].

Electrochemical characteristics were measured for the horl-

zontally positioned specimens. The electrode potentials were meas-

It'



sured by the compensation method. A saturated calomel electrode

was used as the comparison electrode. The value of the electrode

potential was converted to the hydrogen scale. An electrical system

which made it possible to select the desired current flux was used.

A platinum wire wound around the working portion of the specimens

IS was used as the auxiliary electrode. The laboratory tests were con-

ducted at room temperature.

Fig. 1. The influence of ten- Fig. 2. The effect of tensile
sile stresses on the corro- stresses on the corrosion rate of*
sion rate of D-16 alloy in a D-16 alloy in a solution of 0.1 N
0.1 N solution of NaM for H2 so 4 + 35 g/l NaCl, after 180 min.
1000 hours. 1) Corrosion rateafte lO0 hursLmg/m2;1) Cor~osion rate after 180 min.,
after 1000 hours mg/cm2  l 3.~~ gm 2

2) stress, kg/mr. cm,/cm,; 2) stress, kg/mm2.

In order to consider the influence of stress on corrosion

rate, the mean data from five parallel measurements were usec,

while that from three parallel measurements were used for the con-

sideration of electrochemical characteristics.

Investigation of the influence of stress on the corrosion rate

of metals was carried out by two methods: 1) by studying the In-

fluence of stresses of various magnitudes on the corrosion rate of

metals when all other conditions remain identical; 2) by comparing

the corrosion rates of specimens in the stressed and unstressed

states, after an arbitrarily selected time Interval. The second

method includes the setting up of stresses either by unlaxial ten-



sion or by bending.

Data on the influence of stress on the corrosion rate of D-16

alloys in 0.1 N NaCl for 1000 hours (Fig. 1) shows that stresses

2
up to 13 kg/mm have virtually no effect on corrosion rate and
cause a certain slight increase in corrosion rate only when they

approximate the yield point, and this is most readily explained by

the intensification of purely mechanical fracture in the protective

film and the increase in size of the corroding surface by the elonga-

tion of the specimens, which results from the appearance of plastic

deformation.

For purposes of comparison, Fig. 2 shows data on the influence

of stress on the corrosion rate of the same alloy in an NaCi solu-

tion acidified with 0.1 N sulfuric acid. As may be seen, in this

case, the stress directly increases the corrosion rate of the metal.

For a period of' 180 minutes, this function is linear in character.

TABLE 2

Influence of Uniaxial Stress on Corrosion Rate
of Metals (vertical positioning of specimens)

k ""Ag'e&I I IIUT31111a. 'I; A. '4

M•IA-2 . . . . .. i, NaCI Ii)
N.IA*2 TO *To A0 5.

a 3 . 15 1 Ito 8,2
o I to114 1!. .o

9;'6. . . , 13 1(0 0.4

9: I-fro .2 1000 0,39

lyy, IXIBIt9 25 1000) --

llCTI 1x 9 o I O-A)
l I

11iI,..........a 0 1 f i
12 Me;tb lParma" 5% I!tl 10 113 '_%,X

13 141 To o 0 113 , 24.4
.lalyb. • . . 0,1 u.NaCI + I s I1 s 180,1,+ 10i 1 N If SO;

7 To miss iT w 1152 1760,

2
1) Metal; 2) medium; 3) stress, kg/m2 ; 4)2dura-
tion of test, hours; 5) weight loss, mg/cm ; 6) 0.1
N NaCl; 7) the same; 8) steel 3; 9) D-16;0
10) steel 1Khl8N9; II) V-95; 121 cuprite;
13) brass; 14) 0.1 N NaCi + 10 j/l NH4C1.

-------- ~--,--- - 1/3



The data shown in Table 2 also attest to the small influence of

elastic stresses on the corrosion rate of metals with the excep-

tion of steel 3 in a 0.1 N NaCl solution. The results obtained forI steel 3 have been verified in repeated tests but it is difficult

to explain an exception of this type by the general rules.

The data of the influence of stress on the corrosion rate of

copper in a 5% HCI solution given in Table 2 for purposes of com-

parison more clearly show the aforementioned increase in corrosion

I rate under the action of stresses.

The same results were obtained for brass when testing in a

r solution of 0.1 N NaCl + 10 g/liter NH4 Cl.

