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II

This book sets forth the state ol' the problem of the protection

of niobium from high-temperature gas corrosion in the contemporary

phase of the problem's development. The causes of the intense oxida-

tion o01 niobium and its alloys, which may be prevented by applying

protective surface coatings that insulate the metal from a gaseous

medium, are analyzed. Means of protecting niobium from oxidation are

cited and their subsequent development is projected.

This book is intended for engineers and scientific workers con-

cerned with the investigation of the protection of niobium and its

alloys from gas corrosion at high temperatures.
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INTRODUCTION

The investigations which have been ccnducted in the field of new

heat-resistant materials during the last fifteen years, both here in

the Soviet Union and abroad, have shown that Iron-nickel alloys with

either a chromium or cobalt admixture can resist oxidation at temper-
@0

atures of up to 1250 ; however, even at 10000, they soften rapidly.

The attempts which were undertaken to increase the strength of these

alloys for the purpose of' obtaining materials suitable for work under

0load at temperatures exceeding 1000 did not produce positive results.

The fundamental reason for these failures was the impossibility of in-

creasing the flow resistances of the iron-nickel alloys in the hot

state. The thermal mobility of the atoms, which increases sharply

with increasing temperature, is predominant among the various factors

which increase fluidity. The thermal mobility of the atoms can be re-

duced by metallurgical means at comparatively low temperatures. How-

ever, as we approach the melting point of the alloy, it becomes the

predominant factor and beyond a certain point, nothing can retard the

rise in fluidity. At a given temperature, it is lower in high-melting

alloys than in those alloys with an iron, nickel or cobalt base.

Therefore it is expedient to take metals with a high melting point as

a basis for heat-resistant alloys. This condition, however, is Inade-

quate for an a priori guarantee of flow reduction, since the latter Is

dependent not only upon the thermal mobility of the atoms, but also

upon a whole series of other physicochemical factors, such as, for"j

exaniple, the interatomic bonding forces, the intercrystalline bonding

forces, the modulus or elasticity in shear, the coordination number

of the atoms in the crystal lattice, the change in entropy, the acti-

vation energy, the sublimation energy and so forth. Unfortunately,

the contemporary state of our knowledge renders it impossible to

-2 -
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present a quantitative evaluation of' flow resistance as a function of

all these factors. Therefore, only the qualitative influence of' the

factors under consideration is usually allowed for in practice.

Research into flow reduction has given rise to the creation of'

cerametallic materials - the cermets, which are composed of' a high-

melting oxide and a metallic binder, mixtures of which are treated by

the methods of powder metallurgy. The inherent high flow resistances of

the certets have provided a basis for assuming that the required high-

temperature corrosion resistant materials may be obtained on the basis

of the cermets. It has been found, however, that all cermets, without

exception, are brittle. Thus, for example, the impact strength of the

cermets fluctuates within the range from 0.01 to 0.20 kilogram-

2meter/cm , while for the high-melting metals, particularly niobium arid

molybdenum, it reaches 10-12 and 16-18 kilogram-meters/cm2 , respective-

ly [l]. Therefore, the creation of alloys on the basis of high-melting

metals remains the most promising solution of the problem of high-

temperature corrosion resistant materials. Meanwhile, the practical

use or the high-melting metals, as well as alloys based on them, en-

counters great difficulty owing to their high tendency to oxidize.

Therefore, the protection of high-melting metals from oxidation is

necessary both in the processes of t(chnological operations and under

working conditions at high temperatures.

A metal of special interest among those with high melting points

is niobium, on the basis of which we may obtain alloys with high

mechanical-strength indices. This is because niobium melts at a

temperature of 2468 + 10 , has a comparatively low specific gravity

of 8.57 g/cm3 , has good plasticity, welds easily and submits well to

mechanical working by forging, broaching, drawing, stamping and so

forth. Annealed niobium may be broached without sloughing even against

-3-
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the direction of rolling (2, page 1433.

Niobium shows high strength In the hot state. It Is apparent

from the data In Table 1, cited by Miller [3, page 401], that the

metal retains Its high strength up to a temperature of 8000

TABLE 1
Influence of Temperature on Mechanical Proper-
ties of' Annealed Niobium

I Ts� TIA re.wI p o 145 Itta~ ~ I'ya floct*.it 11pa *I% rm e...i lP"eP*
We*"l m.crr:-1  Dr:~;'~~,jxi~c3.S~ l~:I

20 34.2 28.8 19.2 10700
200 37.0 24.0 14.2 10300
300) 31.0 20.3 13.2 10200
4030 33.9 22.2 13.3 101Mt~

34.1 19.5 9.6 100O0
32.2 12.4 17.5 -
32.2 11.0 22%4 -
31 9.0 20.7 -

19.0 8.0 .374.5 -
1C011.2 6.8 .42.5 - -

1) Test temperature, C; 2) ultimate tensile
strengtn, kg/nun2 ; 3) proportionality limit,

kg/mm; 14) elongation on length of 31.8 onu,%
25) modulus of elasticity, kg/mm

Comparative data concerning the long-term strengths of niobium,

and molybdenum are A~sembled in Table 2 (14, page 57].

'The long-term-strength characteristics of niobium toau 5
0temperatures of' 982 and 1100 with holding times from 1 to 1000

are shown In Fig. 1.

The comparatively low specific gravity, which is particularly li.o'.

portant where centrifugal forces act on a material, as well as e
ai

excellent weldability of niobium, enable us to use it In pla. of

molybdenum In many cases.VI

It Is known that an increase in the resistance of metalfs

oxidation can be gained in two ways. The first consists In I

Ing elements which oxidize and form impenetrable oxide films l~t

metal requiring protection [5, page 92]. High-temperatuare c"we)
I.



resistant steels, which contain

I -- .chromium, aluminum, silicon and other

[3.6 elements, are classic examples of

I t•" tTU~ '-L--r such alloys. The latter method reduces

. 'to the application of protective
gasL_ - surface coatings to the metal. The

Si former method, which is based on ex-
IPooAMrmfemto whrih s beoUne-

Fig. 1. Long-term strength or tensive experience, has shown particu-

technical-grade niobium. larly great promise; this has given

1) Stress, kg/mm 2; 2) anneal-
ing time, hours; ---- repre- impetus to a large number of investi-
sents rod after 50-per cent
upsetting; - represents gations on niobium alloys. As a re-
annealed rod. The figures de-
note the elongation in the sult, alloys containing from 44 to
test process in % [4].

62% of niobium were developed. The

oxidizability of these alloys was sharply reduced as compared to pure

niobium, but was not completely eliminated [6]. Subsequent research

was conducted on additives to niobium alloys with the object not of

TABLE 2
Long-Term Strengths of Niobium and Molybdenum
Tested in Vacuo

I IWmiacovnd x¶r.Lb
1 e .2 roo..r :a3 a W.X'.

|.ar aOa fl-t 3-

4 Inuor::, 1 loce zoamioa r ocpn~oiati 19.9S.2 12.5
6PJC.:PIIC T3.i.1ii.oviaauifjif u a234 14.0O

5 .' , e_ ic .4I.IAII,,II ciaiit•?TI 15.4eo0 9.10
.P 'i¢a.'i., u u0.10 6.31

1) Metal; 2) preparation; 3) 100-hour strength,

kg/mm2 ; 4) niobium; 5) molybdenum; 6) after
cold working; 7) recrystallized.

preventing oxidation of the niobium, but of improving the mechanical

properties of niobium at high temperatures. Noticeable advances have

been made precisely in this trend of nioblum-alloy metallurgy. Thus,
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Lhe protection of niobium from oxidation may be accomplished by the

latter method - by applying protective surface coatings capable of

insulating niobium from the external medium. We should not, however,

exclude the possibility of finding high-temperature corrosion resis-

tant alloys based on niobium.

OXIDATION OF NIOBIUM

In an atmosphere of air, cast or sintered niobium undergoes

0marked oxidation at 700 , while powdered niobium begins to burn as

low as 400°. Niobium burns in s.lfur dioxide and carbon dioxide at

6000, while in water vapor vigorous oxidation occurs at 9000 [7,

page 355]. Within the temperature range from 1200 to 14000, methane

and carbon monoxide react with niobium to form a carbide of the com-

position NbC. At temperatures lower than 6000, carbon monoxide is

absorbed by niobium [11, page 17]. On prolonged heating In an atmos-

phere of air, a change in the color of sheet niobium is observed even

at 1800, and beginning at 2300 a weight Increase occurs in the heated

specimen (Table 3).

It has been shown [9] that the oxidation rate of niobium increas-

es 11' the surface of' the specimen which is to be heated in an atmos-

phere of air is first worked with abrasive materials.

The nature of the crystalline phases formed on the oxide layer

is dependent upon temperature (Table 4). According to data from in-

vestigations [3, pages 502 and 504], the oxidation rate of niobium

also increases where dry air is replaced by moist. Thus, for example,

in"an atmosphere of air with a 100% relative humidity (at 200), the

oxidation rate of niobium at 6000 is greater than that occurring in

an atmosphere of dry air by a factor of' five. At 12000, the difference

in the oxidation rates of niobium in moist and dry air is insignifi-

cant.

-6-



TABLE 3
Oxidation of Niobium in an Atmosphere of Air

(area of specimen = 40 cm 2, sheet thickness =
- 0.1 mm, heating period = 20 hours (8])

I': , ".',. .I . c.j..~T 06paua
____,__• . ) T tt tk -#~

|,O f 0.0 C:erKa .c.lrunaTu.u 4
25I 0.0 1;:lV.,'lo-;* trij 52", 1 0.2 v:suuiT l
2(1. IQa'U, ) -Fub;I ; r'IT IJL I C 4.1 A:l: C TOaa lJ 1 ) a1 M i,81 ll f

"I,, :'q? , (al(l, jIuc .,JI ;~' : 3 - I~i

S 7.0 1c•,,iia,. uonn.,,e..e C...orol 2

1) Temperature, 0 C; 2) weight increase,

/decimeter 2/day; 3) color of specimen;
4 slightly yellowish; 5) pale yellow;
6) yellow; 7) bronze yellow with violet spots;
8 violet with yellow zones; 9) rich blue;
10) greenish; 11) deep greenish-blue; 12) dark
with emergence of white.

S-i •,7 c V3 It has been established by In-

- vestigation of the oxidation rate of

4 niobium at temperatures of 600, 800,
!0

_. 7;000 and 1200 in atmospheres of both

moist and dry air that the rate of

thp oxidation reaction is a linear

6 1 .14 function of the reciprocal temperature.

Fig. 2. Relationship of Figure 2 shows the data of various
oxidation rate of niobium
to temperature. a) In an authors that confirm the nature of the
atmosphere of dry air ac-
cording to Inoya; b) in relationship under consideration for
an atmosphere of dry air
according to Klopp et al.; moist and dry air.
c) in an atmosphere of
moist air [3, page 506].,2 In the opinion of Klopp, Sims and
1) Oxidation rate, g cm -

-sec 2) temperature,0C. Jaffee [10], the oxidation of niobium

occurs In three stages:

a) formation of a protective oxide film below a temperature of

-7-



b) formation of cracks in the solid film from 400 to 5000;

c) formation of' a layer which does not possess protective proper-

0ties at temperatures greater than 500

The external layer of scale which forms on nioblum when it is

heated in an atmosphere of air consists of' a white porous oxide under

which is a thin oxide layer either black or gray in color. It has been

established that the scale consists mainly of' the V-form of niobium

pentoxide. Traces of' the lower niobium oxide, that of the composition

NbO, have been detected in the inner layer of scale obtained at 1000.

Microscopic investigation has shown that the inner layer of scale is

composed of oriented crystals, while the outer layer Is a porous mass

consisting of nonoriented granules. The inner layer is situated on the

surface of the metal and adheres to it firmly, while the latter is

readily detached. This loose attachment of the outer layer of scale

to the inner layer is due to the disadvantageous ratio between the

molecular volume of niobium pentoxide and the atomic volume of metal-

lic niobium, Nb0 2 . 5 : Nb. The above ratio of the volume of the oxide

to the volume of the metal is 2.69, with the result that large stress-

es arise on the interface and the scale is readily detached from the

surface of the oxidized metal.

The basic component of the scale is niobium pentoxide. However,

niobium oxides of other chemical compositions are also known. The j
following oxidation products of niobium have been isolated and ex-

amnined: the pentoxide, dioxide and oxide.

Niobium pentoxide (Nb 2 0 5 ) is a white crystalline substance. Ac-

cording to the data of various authors [11, page 20], niobium pent-

oxide is homogeneous in the composition range from Nb0 2 .4 to Nb02. 0 5

and exists in four polymorphic varieties. The polymorphism of niobium

-8-



TABLE 4
Composition of Oxide Layer Formed on Oxidation
of Niobium

. up.,. I '- ItI'cra.,,u'•.ecsue $lam -

6 7&a1Moci: 3I.n I r•I 1rI."aii•,If enaoft 6 pi'7 Dup C.'106

8 , " .copo, Soo -Nb205 a-NbtOI

- 9 DoaA, X 600 o-NbOs ,-Nb 2 O,
13o3;l3y 800 * + A-IN 2O a -I- P-Nb,3O9 Boa;iyx 1000 @ + 1-.NbkOs +j- "-NbO6  C.e;tm. NbO

IC 0o BnyRpen-
HOM C.1100

i) Oxidation conditions; 2) cryStalline phases;
3) atmosphere; 4) temperature, C; 5) inner
layer; 6) outer layer; 7) remarks; 8) oxygen;
9) air; 10) traces of NbO In inner layer.

pentoxide is described in the following manner [12]. When heated to

640-800°, the low-temperature a-form is irreversibly transformed into

the 0-form, which is stable up to 10600. Above this temperature, a

monotropic transformation into the high-temperature y-form of niobium

pentoxide is observed. On further heating of the latter to 12850, it

undergoes a reversible transformation into the y'-form of niobium

pentoxide, which melts without decomposition at 14650:

*-N. 2 0+- ~ 0 -. i.Nb,Os

.- "l -~-- "fusion

The variations in the values of the transformation temperature

are apparently caused by incon3tancy in the chemical composition of

niobium pentoxide, as well as the differences in the heating rates of

the tested specimens, the particle dispersions, purity of the material,

and so forth. According to the data of Shafer and Roy [12], the x-ray

density of the high-temperature variety of niobium pentoxide obtained

by quenching from the melt is 4.53 g/cm3 . The elementary cell of

y-Nb2O5 is monoclinic with the following parameters:

a ,MU 19.63. ,,3.835. C M- • 9.1 A. • *, , .Io



The number of' molecular units in the elementary cell is 14. Ac-

cording to other data, the specific gravity of niobium pentoxide varies

from 4.37 to 5.02 for different modifications.

It has been shown by investigation of the oxidation process of

metallic niobium and the polymorphism of niobium pentoxide by the

method of' high-temperature x-ray analysis [4, page 1173 that the oxida-

tion proceeds stepwise, passing through stages of formation of a

solid solution of oxygen in the metallic niobium and subsequent forma-

tion of niobium pentoxide. This sequence of the oxidation process ap-

parently explains the presence of the wide homogeneity region included

in the composition range from Nb0 2 "0 5 to Nb0 2 . 4 ' so that we may regard

the above compositions as intermediate ones in the oxidation of nio-

bium to Nb205.

At elevated temperatures, niobium pentoxide reacts with oxides of

alkaline, alkaline-earth and rare-earth metals to form niobates, whose

individual representatives are characterized by refractory properties

and high stability on heating. Niobium pentoxide dissolves in both

oxalic and tartaric acids. It also dissolves in concentrated sulfuric

acid, but separates out as a precipitate on dilution with water [13,

page 158].

Niobium dioxide (NbO 2 ) is a dark-blue crystalline substance.

This phase is homogeneous in the composition range from NbO 1 . 9 4 to

Nb02.09. It can be obtained either by melting niobium pentoxide In a

vacuum or by reduction of' niobium pentoxide in moist hydrogen at a

teniperature or 10700. It is stable at normal temperatures, but when

heated in an atmosphere of' air up to 850 , It oxidizes and reconverts

into niobium pentoxide. Its specific gravity is 6.3 (13, page 157].

Niobium oxide (NbO) crystallizes in the cubic system. In the face-

centered lattice, which is similar to the sodium chloride lattice,

- 10 -



the eight vertices or" the cube are unoccupied by atoms. Niobium oxide

oxidizes to Nb20 5 when heated in an atmosphere of air.

In addition to oxygen, niobium also reacts with other gases at

elevated temperature. Thus, for example, the ability of' niobium to ab-

sorb gases - hydrogen, nitrogen, oxygen and others - with the formation

of solid solutions is known. The presence of gases dissolved in

metallic niobium sharply reduces its plasticity. The solubility of

hydrogen in niobium decreases (Fig. 3) with increasing temperature,

while the solubility of oxygen increases (Fig. 4). The process of

hydrogen solution in niobium is accompanied by the introduction of'

hydrogen atoms to the niobium lattice without the formation of specific

compounds. The high brittleness of niobium hydride is utilized for

transforming the dense metal into a powder. Moreover, when niobium

hydride is heated, we can obtain pure hydrogen. The thermal dissocia-

tion of' the solid solution of oxygen in niobium at 10000 is insig-

nificant; at higher temperatures, however, the dissociation vapor

pressure increases so rapidly that the oxygen may be evacuated from

0the metal. Heating a niobium wire to 2000 in a vacuum (residual

pressure 10-5 mm Hg) enables us to reduce the percentage of' oxygen in

the wire to values smaller than 0.002%. Therefore, the equilibrium

pressure of" the oxygen above the solid niobium-oxygen solution exceeds

l0-5 mm Hg at 20000 [15).

The solubility of nitrogen in niobium is less than 4.8 atom-%.

Niobium nitrides are obtained when powdered niobium is nitrided on

heating. The higher niobium nitride, NbNI.o 0 , is obtained by heating

niobium filings in a nitrogen current at 1300 over a period or 4 to

5 hours, while a nitride of the composition NbNo 9 3 is evolved at

14500. When the above nitrides are heated in a vacuum to 1300-1400,

nitrides with lower nitrogen contents from NbN 0 . 8 8 to NbN 0 . 7 1 are

- 11 -
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formed [li, page 151].

When heated in an atmosphere of either air or oxygen, niobium

oxidizes vigorously. Particularly rapid oxidation of niobium occurs

at temperatures that exceed 9000. It is apparent from the oxidation

isotherms shown in Fig. 5 that at a temperature of 11500 in a static

atmosphere of air, the weight change in the initial breakdown phase

reaches 500 g'-2" hour-I. A grapnic presentation of the oxidation rate

of niobium in an atmosphere of air is given in Fig. 6.

•* 08 -10 i -

0.5
40- - - o.:-6mT~II

S 200 o 48 c00 &V 1000 I=O 0
2 TcAfrepa.ypa, 7o0 eD0 eg o m 000 1100

4 Tw_•amypa, vI
Fig. 3. Dependence Fig. 4. Dependence of
of solubility of' solubility of oxygen
hydrogen in niobium in niobium on tempera-
upon temperature ture [15].
[14, page 135]. 1) Oxygen content, % by
1) Solubility of weight; 2) solid solution
hydrogen, ml/g; 0 in Nb;and NbO; 3) solid
2) temperature, C. solution 18 Nb; 4) tem-

perature, C.

As we know, the rate of gas corrosion of molybdenum at elevated

temperatures is dependent upon the sublimation of its oxidation

products, as a result of which the surface of the metal is constantly

exposed and the breakdown process is not slowed [16, page 76]. In the

case of oxidation of niobium, the surface oxide layer is not driven

off .on heating. Nevertheless, when niobium is heated in at atmosphere

of air, the gas-corrosion process proceeds quite vigorously. What,

however, is the reason for such a rapid breakdown of niobium when it

is heated in an atmosphere of gaseous oxidizing agents? Apparently,

we should seek the answer in the properties of the oxide layer which

forms on the niobium surface in the oxidation process.