The increase in corrosion rate under the influence of tensile

stresses in a 0.1 N NaCl solution manifests itself somewhat more

clearly when the stresses are created by bending (Table 3) and this

undoubtedly is a result of the presence of a nonuniform distribu-

tion of stresses and plastic deformation in the metal, i.e., con-

ditions which facilitate failure of the protective film on the

surface of the metal as compared with uniaxial elastic tension

applied to the specimens.

The data in Table 4 attest to the slight influence of elastic

tensile stresses on the corrosion rate of metals under atmospheric

conditions and this is in complete accordance with the data adduced

by other investigators. The data on steel lKhl8N9 is an exception.

In contrast to the smooth surface of unstressed specimens of this

steel, the surface of stressed specimens is covered with a large

number of deep pits. Apparently, this indicates that the role of

stress in the corrosion of metals consists in its action on the pro-

tective film, in this case, in weakening it. Measurement of the

electrode potentials of the metals in time made it possible to



I
establish that stress has the greatest influence on the electrode

during the first few minutes of measurement. The influence of

stress proves to be substantially less in the region of stationary

electrode potential values.

TABLE 3

Influence of Plastic Deformation and Nonuniform Stressed Distribu-
tion on the Corrosion Rate of Metals*

1 .por mo TW 13 ,I', , b . M0'•, NX"'c 
m  

3 o• ,3 , ,, ,,,dT aI1,,,

7 'Cr.............3 % NaCI 8 1056 39,6 ieco 1WpIxaMioru

7CT. : ....... .. To we 1056 37,2 norpy)memmi

8AI& 16 . 8..x8 6 12 I41

T'0 . I ,
8TIXI"II.9... : , , '1 ; i,4 '

IT, 0
101.58 272 0,3q

j~UP1 0 TO111 960 39,0
15cTIXO01 5 960 37,0 1,8

12••.: ... i pacian 3" 7'. + 35

N I 4I Q 156 1, IjVCIIt

0. N I I3CI

i3To -, . .... 1 3"'o me 0 787 15,7

*Specimens bent into a curve.

1)Metal; 2) medium; 3) depth of curvature; 4) duration of test,
hours; 5) weight loss, mg/cm2 ; 6) instrument on which tests were
carried out; 7) steel 3; 8) D-16; 9) steel lKhl8N9; 10) V-95;
1i) technical iron; 12) cuprite; 13) the same; 14) brass;

15) 35 9/l + 35 g/l NH4 Cl; 16) 0.1 N NaCl + 10 g/l NH{Cl;

17) variable-load wheel; 18) variable-load equipment.

The data for the D-16 alloy given in Fig. 3 show that the

action of stress materially alters the shape of the potential -

time curve. It is obvious that as the stress increases the char-

5 acteristic section of the curve which describes the original de-

t: basement of the electrode potential value is shortened and, at a

stress of 15 kg/m2 , disappears completely.

Stress also has a substantial effect on the electrode poten-

tial of MA-2, although this is smaller for the other alloys studied.

Apparently, the data obtained for D16 alloys also Indicates
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that the action of stress changes the conditions for the formation

of stable protective films on the surfaces of the metals.

TABLE 4
Influence of Uniaxial Stress on the Corrosion Rate of Metals Under
Atmospheric Conditions*

I ..... .. '1011t - 1'T~

NIfAlflna a•jJInU, f &e- -tR. ac . ,- f Me.UbISOCThI KC-'1 IK.a,

MeWafl11119.pRaee. CJ4w oCcb ..,. Me-a'

S18 2232 91,0 CT. 3 0 .'I1Co 11,76T'0 wo . 0 1"' ,,
NI - . . . 10 tt6 :a0 1i' I 13,

MA.8 . . . 0 11CO 3,1 CT. X18119 20 2208 ( 1, 41l
7CT. 15 1 GO 13,!9C, 1X18119 0 6.S 0, 072

*Corrosion-testing area on the grounds of the A.A. Baykov Metal-
lurgy Institute of the Academy of Sciences USSR.

1) Metal; 2) Initial stress, kg/mm2. 3) duration of tests, hours;
4 weight loss, mg/cm2 ; 5) brass; 61 the same; 7) steel 3; 8) D-16;
9 steel lKhl8N9.

Fig. 3. Influence of tensile Fig. 4. Influence of tensile
stress on the electrode poten- stress (for 180 minutes) on
tial of D-16 alloy in 0.1 N electrode potential of a series
solution of NaCl; 1) a = 0 of metals in 0.1 N NaCl. 1) Elec-
k/mm2 ; 2) o 10 k/mm2 ; trode potential, mv; 2) stress,
3) a = 15 kg/mm2 ; 4) elec- kg/mu ; 3) brass.
trode potential, mv;
5) time, minutes.

Data on the influence of stress on the electrode potentials

of metals in the stationary-value regions (for 180 minutes) show

(Fig. 4) that this influence is small and can be explained by the



intensification of the failure of the protective films on the sur-

faces of the metals.

I)

Fig. 5. Influence of tensile Fig. 6. Influence of tensile
stress on polarization of stress on polarization of
D-16 alloy in 0.1 N NaCl. technical iron in 0.1 N NaCl.
1) a 10 kg/mm2 ; 2) a = 1) a = 0 kg/mm2 l 2) a = 10 kg/mm2 ;
= 0 kg/mm;; 3) electrode 3) a = 20 kg/mm2 4) electrode
potential, my; 4) polari- potential, my; 55 polarization
zation Dka, ma/cm . Dka, ma/cm2 .

The specimens began to polarize after they had been exposed

to the solution for 180 minutes.

Stress has little effect on the polarizability of D-16 alloys

and iron (Figs. 5 and 6). Data on brass (Fig. 7) indicate that

stress somewhat reduces both the cathodic and anodic polarizability

of the alloy.

CONCLUSIONS

1. In nonoxidizing acid media, stress increases the corrosion

rate of metals linearly. However, there are the exceptions to this

rule which we have considered, where stress does not increase the

corrosion rate, but on the contrary decreases or has no effect on

2. Elastic stresses have virtually no effect on the corrosion

_/1_



A
rate of metals in 0.1 N NaCl and

under atmospheric conditions.

The presence of plastic deforma-

tions and the nonuniform stress

distribution facilitates a certain

increase in the corrosion rate of

metals under these conditions.

3. Stress has little effect on

the electrode potentials of metal

and on the kinetics of the electrode

processes in 0.1 N NaCl.

Fig. 7. Influence of tensile 4. The action of elastic tensile
stress on polarization of
brass in 0.1 N NaCl.) a = 10 kg/mm2; 2) iC stresses in the corrosion of stressed

) 10 kg/mm2; 2) elctodS= 0 kg/mm2 ; 3) electrode metals consists chiefly in changing
potential, my; 4) olari-
zation Dk.a ma/cm. the conditions for the formation

of a protective film on the surface of the metal.
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THE INFLUENCE OF POLARIZATION AND PB-5 INHIBITOR ON THE

CORROSIVE DECREPITATION OF CARBON STEELS

By S.B. Fel'gina and V.V. Romanov

In this work, as in preceding works [1, 10], we have set our-

selves the task of studying the influence of polarization and the

organic inhibitor PB-5 on the rate of corrosive decrepitation of

a metal and the effect of polarization on the nature of corrosion

cracks.

Data are given in the literature on several investigations

[2-^] devoted chiefly to the qualitative study of the protective

action of cathodic polarization in the corrosive decrepitation of

carbon steels.

Makdonal'd and Veber [2] cited data which show that it is

possible materially to retard the corrosive decrepitation of low-

carbon steels in nitrate solutions by cathodic and protector in-

hibition. KrIstal' [3] reports that it is possible to prevent the

decrepitation of carbon steels in boiling sodium nitrate solutions

by protector inhibition.

Parkins [4] reports that it is possible to avoid the corrosive

decrepitation of soft steels in boiling amnmonium and calcium nitrate

solutions by cathodic polarization.

In experiments which well reproduced actual conditions, Weir

[5] observed that boiler plate subjected to uniaxial tension and

the action of 41.6 and 50% solutions of NaOH at temperatures of
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250 and 2800 were protected from decrepitation by cathodic polari-

zation of the external current source. On the other hand, anodic

polarization accelerates failure.

S.G. Vedenkin and L.S. Lebedeva (6) discovered that it was

possible to protect soft steels from corrosive decrepitation by

cathodic polarization under stean-boiler operating conditions, while

Champion (7] discovered that this held true in the extraction of

aluminum from ores with alkaline solutions.