- 12 -
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QI:' - ....
.f. •T. 1 /I!•! . ,?:'

2 epus, 'oac. b

Fig. 5. Isothermal Fig. 6. External appear-
curve of oxidation of ance of niobium speci-
niobium in an atmos- 0  mens.
phere of' air at 1150°. a) Before heating;
12 Weight increase, g/m2 b) after two hours of1) Wehti n ae, h . heating in an 8tmosphere

2)time, hours. of air at 1200 .

It was indicated earlier that the fundamental cause of the dis-

integration of the scale, as a result of which access of gaseous oxi-

dizing agents to the metal is opened, is the large difference between

the molecular volume of niobium pentoxide and the atomic volume of

metallic niobium. But this is not the only cause of the vigorous oxi-

dation of niobium in an atmosphere of hot gases. The fundamental com-

ponent or the scale is niobium pentoxide. On heating, niobium pentox-

ide undergoes polymorphic transformations which are accompanied by a

change in specific volume. This change, which is provoked by the

a-Nb 20 5 -* '-Nb205 transformation, is approximately 4.5%. On heating,

therefore, a large numeer of minute cracks, through which direct access

to the surface of the niobium is opened to the oxygen, arise in the

oxide layer. The fresh oxide layer formed in this manner also changes

in volume and the breakdown process of the metal surface continues.

The presence or a comparatively wide homogeneity range or the

highest niobium oxide (from Nb02.4 to Nb02. 0 ) prevents the formation

of a resistant oxide layer even at temperatures lower than that of the

polymorphic transition from the a- to the 0-form of nioblum pentoxide, I
since the change in the chemical composition of the oxide layer is

-13-



accompanied, in the majority of cases, by volume changes in the

products of corrosion. The nonhomogeneity of the oxide phases creates

an additional difficulty in finding protective films consisting of

high-melting niobates, which are double oxides.

TABLE 5
Behavior of Certain Niobates on Heating

1'rlxnepa- -- j o 5i~p~

2; f!o:itu, IC•i -
S3Xapaacp npepamclu

Na8O. NbO• f 1422 Cea3 Pa3.OH ;l1Jll i 1pit 354, 502 I; l
a 66400

3KO. Nl,() 970; e -a paz.1o;J:cuin llpu 7320 10 a.18!
K1 0. Nh 1" 9:v li [)aM-:4n;,:01,,,11 9 OJcv cTbVTTyo 1 i 8s
2K 0 3 11 63 Ura pa,3:.o:I0 .,1111, 0 O 'c;C.Tyupor 1818
KZ0. 3NI, t, " M23 C P a. eilliti OTCY'TCTIIy'IUT 1. 18l
3K, 0. 22N b. 1, 1279 C p! 3-1n;iWelll OTC-'TCTJ"IuT 1 I 181
TM . 3N 1j, 0 14() 1;e3 pa1.3o;,;e4111 1 OTC)'cTaisy'0r _1 19l
TiO Nb 'Jý' 1 i'10 I;C3 p.s3:,o:1';0x 1 9 OTC)'yTC' 'JI') -i I9J
6Zr3'. "N1"" I 760 C paa.1o: ,,,c.i, • OC)',yiCTn•jr -7- l1
Zr02 . NbIu 1)0t1."0 Iuej .7IW -:20i sinj • OTc)"rClTuvor -.• 12J
BaO. NbdJO; 14",1) 1e3 pa3:lO;10eilllsn 0 pl I -2)(P 10 1211
SrO. N112 0ý Jic&iolmlpn cT sips! L> 1400V 3 OTcyTCmy)'IOr T 14 1211
C'O. NIl.O:; 1 l3) -'. 5 1 I;., iia -x '" giin OT'cyr i.ei rIT 13 1221
2CdO. NbOU 1410+5 l ;b.a pa~ sY" Owcy',cTojfnJOT 11 1221

Note: The niobates of the rare-earth elements
(La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tu, Yb and Lu) are obtained synthetically.
It has been shown that on heating they undergo
a reversible transition from a monoclinic vari-
ety stable at normal temperatures into a tetra-
gonal variety [23].

1) Niobate; 2) melting point, C; 3) nature of
melting; 145 polymorphic transformations;
5) literature source; 6) without decomposition;
7 with decomposition; 8) dissociates at t >
> 1400"; 9) at 354, 562 and 6400; 10) at 732 ;
11) none.

The investigation of high-melting niobates which do not possess

polymorphism (Table 5) is or great practical significance from the

standpoint of their usefulness in protecting niobium from oxidation

at elevated temperatures.

Thus, at temperatures up to 8000, the oxidation or niobium in

the first stage is dependent upon the formation or a solid solution
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of oxygen in niobium, and in the second stage upon the formation of

oxides which are readily separated from the metal. The composition of

the oxides under consideration varies as a function of the temperature,

the nature of' the gaseous medium and the duration of the oxidation

process. At temperatures greater than 8000, the predominant cause of

the rapid oxidation of niobium is the polymorphism of' niobium pent-

oxide. The polymorphic transformations of niobium pentoxide - the

fundamental component ox' the oxide layer - which are provoked by

heating break up the products of corrosion adjoining the surface and

open access of oxygen and other gaseous oxidizing agents to the metal.

PREVENTION OF GAS CORROSION WITH PROTECTIVE COATINGS

Composition of Coatings

Various coatings and means of their application have been

studied for the protection of niobium from high-temperature gas corro-

sion. Until recently, the search for protective high-temperature

corrosion resistant coatings for niobium had been stimulated mainly

by the need for high-temperature corrosion resistant materials in the

main and entrance blades of turbojet engines. As we know, very rigid

specifications are set forth for the protective coatings on these

blades. They must operate at a temperature of approximately 1150°,

adhere firmly to the coated surface and possess a high resistance to

mechanical and thermal shock. Since the above properties are peculiar

primarily to metals and their alloys, metallic protective coatings

for niobium were subjected to the most exhaustive investigations. The

quality of these coatings is determined by the properties of the

metals applied, as well as by the nature of the phases formed in the

application process and during the service life of the product at high

temperatures. As we noted earlier (16, page 14], high tenacity of the

protective layer on the niobium may be guaranteed on observance of at
-15-



least two conditions. It is necessary, firstly, that the difference

in the magnitudes of' the thermal-expansion coefficients of the protect-

ive metal and niobium be as small as possible. The smaller the differ-

ence, the smaller will be the magnitude of the stresses arising in the

transitional layer on heating and oxidation, and the greater will be

the resistance to thermal shock. Secondly, we should take metals

which form solid solutions with niobium in order to achieve tenacity

of the protective metallic layer to the niobium. It is precisely this

presence of solid solutions in the intermediate layer between the

niobium and the protective metal that governs the high adherence

strength and sharply reduces the sensitivity of the coatings to sudden

temperature changes. This is explained by the fact that on solution

of the protective metal in the niobium, no marked interface arises

between the applied and base materials, since the concentration of

the solid solution being formed and, consequently,the properties of

the solid solution change gradually in the direction from the surface

into the interior or the niobium.

Chromium has been used for the protection of niobium from oxida-

tion at temperatures up to 1000 . The selection of chromium as a

protective coating material was based on the data of Kubaschewski and

Schneider [24) in accordance with which niobium-chromium alloys lying

in the phase range of Cr3 Nb 2 (Fig. 7) have elevated resistance to

oxidation.* Moreover, the difference between the thermal-expansion

coefficients of chromium and niobium is relatively small and varies

frdm -15"10-7 to +15"10-7 in the temperature range from 20 to 10000.

At temperatures from 550 to 6000, the values or the thermal-expansion

coefficients-are the same for the two metals. According to the data of

an American firm [25], protection of niobium may be accomplished more

effectively than protection of molybdenum, since niobium, unlike
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- - - -molybdenum, does not form volatile

A60-7 oxides when heated in an oxidizing

medium. Niobium specimens treated by

J~. thermal-diffusion chrome-plating
methods did not show signs of' disin-

S-0 60tegration after being heated in an at-

,2 tc.•pace ,,uOLuA,%&c. mosphere of air at a temperature of

Fig. 7. Oxidation resis- 9820 over a period o0" 320 hours and
tance of' chromium-niobium
alloys. Pressure drop in 13 thermal-shock cycles. The techno-
sealed vessel after heat-
ing over a period of 4 logical details of the thermal-diffu-
minutes [24].

1) Pressure drop, mm Hg/cm 2 sion chrome-plating process are not
2) niobium content, % by
weight. cited in the firm's report.

The English researcher Sandos [26]

proposed a means of" protecting niobium and its alloys by immersing

niobium objects into molten zinc and then diffusion-annealing them in

an atmosphere of air. He showed that, during the immersion, inter-

metallic compounds consisting of niobium and zinc form on the coated

surface. According to Sandos, these intermetallides are formed in any

method of using zinc; however, the immersion method is the simplest of

them. On diffusion annealing or the zinc-plated niobium at 8700 in an

atmosphere of air, the formation of intermetallic compounds occurs;

on oxidation, they are transformed into mixed oxides - zinc niobates.

By themselves, the zinc-niobium intermetallides are brittle and sus-

ceptible to the formation of cracks on either mechanical or thermal

shock. But on the surface or niobium they show firm adherence to the

base metal and high oxidation resistance when heated in an atmosphere

of air. The heat resistance discovered.by Sandos in the intermetallides

under consideration in a static air atmosphere is appraised as follows:

several hundred hours at 9800; several days at 10900; several hours
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at 12000.