The data cited have made it possible to establish the ability

to retard the corrosive decrepitation of carbon steels by cathodic

polarization and to accelerate it by anodic polarization.

The qualitative study of this relationship has aroused defi-

nite interest.

As the subject for our research, we selected type St. 3 carbon

steel (see belo,.,,) in semifinished sheets (sheet thickness, 2 mm).

Chemical Composition of Steel Being Studied, %

C i-n Si S P Fe

0.170 0.320 0.02 0.026 0.005 remainder

The method of research was quite similar to that used earlier

"in investigating the influence of polarization [8] and of the or-

ganic inhibitor PB-5 [10) on the corrosive decrepitation of type

18-8 stainless steel.

However, there was one difference; directly after testing, the

carbon steel sp-cimens were pickled in a solution of 5% }HNO 3 + 1%

HHF and were then placed in a desiccator for 18-20 hours. A solution

of 600 g/liter Ca (NO 3 ) 2 + 600 g/liter NH4 N03 + 50 g/liter MnCl 2

was selected as the corrosive agent.

The experiments were carried out at the boiling point (1280);

the volume of solution was 200 cm3 , the working surface was 7.2 cm2 ,
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and the initial stress was 33 kg/mm 2;thpHotesluinwa

measured by a glass electrode and an LP-5 potentiometer-.

The electrode potentials were measured by the compensation

method. The potential was measured in relation to a saturated calo-I mel half-cell. 250 my were subtracted from the obtained potential
values.

The polarization curves were taken at room temperature and at

the boiling point of the solution. The temperature jump of poten-

tial at the hot solution-cold solution boundary was not calculated,

8ince interest centered on the relative change in the polarizability

of the metal.

Data on the influence of cathodic polarization on the rate

or' corrosive decrepitation of steel (Fig. 1) show that the func-

tional expression of these two factors has a characteristic shape:

2
a first section is observed at current fluxes of 0.005 ma/cm , a

I2
second is observed in the interval 0.15-1.00 ma/cm2 ,adatid

r , ad a hird
is found at 1.5 ma/cm2 (the arrow on the diagram denotes that the

specimens had not failed at the time indicated).

In order to satisfy ourselves that the protective action of

cathodic polarization was not a result of possible changes in the

medium or the protective films, the protective current was passed

for less than three hours in individual experiments. After the cur-

rent was shut off, the specimens soon failed.

Data on the Influence of anodic polarization on the rate of

corrosive decrepitation of steel (Fig. 1) show that decrepitation

is observed only at small current fluxes, widely scattered data

being obtained in this case. In essence, with current fluxes

DA > 0.1 ma/cm , decrepitation ceases. At the same time, a thick

film of corrosion products, black In color, appears on the surface
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of the metal and increases in thickness as the current flux is

increased. The fact that the polarization curve was taken in the

i

Fig. 1. The effect of cathodic Fig. 2. Anodic polarization
and anodic polarization on the curves for St. 3 steel in a
rate of corrosive decrepita- solution of 600 g/liter Ca
tion of St. 3 steel in a boil- (NO3 ) 2 + 600 g/liter NH4NO3 +
ing solution of 600 g/liter 5
Ca (NO 3 ) 2 + 600 g/liter 2.

3)2 temperature; 2) at boiling point
NH4NO, + 50 g/liter MnCl 2. of solution (1280); 3) elec-

1) Time, minutes. trode potential, Ep, v.

solution being studied (1ig. 2) showed that the anodic polarizability

of the metal in the hot solution was substantially greater than Its

polarizability at room temperature.

The original acidic pH value of the solution (1.46) shifted

toward even more acidic values as the anode-current flux was In-

creased and, at 20 ma/cm 2, rapidly became less than 0 [sic).

Research has shown that cracks have an intergranular character

both with polarization and without.

In the absence of polarization, Intergranular cracks (Fig. 3a)

are branched and curved; with anodic polarization (Fig. 3b), they
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Fig. 3. Corrosion cracks in steel 3 (X 200).
a) Without polarization; b) with anodic polari-
zation; c) with cathodic polarization, inauf-
ficient for protection.

acquire a high degree of rectilinearity and continuity and become

comparatively narrower, especially at their origins; with cathodic

polarization (Fig. 3c) the cracks are wider and more branched than

when there is no polarization and have a tendency to expand laterally

along the grain boundaries and body, a phenomenon quite marked even

near the origins of the cracks.I When 0.1% PB-5 inhibitor was Introduced into the solution

being studied, decrepitation did not set in after 540 minutes.
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The influence of cathodic polarization on the rate of corro-

sive decrepitation in the steel being studied was analogous in

character to that which was earlier established for other metals

(1], a fact which can be demonstrated.

A quantitative comparison of data obtained for carbon steels

in a boiling solution of calcium and ammonium nitrates to which

manganese chloride was added with analogous data [11 for type 18-8

stainless chromium-nickel steel subjected to corrosive decrepita-

tion in a boiling solution of MgCl 2 has made it possible to estab-

lish that all characteristic sections of the cathodic polarization

curves for carbon steels are at higher current fluxes; thus, for

exanp•e, the third section (Fig. 1), which characterizes the pro-

tective current flux for stainless steel, is at DK > 0.13 ma/cm2

while that for carbon steel is at DK > 1.

There is only one possible explanation for this - the more

intensive action of corrosive vapors on carbon steel than on stain-

less steel.

This can in turn be explained by the higher corrosion stability

of nickel austenite as compared with the ferrite-perlite structure

of the carbon steel under consideration, as well as by the greater

aggressiveness (in particular, the substantially more acid pH value)

of the electrolyte in which the corrosive decrepitation of the metal

was studied.

The influence of anodic polarization is not characteristic,

i.e., it is unusual in comparison with data for other metals. Anodic

polarization does not accelerate corrosive decrepitation but, on

the contrary, stops it.

Apparently, there is no doubt of the fact that the influence

of anodic polarization is a result of the formation of a thick film
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of black corrosion products on the surface of the metal. The forma-

tion of these products depends to a greater extent on the composi-

tion of the solution and the course of the electrolytic anodic reac-

tion in the metal than it does on the individual properties of the

metal itself; this is attested to by the fact that during the pro-

cess of the cathodic polarization of the steel the same film is

formed on the platinum wire which is used as an auxiliary electrode

in polarization. Experiments have shown that the formation of this

film causes a strong anodic polarization of the metal and this re-

duces the efficiency of the corrosive vapors (formed by the anode

sections at the bottom of the original points of stress concentra-

tion and the corrosion cracks having cathode sections), affecting

the rate of corrosive decrepitation of the metal [9].

Apparently, the process of forming a black film on the surface

of carbon steel is facilitated by a low pH value of the solution

and its further reduction during polarization, as well as by high

solution temperature, and this is confirmed by the low polarizability

of the metal at room temperature.

Data obtained on the influence of polarization on the char-

acter (shape) of corrosion cracks is of special interest, since

It shows the influence of polarization on the intergranular char-

acter of decrepitation in contrast to those data which were ob-

tained for the intergranular or composite character of the cracks

(1, 8).

Despite the basic difference in the intergranular mode of

corrosion crack development, the nature of the effect of polariza-

tion is in essence the same as that for Intragranular decrepita-

tion; this influence is manifested first of all at the bottom (origin)

of the crack and, in cathodic polarization, leads to a tendency of

/A 7



the crack to expand laterally along the body and the grain boun- J
I0 daries, while in anodic polarization, the cracks become elongated,

compacted, and more rectilinear than those which developed in the

nonpolarized metal in the absence of polarization.

The data obtained on the protective influence of PB-5 inhibitor

in the corrosive decrepitation of carbon steel in nitrate solutions

is very remarkable, since it was established earlier (10] that

this inhibitor, at the same concentration (0.1%), protected type

18-8 stainless chromium-nickel steel in a boiling 42% solution of

MgC12 from decrepitation. This gives us reason to assume that this

use of PB-5 inhibitor is a general-purpose method for protecting

iron-based alloys from corrosive decrepitation.

It is to be expected that the effect of the use of PB-5 in-

hibitor will be intensified as temperature is reduced. Its use at

higher temperatures without further testing is inadvisable.