A test of the zinc coatings at 10900 in a current o0' fuel-combus-

tion products traveling with a velocity of 152 m/sec over a period ot"

five hours showed that the niobium does not show signs of' disintegra-

tion and does not become brittle. The latter attests to the coating's

total impermeability to gas, since the brittleness of niobium increases

sharply as a result of various gases dissolving in it. Thus, the zinc

coatings satisfy the basic requirements - they protect niobium ef-

fectively from oxidation in an atmosphere of hot gases. A no less im-

portant property of the protective zinc coating is its tendency to

"self-heal" which has been confirmed by the following experiment. A

groove 6 nn in width was filed into the surface of a galvanized and

diffusion-annealed specimen in order to remove the protective layer

and expose the niobium surface. Then the notched specimen was placed

in an atmosphere of air at 10900 for a period of 20 hours. It was

found that heating does not cause breakdown of the niobium, but at

the place from which the coating was removed an increase in hardness

from 100 to 130 Vickers units is observed. This slight increase in

hardness indicates that migration of oxygen and nitrogen into niobl•u

Dccurs only in the first stage of annealing. Thus, the phenomenon

of "self-healing" consists in diffusion of the zinc from the adjoining

coating to form an intermetallide which, when oxidized, is converted

into a zinc niobate.

The method described by Dovey and Randle [27] for the protection

of niobium from oxidation deserves mention. According to this method,

protection is accomplished by applying a mixture consisting of aluminum

oxide, thorium dioxide and metallic niobium powders. Such a coating

was applied in layers; the content of the powdered niobium in the mix-

ture was increased with increasing distance from the surface of the
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base metal. After annealing, a uniform protective layer had formed

and become closely applied to the niobium. To all appearances, the

formation ol' the uniform gas-tight layer, when the powdered mixture

was heat-treated, was dependent upon the oxidation of the niobium

granules and subsequent interaction or the resulting niobium pentoxide

with aluminum oxide and thorium dioxide and formation of the corres-

ponding niobates:

A1203 + Nb2 O, --- 2AXNbOa

ThOsl+ N b26 -- TbNbsO;.

The niobates arising on heat-treatment form a protective layer. Since

the presence of niobium pentoxide is an essential condition for the

formation of niobates, the heat-treatment may be accomplished either

in an oxidizing or a moderately oxidizing medium. The oxygen content

in the furnace atmosphere should be such that the powdered niobium,

which forms part of the coating, will be transformed into niobium

pentoxide. The formation reaction of the aluminum and thorium niobates

in the coating occurs at a rapid rate; this was probably due to the

high dispersion and the resulting high chemical activity arising on

heat-treatment of the niobium pentoxide. Apparently, the authors in-

cluded powdered niobium in the coating in order to reduce the influ-

ence of the diffusion processes, which proceed at an appreciable rate

at elevated temperatures and lead to a change in the composition of

the protective coating and a reduction of its high-temperature corro-

sion resistance. This proposition is based on the fact that the

initial compositions of the base metal and protective layer are

practically unaltered on counterdiffusion of like atoms or ions.

Chester [28] states that alloying the niobium introduced into

the coating with molybdenum, vanadium, titanium, chromium and zir-

conium enables us to increase its high-temperature corrosion resistance.
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Among the alloying admixtures under consideration, molybdenum is the

most effective. Alloys containing 7.5 atom-% or molybdenum have the

lowest oxidizability. Increasing the molybdenum content above 7.5

atom-% results in the formation of the volatile molybdenum trioxide

MoO3. Vanadium exerts a similar influence. Its optimum content in the

alloy is probably 12.5 atom-%. A sharp drop in oxidizability is ob-

served on addition of 25% by weight of titanium to the niobium; this

is due to formation of' the stable niobates TiO2 :Nb2 05 and TiO2 "3Nb2 05 .

Only when its content in the alloy is 50 atom-% does zirconium reduce

the oxidizability of niobium by forming niobium hexazirconate 6ZrO2j

"Nb205, which is stable when heated.

TABLE 6
Results of' Chemical Analysis of Initial Niobium-
Alloys Protective Coatings

,,. I -,I I -

D-945 44. 32.3 M4g 4.54 - '4X80447 43. 31.1 10.2 al -. USI
W948 43.9 30.4 9.76 t -10

G-418 42.2 28.7 11.1 .2

Note: The iron in the D-947 alloy was intro-
duced into the powder in grinding.

1) Content, % by weight; 2) alloy No.

Wlodek [29] tested mixed and polymetallic compositions as pro-

tective materials on niobium. The protective coatings were applied to

niobium specimens with a plasma torch, a cartridge pistol and a gas-

flame sprayer.* Two types of coatings were investigated. The coatings

of the first type were substances possessing high or moderate resis-

tance to oxidation: NbAl 3, NbAl, Zr0 2 , Cr, stainless steel, Nichrome

V (80% Ni, 20% Cr), LA-4 (70% Nichrome V, 30% A12 0 3 ) and LM-5 (40%

Mo, 40% Si, 2% B, 8% Cr, 10% Al). The coatings of the second type were

-20-



double-layered. The underlayer adjoining the base metal consisted or

a niobium alloy (riiobium-titanium-chromium-vanadium-aluminum), while

the overlayer consisted of' either chromium or the LM-5 alloy. The

alloys consisting of' niobium, titanium, chromium, vanadium and alumi-

num are characterized by high resistance to oxidation and were there-

fore selected for the transitional layer between the outer layer a~d

the niobium. Table 6 shows the composition of the niobium alloys after

pulverizing to a maximum particle size of 30 ý± across, while Table 7

shows the comparative oxidizabilities of niobium, one of the alloys

under consideration and stainless steel.

TABLE 7

Oxidation Resistance of' Pure Niobium, Type
D-947 Alloys, and Stainless Steels

"" ~" - ipthec (Xr. C34-0) DWrle It" 3.-
CON- O HarlPeaHnUq 8 ATuoce,4•

ruenucopo:U npu •Tmnwpatype. •C

2 maiePuan

D Hno~siA '360' 6670 240
"D-947147%/o Nb, 30/Ti. 10%/Cr. 10/,Ni. 54% 193 22

3% Al)
Hepaseeomaa cia., 304 2.13 . 8

wasep )axan c€aa." 316 4.91 1.60 D 131

1) Weight increase (mg.cm ) after 100 hours
of' heating ie an atmosphere of oxygen at a tem-
perature of, C; 2) material; 3) niobium;
4) stainless steel 304; 5) stainless steel 316.

Coatings were applied to niobium rods 5 to 8 mm in diameter and

were tested for high-temperature corrosion resistance in a static at-

mosphere of air at constant temperature. The oxygen or nitrogen con-

tent in the specimens passing the heat resistance test was determined.

Resistance to thermal shock, the tendency of coating defects to "self-

heal" and the behavior under load were also established. The absence

of' visible defects arising when the niobium pentoxide is formed was

the criterion for the serviceability of the coatings.
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TABLE 8 (continued)
Note: The LM-5 + D-945 coating was drilled to test for the
tendency to "sslf-heal;" subsequently, the specimen was
heated at 1050 over a period of 138 hours and did not show
signs of coating breakdown in the areas which remained
intact.

1) Protective coating; 2) method oroapplication; 3) coating
thickness; ýL; 4) test temperature, C; 5) high-temperature
corrosion resistance, hours; 6) nature of corrosion damage
arising on heating; 7) LA (70% Nichrome, 30% A12 0 3 );
8) Nichrome V; 9) stainless steel 302; 10) chromium;
11) chromium + D-945; 12) cartridge gun; 13) gas-flame
sprayer; 14) plasma torch; 15) cartridge gun + plasma torch;
16) destruction of all specimens; 17) local damage; 18) oxi-
dation of entire surface; 19) porous coating; 20) scaling of
coating; 21) deterioration and scaling of coating; 22) weak
oxidation, no damage; 23) local effect, surface oxidation;
24) local damage, oxidation of entire surface; 25) reaction
with holder; 26) no damage, weak oxidation; 27) formation
of cracks on extraction from furnace.

The high-temperature corrosion resistance tests were conducted

.in a horizontal tubular furnace in which coated niobium rods secured

at one end by a corundum holder were heated to temperatures o0" 950 and

11500. When the specimens were heated to 1500°, the corundum holder

was replaced by a pure molybdenum disilicide holder. The results of

the high-temperature corrosion resistance tests, which are given in

Table 8, show that where the layer thickness is from 75 to 100 L,

protective stainless steel 302, chromium, Nichrome V and LM-5 coatings

can prevent oxidation of niobium in a static atmosphere of air at 950

for periods of 350, 500, 550 and 700 hours, respectively. At a

temperature of 1150°, the same coatings and thicknesses will protect

niobium from oxidation over periods of 8, 100, 165 and beyond 1050

hours, respectively. The LM-5 coating retains its protective proper-

ties at even higher temperatures: a coating with a thickness of 112 p.

prevents gas corrosion of niobium at 12500 for a period of 840 hours,

while with the same thickness but at a temperature of 15000, corrosion

is prevented for a period of more than 100 hours. A double-layered

- 23 -



TABLE 9

Microhardness of Protected Niobium After Test-
ing for High-Temperature Corrosion Resistance

I I Ilepezoaumft cJIA Ony~pennt is u1D

S•arTmoe PITypl Hre.lb , - Ta ' MIo)orn
CM- MUOCTIO nC- Tep2O•crf ,Ups- Loam van- d O*pN. norum y..

Ta3aw, n an , no FuxK- xa. porp-. -- MUSl W
.C Mc ey.Icpc '. ,Aocrbh.

2•IXXPOM V 9,50 23 205-160. 0.50 140o1 --'fcyTcT" f 0oL
POu V1 IIN 5W -225-200 0.0;5 2W 62.52

Achlepwaamc- 950 366 172--0 0.150 15U 1 1.-'rTCY11CT- 0.0
atau crta.mb &yet

302"XpoM 950 555 300-240 0.175 200 31.252 0.45
1- X x 11 t5• 40 250--220 0.250 210 1.75 0.0

950 700 150-t40 0.150 t251 .OTcylcT- 0.06
Byst

LSI-5 1150 O00 150-140 0.075 f301 LOrcYTC?- -

SyO?
LM5 1150 1005 175-160 0.150 1501 1OTCYTci- -

9YOl
LN-I 1250 840 300-170 0.125 120, OTIcCT- -

111-5+ D-9,1 ,50 150 12.5-10 ,0.1003 130I 'DOrcyic- -

Notes: 1) Corresponds to the initial hardness
of the layer that adjoins the coating.
2) The entire specimen was contaminated to the

hardness level indicated. 3) Includes the
width and hardness of the D-945 coating.