CONCLUSIONS

1. It has been established that type St. 3 steel can be pro-

tected from corrosive decrepitation in a boiling solution or 600

g/liter Ca(N0 3 ) 2 + 600 g/liter NH NO3 + 50 g/liter MnCl 2 by cathodic

polarization (DK > 1.5 ma/cm2 ).

The expression of the rate of metal decrepitation as a func-

( tion of current density (flux) has a characteristic shape.

2. Anodic polarization at current fluxe..j greater than 0.1

ma/cm2 stops decrepitation. This is a result of the formation of

a dense film of black corrosion products on the surface of the metal.

3. The influence of polarization on the character of Inter-

granular corrosion cracks has been established. This effect Is

basically the same as that for Intragranular or composite decrepi-

tation of other metals.



SREFERENCES

1. V. V. Romanov, Sb. tr. Voronezhskogo khirn. o-va [Collection

Voronezh Chemical Society], Issue II, 1959.

2. Kh.D. Makdonal'd, D.T. Veber, Korroziya metallov [Corrosion

of Metals], Goskhimizdat (State Scientific and Technical Publishing

House for Chemical Literature], 1952, p. 436.

3. M.M. Kristal', Sb. NIIKhIMvASh (Collected Papers of the

State Scientific Research Institute for Chemical Machinery], No. 25,

p. 102.

4. R.N. Parkins, J. Iron and Steel Inst., 172, 149-162.

5. C.D. Weir, Applied Mechanics, 163, No. 55, 18.

6. S.G. Vedenkin, D.S. Lebedeva, Bor'ba c korrosiyey metallov

na zheleznodorozhnom transporte [Prevention of Metal Corrosion in

Railroad Transportation], Issue 57, Moscow, Transzheldorizdat (State

Publishing House for Railroad Transportation Literature], 1952,

p. 83.

7. F.A. Champion, Chem. a. Industry, 1957, No. 28, p. 967-975.

8. V.V. Romanov, V.V. Dobrolyubov, Metallovedeniye i obrabotka

metallov (Metallography and Metals Processing],

1958, No. 7, P. 19.

9. V.V. Romanov, Sb. "Korrozionnoye rastreskivanlye metallov"

[Collection The Corrosive Decrepitation of Metals), Mashgiz [State

Scientific and Technical Publishing House for Literature on Machinery],

Noscow, 1960, p. 24.

10. S.A. Balezin, V.V. Romanov, H.I. Podobayev, Dokl. AN SSSR

(Proceedings of the Academy of Sciences USSR], 1958, 123, No. 5,

p. 902.

PTD-T-62-134/1



(.Footnotes]

Manu-
script
Page
No.

105 *The protective current flux was conditionally calculated

as that flux at which no decrepitation set In for a

period three times as long as that required for corro-

sion to begin in the absence of polarization.
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I THE STRUCTURE AND PROPERTIES OF ALLOYS AT THE NIOBIUM

CORNER OF THE NIOBIUM-VANADIUM-ALUMINUM SYSTEM

By V.V. Baron, M.I. Agafonova, and Ye.M. Savitskiy

Niobium is a material used in atomic power installations and

jet propulsion engineering. One of the principle drawbacks of niobium

is its low resistance to atmospheric oxidation at elevated tempera-

tur-es. Consequently, researcoýnthe influence of alloying on the

heat resistance, struct't4 e, and properties of niobium is of pressing

importance.

We know from the data in the literature that the alloys in the

niobium-vanadium system form a continuous series of bolid solutions

(1-3]. In addition, vanadium considerably increases the resistance

of niobium to atmospheric oxidation [4, 5] at elevated temperatures

(alloys containing 7.5 atom % vanadium at a temperature of 1000

and 12.5 atom % vanadium at 12000). We established some time ago

that niobium forms three compounds with aluminum: Nb3 Al. Nb2 Al,

and NbAl 3 [6].

The solubility of aluminum In solid niobium is 5% at room tern-

perature. In the solid solution region, aluminum increases the corro-I0sion resistance of niobium to water vapor at a temperature of 6000.

There are reports [7] that aluminum has a positive effect on the

heat resistance of niobium at temperatures of 1000 and 12000.

There are no data in the literature on the structure and pro-

perties of the alloys in the ternary niobium-vanadium-aluminum system.
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This work deals with the structure and properties of the alloys

at the niobium corner of the niobium-vanadium-aluminum system which

contains up to 10% V and Al by weight.

Metalloceramic niobium was used as the original material

(Table 1).

TABLE 1

Chemical Composition of Niobium, % by
Weight.

1 Saff % 1 Onmusu %

2 Huo6uA • • 9,1 HAso• . . . 0,14Taman..... 0,4 JrrapoA 0,0

Twas ... 0,14 9lwnOpoA 0,07
5 MKawo..... 0,0O5 9AW A. 5,30O

6 Xpeomik.... 0,04

1) Elements; 2) niobium- 3) tantalum;
4 titanium; 5) iron; 61 silicon;
7 nitrogen; 8) carbon; 8) oxygen;
9 lead.

The aluminothermal vanadium used contained 96.5% V, 1.5% Al,

0.15% Fe, 0.05% Cu, 0.3% Si, 0.1% Mn, 0.27% N, and a significant

quantity of oxygen. The aluminum used was 99.99% pure.

The alloys were prepared in an arc furnace on a copper water-

cooled bottom (sole), by a nonconsumable tungsten electrode in a

purified helium atmosphere.

Each ingot weighed 50 g. An excess of aluminum, up to 30% greater

than the amount calculated to be necessary, is added to the charge

to compensate for the possible loss of aluminum in melting, since

the vaporization point of aluminum (20000) is lower than that of

niobium (24000). The ingots were turned over and remelted several

times in order to obtain alloys of uniform composition. The use of

arc melting made it possible to prepare alloys over the entire con-

centration range. We prepared 35 alloys (Table 2).
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TABLE 2

Composition of Alloys, % by Weight

Ca"" Al Al

1 0 0 Is 5,2 1,0

3 0,67 0,33 2D 1,8 3,28
4 0,5 21 9,0 0
5 0,3 0,49 22 6,8 t,19
6 0 0,57 24 2,2 4,76
7 3 0 25 3,44 6,2
8 2,2 0,6 26 0,4 3,29
9 1.5 0,87 27 0,5 6,74

10 0.8 0,86 28 2,2 3,36
11 0 2,2 29 0,7 9,55
12 5,0 0 30 1,2 14,13
13 3,7 0,5 31 4 5,15
14 2,5 0,91 32 3 9,01
15' 1,3 t,92 33 6 3
16 0 4,05 34 6.71 2,66
17 7,0 0 35 1 5,23

1) Alloys; 2) composition of alloy.

The alloys were studied in the cast, annealed, and quenched

states. Annealing was carried out in evacuated double quartz ampules

for 50 hours in a Silit furnace at a temperature of 11000 with sub-

sequent cooling as the furnace cooled. The alloys were quenched in

a TVV [not identified in standard references] vacuum furnace at a

temperature of .16000 and soaked for 3 hours.

The cross sections for microstructural analysis were prepared

by the usual method. All the alloys were pickled In a mixture of

concentrated HF and HC1.

Hardness was measured on a Vickers apparatus, with a load of

10 kg.

The microhardness of the alloys was measured on a PMT-2 ap-

paratus, with a load of 50 g.

X-ray diffraction investigations were carried out on the an-

nealed alloys in a Debye chamber, using nickel radiation.

The melting points of the alloys were determined by the drop
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Fig. 1. Isothermal section at 200 of niobium corner
of phase diagram of niobium-vanadium-aluminum system
and projection of solidus isotherms on concentration
triangle of system. 1) % by weight.

method, using an optical pyrometer; the temperature at which the

first molten drop appeared in an aperture drilled in the center of

the specimen was measured, the depth to diameter ratio of this aper-

ture being approximately 4, thus ensuring conditions approximating

those which obtain for an ideal (absolute) black body.

The heat resistance of the alloys was investigated at tempera-

tures of 1000 and 12000 with soaking for 1-4 hours. The specimens

for these tests were rectangular in shape and 10 x 5 x 5 mm In size.

Before testing, the specimens were polished with #14 emery paper.

The heat resistance tests were carried out in corundized crucibles



which were first tempered in a Silit furnace in undried air. The

specimens were removed and weighed after every hour. Heat resistance

was determined from the change in weight (increase in weight) in

milligrams per square centimeter.