1ý Protective coating; 2 ) test temperature, 0 C;
3 duration of tests, hours; 4) Vickers micro-
hardness kg/mm2 ; width, mm; 6) transitional
layer; 7l internal layer; 8) greatest micro-

hardness, kg/mm 2; 9) width, mm; 10) oxygen
content in niobium after removal of coating, %
by weight; 11) Nichrome V; 12) stainless steel
302; 13) chromium; 14) not present.

coating in which the underlayer is a niobium alloy and the overlayer

is LM-5 has approximately the same protective properties as a coating

of LM-5. In a static atmosphere of air, the protective properties or

t he coatings increase with increasing thickness. Wlodek avers that the

high-temperature corrosion resistance of the coatings tested is de-

scribed adequately by the equation:
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where x is the coating thickness in p.; t is the resistance of the

coating in a static atmosphere of air in hours; K is a proportionality

constant, ý2"hour-

We should note that LM-5 is the only coating which may be used

effectively at temperatures exceeding 12500. Nichrome V and chromium

are effective only at temperatures below 11500; here, Nichrome V

should be preferred for temperatures that exceed 10500, and chromium

for temperatures lower than 10500. The stainless steel 302 coating is

extremely effective for prolonged protection of' niobium at tempera-

tures below 10000.

The microhardness method was used to determine the quantity of

oxygen or nitrogen that migrated through the coating layer and dis-

solved in the niobium during the process of testing for high-tempera-

ture heat resistance. Data on the thickness and microhardness values

of the niobium layer containing the dissolved gases are shown in

Table 9 [29].

It is apparent from Fig. 8, which

zoo _shows the change in microhardness down

- ---- the depth of the coated niobium tested

for high-temperature corrosion re-

"" . sistance, that a layer with a thickness
Bpw,€gmngag,,.m from 50 to 125 p. which adjoins the

Fig. 8. Variation in micro-

hardness over depth of coating possesses increased microhard-
niobium specimens tested
for high-temperature corro- ness. Wlodek assumes that the increase
sion resistance in static0
atmosphere of air at 1150 in microharuness of the coated niobium
A) Coatings: 1) chromium,
40 hours; 2) Nichrome V, in the process of testing for high-
500 hours; 3) LM-5 + D-945,
1050 hours; 4) LM-5, 1008 temperature corrosion resistance is de-
hours. B) Vickers microhard-
ness, kg/mm 2; C) distance pendent upon two factors: solution of
from coating, g. the coating material in a surface layer
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of the niobium from 50 to 125 4 deep and the infiltration of atmos-

pheric gases through the coating to a depth of more than 125 .; this

is noted particularly on specimens coated with chromium and Nichrome

V. The infiltration of oxygen into the niobium through the damaged

areas of the coating is illustrated in Fig. 9. A specimen coated with

LM-5 to a thickness of 187 4 was heated in an atmosphere of air at

11500 over a period of 1008 hours; the coating was then damaged and

0the specimen reheated for a period of 138 hours at 1050°. The micro-

hardness of oxygen-contaminated zones on a polished microsection was

180, while the uncontaminated area showed 140 Vickers units.

The resistance to thermal shock

was determined by Wlodek only for the

LM-5 and the LM-5+ niobium alloy coat-

Fig. 9. Resistance of LM-5 ings because they possess the highest
coating to oxygen infil- high-temperature corrosion resistance
tration. Clear portions
correspond to oxygen con-taminatend niobium. cono- indices in a static atmosphere of air.taminated niobium. Corro-

sion by a mixture of hy- The high-temperature corrosion resis-
drofluoric acid: nitric
acid; glycerol = 1:1:2. tance was estimated from the number of
Magnification 3X.

thermal shocks and from the duration

of heating prior to the appearance of the first signs of coating

breakdown. After being heated to 11500, the coated specimens were

removed from the furnace and cooled to room temperature in either

air or water and were then replaced in a furnace heated to the same

temperature. Over a period of 24 hours, the test specimens were sub-

Jetted to three thermal-shock cycles in accordance with the schedule:

1150 20 - 11500. The results of the thermal-shock resistance tests

of the coatings are assembled in Table 10.

It is characteristic that the LM-5 coating withstands up to 30

thermal-shock cycles in air without breakdown, but is impaired after 3
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to 5 cycles when cooled in water. The double-layered coatings possess

a greater resistance to thermal shock than do the LM-5 coatings. The

LM-5 + D-947 (Nb, Ti, Cr, Al and NI alloy) and LM-5 + D-948 (Nb, Ti.

Cr, Al and Fe alloy) double coatings withstand from 21 to 30 thermal

shocks when chilled in water. Wlodek assumes that the high resistance

to thermal shock observed in the double-layer coatings is dependent

upon the presence of smrll quantities of liquid phase in the Nb-TI-

Cr-Al-Ni and Nb-Ti-Cr-Al-Fe alloys. When the alloys under considera-

tion are heated to 12000, their liq:id-phase content is 20-30% by

TABLE 10
Resistances of LM-5 Coating and LM-5 + Niobium
Alloy Double Coating to Thermal Shock

2Mj3HCAb- .6
1 nna To.Tosma. 11=10 Mo oe -ju U619. flnwaail la Pumc'anueJao o Haqnaaj

paapyule.
-- ____ _ HUM. qS

LM-5 187 boaA.wnoe 31 194 " lopumne no pas-9pyma.'ioc

L0-5 187 1Boa,.y oe 27. 167 noKpu'•ae un p83-9
pyma.IocL

,•o ucumiaauuI CMOCTOrIKOCT&
L0I-5 187 3aKaama a maoxe 3 142 o;0paauu uarla-lO
LM-5 187 C.3micama ao e 5 154 ma.tacb 120 .cac

8 . ups 11500 c m-
_ aqe~l am.•'x4epcic smo.yz

01- + D-94.g45 100+100 3axa.,taa ao;te 7 136 [Oaau:muC,& t•Lp ll
a89.1M . . Ipll,

IM-5 + D -947 100+ 75 30 2624 n MMll'8usl lie r. 11

8 m"Mi, I
01-I5 + D-947. 100+ 7 3aaaKa sm a o~te 24 188 IInBILlI1h Tp@ 1
L.1-5+D-g948 M0+ 75 3a a a . oae 21 248 nonso.anc6 i.M 11

L1-+D-908 100+ 75 n- - 1.. floanUtcu Ae,, 1. -o ,p u i .1

1) Type of coating; 2) thickness, IL; 3) cool-
Ing; ) number of cycles; 5) duration of test to
onset of breakdown; 6) remarks; 7) air; 8) chill-
Inr in water; 9) coating did not break down;
101 before testing for thermal-shock resistance,
the specimens were heated for 129 hours in a
static atmosphere of air at 1150 ; 11) cracks
appeared; 12) defects appeared in coating.

volume; however, when the alloys are sprayed on with a plasma torch,

loss of the low-melting alloy ingredients occurs and the quantity of
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liquid phase in the coating is reduced to 5%. Figure 10 shows the

microstructure of the double-layered coating.

The tendency of the coatings to "self-heal" was studied by Wlodek

on three specimens, two of which were protected with LM-5 coatings,

while the third was insulated with an LM4-5 + D-945 coating. The

specimens were first heated in an atmosphere of air at 11500 for a

period of 1000 hours and did not show signs of coating breakdown.

After testing for high-temperature corrosion resistance, holes with

diameters of 0.337, 0.50, 0.775 and 1.00 mm were drilled in the pro-

tective surface coating. The depth of the holes was somewhat greater

than the layer thickness of the protective coatings. Then, the speci-

mens with the drilled coatings were again exposed to an atmosphere of

air at 1050 with the intention of ascertaining the oxidation intensity

in the defective areas. It was found here that even after the speci-

mens had been heated for only 18 hours, accumulations of niobium

pentoxide crystals appear in the defective areas of the coating. The

quantity of niobium pentoxide formed on the LM-5 + D-945 double-

layered coating was smaller than that on the LM-5 coating. A micro-

scopic study of a polished microsection after etching by a mixture

of hydrofluoric and nitric acids enabled us to ascertain the size of

the seats of the corrosion damage to the niobium and the zones where

it had become contaminated with dissolved gases. A comparison of the

results of the microscopic study of specimens that had been heated

over a period of 138 hours at 10500 after breaking of the continuity

of the coatings showed that the double-layered L14-5 + D-945 coating

possesses greater protective properties than does the single-layered

LM-5 coating. It is characteristic that in those areas where the coat-

ing remained intact, there were no signs of contamination of the

niobium by dissolved gases regardless of the fact that prior to the
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impairment of the protective layer. the specimens had been heated in

an atmosphere of air at 11500 for more than 1000 hours (Fig. 9).

In addition to high-temperature corrosion resistance, Wlodek

also studied the influence of the protective coatings on resistance to

creep. The tests showed that subsequent to heating in an atmosphere

of air for a period of 100 hours at a temperature of 10930, niobium

shielded by the LM-5 coating possessed almost the same resistance to

creep as did niobium heated in a vacuum.

In Wlodek's opinion, of all the coatings tested, the LM-5 coat-

ing, which consisted of Mo-SI-Cr-B-Al alloy either alone or taken in

combination with either the D-948 or the G-418 coating is the most ef-

fective. Coatings of this type prevent gas corrosion of niobium in a

static atmosphere of air at temperatures greater than i100°. Thus,

for example, an LM-5 coating with a thickness of 125 . protects

niobium from oxidation at 11500 for approximately 700 hours, and at

15000, the same coating with a thickness of 112 4 shields niobium from

gas corrosion for a period of 108 hours (Table G). Wlodek explains

the high resistance to oxidation that is characteristic of the LM-5

coating by the high-temperature corrosion resistance of molybdenum

disilicide - the basic component of the protective layer. In his

opinion, within the temperature range from 1100 to 15500, the molyb-

denum is partially vaporized in the form of MoO3 and a thin film of

silicon dioxide is formed on the surface of the molybdenum disilicide.