On the basis of the data obtained from thermal, microstruc-

tural, and X-ray analyses, the limits of solubility of aluminum and

vanadium in niobium were established (Fig. 1, dashed lines on con-

centration triangle), as were the phase regions and melting points

of the alloys at the niobium angle of the ternary diagram for the

niobium-vanadium-aluminum system. The melting points are shown as

isotherms in Fig. 1. The addition of aluminum to the boundaries of

the two-phase regions causes a greater drop in melting point than

does the addition of vanadium. The addition of aluminum and vanadium

to niobium does not substantially reduce the grain size in the

termary solid solution regions (Fig. 2a, b, c, and d).

The two-phase alloys (Fig. 2e, f) have the typical structure

formed in recrystallization by a peritectic reaction and this con-

firms the data of the previous reference [6].

A region of ternary solid solutions containing up to approxi-

mately 3% V by weight is formed on the basis of the compound Nb Al3
(Fig. 2g). It has been established by quenching the alloys at a

temperature of 16000 that the solubility of vanadium and aluminum

in niobium changes little when the temperature is increased.

The hardness of the alloys increases when the quantity of

aluminum is increased. Figure 3 shows the hardness curve for a

vertical, radial cross section with a V to Al ratio of 1 to 4.

It may be seen from the isosclers of the alloys in Fig. 4 (a

horizontal cross section at a temperature of 200) that the hard-

ness of the alloys increases more sharply as we move toward the
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Fig. 2. (Cont'd.) e) ternary a-solid solution + the

compound Nb3 Al; 1.0% V, 5.4% Al (50OX); f) ternary

S a-solid solution + the compound Nb3 Al; 0.5% V, 6.7%
Al (500X); g) solid solution based on the compound
Nb Al; 3.0% V, 9.0% Al (50oX).
3

vanadium with an aluminum content of up to approximately 1% have an

oxidation rate only 1/5th as great as that of niobium. It may also

be seen from Fig. 5 that there are alloys in the aluminum-rich

regions whose oxidation rate is only 1/6th that of niobium.

Figure 6a and b shows the weight gain of the alloy specimens

as a function of time. The oxidizability of all alloys tested for

heat resistance varied linearly, with the exception of alloys rich

in aluminum (Fig. 6a, b, curves 6 and 24).

A thin brown film, which adheres tightly to the metal, is formed

II
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Fig. 3. Ver'tical section of niobium corner of
phase diagram of niobium vanadium-aluminum
systems with V to Al ratio of 1 to 4. 1) Tl;

2 p2) v, mg/cm3 .hr; 3) Hv, kg/nui1; 4) V + Al,% by weight.

in those alloys rich in vanadium. The alloys rich in aluminum have

a characteristic loose, clear film which stands away from the metal.

CONCLUSIONS

The niobium corner of the ternary diagram of a niobium-vanadium-

aluminum system (containing up to 10% by weight vanadium and alumi-
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Fig. 6. Change in oxidation with time f'or
alloys in the niobium corner of the niobnium-
vanadium-aluminum phase diagram, at 12000.
a) Alloys containing 100-97% Nb; b) alloyscontaining 97-91% Nb; 1) gain in weight, mg/cm2 ;
2) time, hours.

num) has been constructed on the basis of niicrostructural, thermal,

Sand X-ray analyses. The prenelce ul£ a bi•¢ad region of ternary 3ol:•
i solutions-based on niobium has been established. Vanadium increases

the solubility ¢,f aluminum in niobium at room temperature up to 6%
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aluminum by weight (when the vanadium content is up to 4% by weight).

Alloys in the niobium solid solution region have a high melting

* point (above 21000). As a result of the investigation of the hard-

ness and heat resistance of the ternary alloys, it has been shown

that vanadium and aluminum increase the hardness and heat resistance

of niobium. Alloys containing 3-8% vanadium by weight and approxi-

mately 1.0% aluminum by weight or 1.8-2.2% vanadium by weight and

3.2-4.8% aluminum by weight have the best heat resistance.

Low-alloy niobium alloys (containing up to 1.5% vanadium and

aluminum by weight) are easily processable when cold, with a high

degree of deformation (up to 80%). The hardness of these •l1'ys

does not exceed 175-185 kg/mm2 . Alloys with higher vanadium and

aluminum contents (up to 5% vanadium and 2.5% aluminum by weight)

can be processed when heated to a temperature of 12500.
a
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