The formation of the protective silica film is hindered by the slow

reaction rate at temperatures below 1100 , while at temperatures that

exceed 15500, it is hampered by the volatility of the silicon oxide

SiO Some increase in the high-temperature corrosion resistance of

molybdenum disilicide is attained by the introduction of chromium,

boron and aluminum into the coating. The presence of aluminum con-
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tributes to the formation of oxidation-resistant mullite - 3A1 2 0 3.

•2SiO2 in the surface layer, while the presence of boron and chromium

contribute to the formation of a protective film at temperatures

below that of the formation of mullite and crystobalite. Although the

experimental data show unequivocally that the LM-5 coating resists

oxidation at 15500 rather effectively, we should remember that its

reliable service under operating conditions may be guaranteed at

" " Nb

Fig. 10. Double LM-5 + D-947 coating

after 188 hours of thermal-shock
testing. 37 chillings0tin water from

a temperature of 1150 . Magnification

temperatures below the melting point of niobium pentoxide,* the forma-

tion of which is possible due to accidental isolated Imperfections

in the coating. The appearance of liquid niobium pentoxide can cause

exceedingly rapid oxidation of niobium.

In conclusion, Wlodek deems it necessary to allow in evaluation

of the results of the tests of the coatings that he described for the

fact that the coatings were applied on specimens of comparatively

sirhple form and that the technical properties of the coatings were

determined in a static atmosphere of air. On transition to more com-

plex shapes In-objects operating in a stream of hot gases and under

conditions of dynamic loading, it will be necessary to study other

properties of the protective layers, for example, the resistance to
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erosion, to mechanical shock, and so forth.

Methods of Applying Coatings

A majority of the methods used for the protection of molybdenum

[16] have been adapted for the application of protective coatings to

niobium. Depending on the composition of the coatings and the shape,

dimensions and functions of the coated objects'we may use plating,

plating from the gaseous phase, diffusion saturation, building-up,

gas-flame spraying, immersion, nonannealing heat-treatment, and spray-

ing with the plasma torch. Extreme difficulties arise in application

of the galvanic method or applying protective coatings to niobium;

this is due to the tendency of niobium to form hydrides with a

variable hydrogen content.

When the niobium hydrides are heated, they decompose with forma-

tion of hydrogen, evolution of which under the coating readily breaks

the firm adherence of the protective layer to the niobium.

To facilitate the combination of niobium with other metals and to

reduce the rate of the diffusion processes, Bich [Beech?] investigated

the electrolytic plating of copper, chromium, gold, iron, nickel and

platinum to niobium [4, page 432]. He showed that preliminary etching

of the niobium surface in solutions of hydrofluoric acid with alter-

nating current before the coatings were applied contributes to an

increase in the strength of adherence. The electrolytic etching was

conducted at room temperature in a 49% hydrofluoric acid solution with

an AC voltage of 1 to 5 volts and a current density of from 21 to 105

2
ampi/dm , respectively. The gray deposit formed by the electrolytic

etching was easily removed by a mixture of nitric and hydrofluoric

acid solutions. The compositions of the baths and the conditions for

the electrolytic plating were selected for each metal. It was found

that immediately after plating, only the iron and nickel coatings
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possessed adequate adherence to niobium. All other coatings tested

were readily removed by scraping with a knife. To increase the strength

of adherence of the coatings to niobium, Bich subjected the coated

specimens to homogenization at 8150. After homogenizing, only iron

formed firmly adhering coatings. Annealing of iron coatings with

thicknesses of 0.0076 and 0.0127 mm over a period of 328 hours at a

temperature of 8150 contributed to the formation of an intermetallic

layer which adhered poorly to the niobium. Wýen the tempered specimens

were bend-tested, partial detachment of the iron coating was observed:

thus, for example, after bending of the original 0.0127 r'.n thickness

of the iron coating, only 0.0025 mm was retained; the rest had peeled

off. The experiments showed that this layer consists of a dense iron-

niobium alloy which is formed at the 8150 temperature. This alloy may

serve as an underlayer for coatings of other metals. The other metals

tested as electrolytic coatings did not adhere tenaciously to the

niobium.

The electrolytic deposition of iron on niobium was conducted

at a temperature of 60 and a current density of 3.2 amp/dm 2 in a

bath of the following composition:

FeS04-7H2 0 - 300 g/liter

FeCl 2 -4H2 0 - 42 g/liter

-15 g/liter(NH4)2SO4 -15 lte

HCOONa - 15 g/liter

Wetting
agent - 1 g/liter

Unfortunately, Bich did not cite any data relating to the behavior

of the iron coatings at temperatures that exceed 815 and the question

as to the feasibility of using an iron underlayer when applying coat-

ings resistant to oxidation at temperatures from 1000 to 1150 remains
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unclear.

Reports have recently appeared regarding the use of the plasma

torch for application of high-.melting protective coatings to various

materials. The plasma torches enable us to obtain a flame temperature

higher several times than that of the most advanced gas torches in

which a mixture of gaseous hydrocarbons is burned with oxygen. The

source of heat in a plasma torch is a flux of ionized gas. The genera-

tion of heat is accomplished by passing the gas through an arc dis-

charge induced between rod and ring-shaped electrode. The gas passes

through a refrigerated channel in the direction from the rod cathode

to the ring-shaped anode and is ionized In the gap of the arc. The

ionized stream issuing from the ring-shaped anode takes the form of

an intensely luminous cone which is enclosed by a less luminous flame

(Fig. 11). The flame temperature may reach 30,000 C [31]. The appara-

tus forming the ionized flux consists of three basic parts (Fig. 12):

the rod cathode, a channel in which the electric arc Is struck and

the ring-shaped anode. Either tungsten or carbon is generally used

for the cathode, and copper serves as the material for the channel and

ring-shaped anode. The tungsten or carbon rod may be shifted axially

and set at the required distance from the outlet opening of the ring

electrode. Generally, nitrogen, argon, hydrogen and occasionally a

mixture of argon and helium are used to set up the ionized stream [33].

It is stated in the report [32] that the plasma torch can operate even

on a stream of air; In this case, however, it is necessary to shield

the material of the rod cathode from oxidation.

Studying the heat characteristics of a miniature plasma torch (33],

Kulagin and Nikolayev showed that the greatest influence on the effec-

tive heat output of the ionized flux* is exerted by the distance to

which the cathode rod Is sunk into the channel, the magnitude of the
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arc current and the flow rate and composition of

[7., ' the gas. The authors established that sinking the

arc directly in the channel, intensification of

the arc current and Increasing the gas flow rate

lead to a rise in the effective heat output of the

. ionized stream. For low gas flow rates Into the

Fig. 11. Flame chennel, low efficiency is observed in the heating

of plasma of the objects by the ionized stream; this is
torch.

apparently due to an increase In heat transfer

from the arc trunk to the walls of the channel.

The replacement of pure argon by a gaseous mixture consisting of

86% helium and 14% argon enables us to double the effective heat out-

put of the ionized stream. The authors consider that this increase in

Fig. 12. Diagram of apparatus for produc-
tion of ionized stream.
l) Rod electrode; 2) Incominggas;
3) channel; 4) cooling water; 5) trunk of
arc; 6) ring-shaped electrode; 7) ionized
stream; 1 is the distance the electrode
is sunk;-E is the power supply (33).

output is dependent upon the high ionization potential of helium.

At present, it is unknown how exactly the relationships established

by Kulagin and Nikolayev may be reproduced on transition from a labora-

tory to an industrial plasma torch. One thing is definite - the ionized

stream is a high-intensity and concentrated source of heat. The use

-314-



of the plasma torch may be found highly promising in engineering in

general and for the application of various kinds of coatings in par-

ticular.

Fossen [31) states that it is possible to apply high-melting

powders to the most diverse materials with the use of the plasma

torch. The resultant layers adhere very firmly to the coated surface

with metallic armor plates, carbon, graphite and other materials. In

this case, the applied coating adheres to the coated material more firm-

ly than does a coating applied by galvanization, vaporization in a

vacuum or by the method of gas-flame spraying. A characteristic

property of the coatings applied with the plasma torch is their high

density, which approaches the theoretical.

The author stresses the fact that the range of application of

these coatings is exceedingly wide and is expanding into many branch-

es of industry.

Plasma torches have come into widespread use in the refractories

industry in the manufacture of crucibles for smelting of high-melting

materials. It has been shown that the plasma torch enables us to ob-

tain thin-walled crucibles made of quartz glass; this cannot be ac-

complished with the gas-flame set-up. Here, the crucibles obtained are

durable and nonporous and have uniform smooth surfaces. The wall

thickness of the crucibles obtained by the methods of ceramic tech-

nology is 3 to 6 mm; it is possible to obtain crucibles with wall

thicknesses from 0.1 to 0.15 mm by using the plasma torch. Hence the

author considers that the latter method will be more economical.

The plasma torch has been used for applying protective coatings

to various metallic surfaces, including those applied to the internal

surfaces of liquid rocket engines.

The plasma torch has been used successfully for applying many
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inorganic materials which melt without decomposition. Thus, for exam-

ple, those which fuse on readily are:

a) high-melting metals - tungsten, rhenium, tantalum, molybdenum

and niobium;

b) certain high-melting compounds - borldes of zirconium, tung-

sten, niobium, tantalum, titanium and chromium;

c) high-melting carbides - carbides of niobium, hafnium, tantalum,

zirconium, titanium, tungsten and vanadium;

d) refractory oxides - thorium dioxide, hafnium dioxide, magnesium

oxide, zirconium dioxide, cerium dioxide and aluminum oxide;

e) precious metals - platinum, palladium and the platinum-group

metals, as well as alloys based on them.

The feasibility of fusing tungsten onto a product composed of

low-melting metals, for example, of bronze, aluminum and other metals,

is of particular interest. Thus, for example, by fusing tungsten onto

a bronze core and then dissolving the core material in an acid, we may

succeed in obtaining a thin-walled product of complex shape. The

tungsten obtained after such building-up has a density of from 94 to

95%; however, additional annealing at 14000 increases its density to

97-98% of theoretical.

Figure 13 illustrates the fusion of tungsten onto the nose cone

of a missile.

Buckle [34] used high-melting oxides, precious metals and their

alloys for the protection of niobium. The following methods of apply-

inj protective coatings were tested.

Fusion. In this method, a layer of either platinum or platinum

group metals was applied with a thickness of 20 mu. Generally, a

paste containing platinum chloride, which'decomposes on tempering with

liberation of metallic niobium, is applied to a coated surface. The
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resultant platinum layer adheres firmly to

the niobium and possesses high protective

properties.*

Vaporization. Sublimation of the protec-
tive meterial and its subsequent condensation

onto the surface of niobium objects Is the

basis of the method. Aluminum oxide applied
Fig. 13. Fusion of
tungsten powder on- by this metqod was found to be very brittle,
to nose of missile
[31). was readily detached from the surface and did

not provide niobium with protection from oxidation. A layer of thorium

dioxide with a thickness of several millimeters applied by vaporiza.-

tion in a vacuum between 2700 and 3000 also failed to prevent the

formation of scale on niobium when It was heated.

Baking-in. The essence of this method consists in cold applicatior.

of a coating, usually composed of high-melting oxides, and baking it

onto the surface of niobium objects by firing. In the heating process,

the coating is not brought up to the melting point. Adhesion of the

oxides to the niobium surface was strengthened sharply by the intro-

duction of a mixture of metal and oxide powders into the boundary

layer enclosed between the baked-in oxides and the surface of the

coated object. Coatings of aluminum oxide, thorium dioxide and silicon

dioxide may be produced by roasting the oxide-metallic mixtures at

1700 to 2000°

Sintering of object made of metallic powder with protective oxide

layer applied to object. In this method, a layer consisting of either

aluminum oxide, thorium dioxide or a mixture~of the two was applied

to niobium. A layer of oxides was pressed onto an unroasted compact

of niobium powder, which was then subjected to firing In a vacuum at

1700 to 20000. The oxide layer adhered firmly to the niobium, but did
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not protect it from oxidation - breakdown began in an atmosphere of

air at 12500 In only 10 to 20 minutes. It is possible to obtain a

protective layer which does not separate from niobium on severe

mechanical pounding by pressing layers composed of a powdered mixture

of metal and oxide [27] onto the surface of the specimen and subse-

quent roasting.

Consolidation of scale by roasting in a vacuum. Niobium specimens

that had been oxidized in an atmosphere of air at 12500 over a period

of 20 minutes were heated in a vacuum at 1700 to 2000 for the purpose

of obtaining a consolidated layer of scale. It was found here that the

oxide layer was not consoildated. The introduction of thorium and nio-

bium additives to obtain a dense scale consisting of the mixed oxides

also produced a negative result.

Chemical treatment. It was shown that when tungsten is treated

with either hydrofluoric acid or chlorides of alkali metals, for

example, on immersion of tungsten in a sodium chloride solution, a

layer which sharply reduces the rate of scale formation is formed on

the surface of the metal. Because of the relatively low melting point

of tungsten trioxide (14730), the protective nature of this layer was

apparent only up to 14000. Protective properties can be restored by

repeated chloride treatment at certain time intervals.

The methods investigated by Buckle for the application of coatings

do not guarantee reliable protection of niobium from high-temperature

gas corrosion. Nevertheless, their testing was definitely useful.

Ambng other things, It was shown that to increase the adherence strength.

of the oxide coating to niobium, we must apply a mixture consisting

of metal and oxide powders as an intermediate layer.

Miller [3, page 517] notes that protective metallic coatings ap-

plied by the gas-flame spraying method are apparently of little effect.
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The results of detailed study of the mechanics of the protective

coatings applied by a gas-flame sprayer on molybdenum are the basis for

this supposition. However, Wlodek's study [29] of a number of the most

recent investigations shows that the gas-flame spraying method, like

the method of spraying with a plasma torch, is highly promising. To

all appearances, when evaluating the methods under consideration, we

should consider the composition of the metallic and cerametallic

coatings. In the same report, Miller notes that various high-melting

oxides were applied to niobium by the gas-flame spraying method.

However, the results of systematic investigation of these coatings

were not published.

CERTAIN PREREQUISITES FOR THE FORMATION OF HIGH-TEMPERATURE CORROSION
RESISTANT NIOBIUM ALLOYS

Studies are frequently encountered in the literature in which

attempts to prevent high-temperature gas corrosion of niobium by

metallurgical means - by the formation of niobium-based alloys which

resist oxidation - are set forth.

Goldschmidt [35] points out that a gas-tight oxide film may be

obtained on the surface of niobium alloys by the following means:

by stabilization of niobium pentoxide; this enables us to

strengthen the adherence of the oxide film to the base;

by forming the lower niobium oxides, which have a tendency to

form stable compounds of variable composition with other oxides (for

example, niobium dioxide - titanium dioxide solid solutions);

by the formation of a vitreous layer.

Niobium pentoxide may be stabilized either by converting it into

double oxides (Table 5) or by dissolving the oxides of the alloying

elements in it. The feasibility of forming solid solutions on the basis

of niobium pentoxide, as well as the diffusion mobility of the ions
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that enter into the composition of the dissolving oxides, will be

determined by the valence and dimensions of the above ions (Table 11).

On the basis of data from certain investigations, Miller assumes

[3, page 518] that when oxides containing ions with a valence greater

than that of niobium (>5) are dissolved in niobium pentoxide, we should

anticipate a drop in the rate of ion diffusion through the scale

layers and in the oxidation rate. Solution of oxides containing ions

with valences less than 5 may give rise to the opposite effect - an

increase in the diffusion rate - and therefore an increase in the oxida-

tion rate of the niobium alloy. On this basis, we should expect addition

of molybdenum and tungsten to increase, and addition of titanium

and zirconium, taken either individually or combined, to reduce the re-

sistance of the niobium alloys to oxidation.

TABLE 11

Properties of Alloying Elements and Their Oxides

1 3 i 6No 31~eile 5 I o~owe.,,
1 2 I onnu., I Moe aeoano .OoIpno

aaemekw BanenIT,,oc pAJ•YC no Qlieprin Ojl,a.I Tr'neCayp a oftema o8(e_.
ro.1baw.•.lIL17,l 20, 3 11R Un,,,-lefBIIIM I ll• ll IT

IICUCI..a .pst o;uc.:3.' IC oGi UI ~ 13 - Xl' . I uT& -

MOIn 2 0.80 69.3 1790 1.79
Zr 4 0.79 101.4 2715 1.56
Co . 2 0.72 33.3 1810 1M8
Ni 2 0.69 28.6 1960 1.65
Nb 5 0.69 63.9 1460 •2.69
Ta 5 0.68 70.8 > 1900 254
TI 4 0.68 84.8 1860 1.73
Fe .3 0.64 39.0 - 2.4
Cr 3 0.63 63.6 2440 2.07
Mo 6 0.62 35.5 795 3.24
W 6 0.62 41.3 1470 US
V 5 0.59 49.6 660 3.19
Al 3 0.51 100.3 2020 1.49
Si 4 0.42 7.2 1713 221

1) Element; 2) valence; 3) Goldschmidt's ionic
radius, A; 4) negative val 8 e of free energy of
formation of oxide at 1300 K, kilogram-

calories'gram-molecule-l; 5) melting point of
oxide, C; 6) ratio of molecular volume of
oxide to atomic volume of metal.

When analyzing the problem of the influence of the ionic dimen-
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sions on the ability of the oxide layer to resist further development

of corrosion, we should consider that there are no defects in the

cation part of the niobium pentoxide crystal lattice. Therefore, the

solution of other oxides in niobium pentoxide Is made possible only

by replacement of the niobium ions in the Nb205 lattice by the ions

of alloying elements. We may expect that the replacement of the nio-

bium ions by ions possessing smaller effective radii will lead to a

reduction in size of the elementary niobium pentoxide cell. This, in

turn, decreases the ratio of the molar volume of the oxide to the

atomic volume of the metal, enables us to obtain a denser film of

niobium pentoxide, prevents the possibility of cracks forming in the

film and increases the protective properties of the scale. Following

these considerations and using the data from Table 11, we may expect

that the alloying of niobium with either molybdenum or vanadium will

increase the resistance of a niobium alloy to oxidation. However, the

application of zirconium for these purposes does not exert a similar

influence upon high-temperature corrosion resistance because the size

of the Zr4+ ion is larger than the radius of the Nb5+ ion.

The free oxides of the alloying elements form in the oxide film

on attainment of saturation in the niobium pentoxide type of solid

solution. The appearance of new crystal phases in the scale increases

the oxidation rate of niobium, chiefly as a result of boundary diffu-

sion of the metal and gas atoms. The protective properties of the

oxide, however, will be determined largely by the nature of the phases

that arise. The increase in thermodynamic stability, the rise in

melting point, the elimination of polymorphic transformations and the

decrease in molecular volume of the free oxides developed in the

corrosion process will contribute to improvement of the protective

properties of the oxide layer. The influence of the individual alloying
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additives on the oxidizability of the binary niobium alloys is shown

in Figs. 14 and 15.

- -The resistance of the binary niobium

Oa- /•- l alloys to oxidation is dependent not only

320 - • upon the alloying element, but also uponM ee '* I I I

240 / its content in the alloy [36].

Ml~ ---- --N.O - Vanadium. Investigations have shown that

-- , . the oxidizability minimum of alloys with

12.5 atom-% of vanadium is observed at 10000,

2Ja* ueWAv, am.% while it is observed at 12000 with 10 atom-%

Fig. 14. Change in of vanadium. Niobium alloys with a higher
weight of niobium al-
loys 0 after heating at vanadium content are inclined to rapid oxi-
1000 for 5 hours in
an atmosphere of air dation; this is due to the transition of
(36].
1) Weight change, vanadium pentoxide into the liquid state

mg-cm-2 ; 2) alloying (V 0 elts at 6600) and to surface melting
additives, atom-%; 3) 2 5
break in scale, of the oxide film.

Molybdenum. Alloys with 7.5 atom-% of molybdenum h~ve minimum

oxidizability at 10000, while this occurs at 12000 for alloys with 10

atom-% of molybdenum. The influence of the size of the ion upon the

increase in the oxidation resistance of the niobium-molybdenum alloy

is more strongly manifested than that of the valence of the molybdenum

ion. Where the molybdenum content is above 10 atom-%, intensive oxida-

tion of the alloy is observed; this is caused by the appearance of a

liquid phase (MOo3 melts at 7950) and by the oxidation of the scale.

Tungsten. Tungsten additives reduce the oxidizability of niobium

very little at 10000, but when the temperature is increased to 12000

they stabilize niobium pentoxide and become more effective. Therefore,

the influence of the size of the tungsten ion on the oxidizability of

the alloys begins to appear only at 12000.
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Chromium. According to certain data

-0 - 1 1 - [37], additives of 15 atom-% of chromium

V - reduce the oxidizability of niobium alloy

somewhat at 12000. However, the oxidizabil-

- - -ity increases with a higher chromium con-

I •"NJ I tent in the alloy. The presence of chromium

• • oxide in the scale increases the diffusion

P2R #ae%, Smobility of the atoms; this is apparently

Fig. 15. Weight change a result of the volatility of the chromium
of nioblum allors after
heating at 1200 for 2 oxide at temperatures above 12000.
hours in air atmosphere
[36]. Titanium. Addition of small quantities
1) Weight change, mg-
•cn-- 2 t 2) alloying ad- of titanium to niobium exert a relatively

ditives, atom-%. small influence on the oxidizability of

niobium-tltanlum alloy. An alloy containing 25 atom-% of titanium has

the greatest resistance against oxidation at temperatures from 1000 to

12000. A decrease in the oxidizability of the niobium-titanium alloy

of the above composition Is most likely due to the formation of stable

double oxides - titanium niobates - in the oxide layer (Table 5).

Zirconium. Small additives of zirconium (up to 10 atom-%) increase

the oxidizability of the niobium-zirconium alloys at 10000 and reduce

it at 12000. The Introduction of zirconium into the alloys in quanti-

ties that exceed 25 atom-% enables us to reduce the oxidizability of

the alloys. Where the zirconium content in the alloy is 25 atom-% and

greater, a stable zirconium niobate of the composition 6ZrO2 -Nb 2 05

forms In the scale and subsequent oxidation of the alloy takes place

parabolically.

The influence of aluminum, boron and titanium additives on the

oxidation resistance of niobium alloys at high temperatures has also

been studied 138). The authors measured the oxidation rate, expressing
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it in mg'cm-2. hour-I,, and, using data from x-ray analysis, determined

the phase composition of the scale formed on the surface of the alloy.

It was established that the oxidation rate decreases with increasing

content of the alloying element in alloys of niobium with aluminum.

Addition of aluminum in an amount of 1-2 atom-< has virtually no

effect on the structure of the scale, while on introduction of 5 atom-%

of aluminum into the alloy, the scale becomes denser and the diffusion

rate of oxygen decreases. A further increase in the aluminum content

in the alloy to 15 atom-% alters neither the structure of the scale

nor the oxidation rate of the alloys. A certain decrease in the oxi-

dation rate is observed on alloying of niobium with 0.5-3 atom-% of

boron. In niobium-tantalum alloys the lowest oxidizability occurs

when there is 10 atom-% of tantalum.

Thus, under certain conditions, the alloying of niobium with

vanadium, molybdenum, tungsten, chromium, titanium, zirconium and

aluminum noticeably reduces, but does not altogether eliminate the

oxidizability of the binary niobium alloys when they are heated in an

atmosphere of air. At present, research into the multicomponent niobium

alloys is being conducted. It is possibýle that the simultaneous alloy-

ing of niobium with several elements will enable us to obtain alloys

whose resistances to oxidation will be greater than those of the binary

alloys. Even now, niobium alloys have been obtained which possess

extraordinary resistances to oxidation at a temperature of 12300, and,

projecting, we may anticipate that still higher-quality alloys will be

developed [4, page 61].

CONCLUSIONS

The data given above show that in many cases, the measures pro-

posed thus far insure effective protection of niobium from high-

temperature gas corrosion. The methods studied above for the protection
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of niobium satisfy the specifications for both temperature level (not

less than 11500) and duration of service (not less than 100 hours)

only in a static atmosphere of air. The search for means of protecting

niobium from oxidation in a medium of hot gases h~s taken two direc-

tions: creation of alloys based on niobium that are resistant to oxi-

dation, and by development of protective surface coatings which insu-

late the metal from the gaseous medium.

Studies completed up to the present time have shown that the

alloying of niobium with various elements decreases, but does not

fully prevent oxidation of the niobium alloys. A few studies conducted

for the purpose of finding effective protective surface coatings are

indicative of the great difficulty, but fundamental possibility of

preventing oxidation of niobium in a medium of hot gases. The diffi-

culties encountered in the search for protective coatings are governed

by the properties of the scale which forms on niobium when it is

heated in a medium of gaseous oxidizing agents. As we noted earlier,

the molecular volume of niobium pentoxide, which is the fundamental

component of the scale, is greater than the corresponding atomic

volume of niobium by a factor of 2.69. Moreover, when heated to

temperatures above 8000, niobium pentoxide undergoes polymorphic

transformations which are accompanied by a change in the specific

volume and loosening of the scale; this facilitates admission of

gaseous oxidizing agents to the surface of the metal.

The protective metallic coatings were found to be highly effective

in use of niobium at temperatures up to 1000°. Chrome-plating by the

thermodiffusion-saturation method of galvanization by immersion and

subsequent homogenizing will insure protection of niobium from oxida-

tion in a static atmosphere of air at 9800 over a period of 300 to

320 hours. A characteristic feature of the zinc coatings is their
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tendency to "self-heal" occasional defects which arise either in the

treatment process or in operation with the objects. In addition to

this, adequately effecti-ve protection may be obtained by applying

either platinum or platinum-group metals to niobium. The opportunities

for practical use of these coatings are limited, however, by their

high cost.

In the temperature range from 1000 to 1150 , uses may be found

for the mixed coatings whose compositions incorporate high-melting

oxides and metals. In the heat-treatment process, the metals introduced

into the coating are oxidized and form a continuous layer consisting

of complex oxides that are stable to high temperatures. These com-

posite coatings show moderate brittleness both cold and hot and may be

used in certain cases for protection of products which are subjected

to dynamic loading. The resilience of these composite coatings is de-

termined by the nature and quantity of the metallic component present

in them. A composition typical for these coatings would be aluminum

oxide, thorium dioxide and metallic niobium.

Coatings of various high-melting materials applied with a plasma

torch may be used for temperatures exceeding 11500. We should empha-

size, however, that special and, moreover, extremely careful prepara-

tion of the surfaces of the coated objects is necessary in this case

to produce coatings which adhere tenaciously to the surface of the

niobium objects. Apparently, we may consider that the fundamental

factor governing firm adherence of the protective layer to niobium is

a- mechanical force the magnitude of which is a direct function of the

degree of roughness, form, dimensions, etc., of the metallic surface.

The chemical bonding forces which are responsible for the high ad-

herence strength of the coatings applied by the fusion method are of

incomparably lesser importance than the mechanical forces, since on
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dusting of the coatings with the plasma torch, the surfaces of the

objects to be coated are heated to temperatures of 200 to 2500. In this

range, chemical reaction between the niobium and the coating is prac-

tically nonexistent. Coatings used at this temperature level are typi-

cal cerametallic materials consisting of high-melting molybdenum and

chromium silicides alloyed with boron and aluminum, as well as metallic

Nb-Ti-Cr alloys which are alloyed with vanadium, iron, nickel and

aluminum.

It is expedient to conduct further studies in the search for

effective means for protecting niobium from high-temperature gas

corrosion in the following directions.

1. It is necessary to subject the metal-ceramic protective

coatings obtained by spraying on mixed powders of certain metals and

silicon to a detailed study. After fusing on, high-temperature corro-

sion resistant silicides of the corresponding metals form in the coat-

ings and protect the niobium from corrosion.

2. Interest is drawn to systematic investigation of mixed coatings

consisting of a vitreous cement and metallic fillers. Compositions

containing niobium should be studied where coatings intended for pro-

longed operation are to be developed. The presence of niobium in the

composition of the composite coatings noticeably increases their

durability.

3. We should also study the properties of the multilayered pro-

tective coatings, using the most characteristic properties of each

layer in turn. Thus, for example, to guarantee the best adherence to

niobium, it is expedient to apply a metallic thermodiffusion layer;

then, in order to increase erosion resistance and dependability, to

build up a layer of a composite coating, and apply a third layer by

the methods of' solution ceramics (39] to obtain a smooth surface. This
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method of protecting niobium from high-temperature gas corrosion is

highly promising.

4. A search for cold methods of protecting niobium from oxidation

in an atmosphere of hot gases should occupy a special position in

future studies. These methods are of prime significance for a whole

series of ramifications of contemporary technology, which employ various

sheet-material structures.

5. We should conduct a more vigorous search for multicomponent

high-temperature corrosion resistant niobium alloys.

- 48 -



Manu- (Footnotes]
script
Page

No.

16 Kubaschewski and Schneider determined the oxidation resis-
tance from the pressure drop occurring with the reaction of
the Cr-Nb alloys with oxygen when the specimens were heated
in a sealed tube filled with air.

20 A mixture of propane, butane and oxygen is burned in the ex-
plosive-charge gun, while acetylene and oxygen are burned in
the gas-flame sprayer. Replacement of the acetylene by the
propane-butane mixture enables us to use greater pressures,
as a result of which intense hydrocarbon combustion is
achieved and the motion of the particles of sprayed material
with supersonic velocity is assured.

29 Wlodek's conclusion regarding the volatility of SiO at 15500
does not agree with the experimental data of Fitzer and
Rubisch [30], who showed that the presence of a vitreous
protective film on the surface of molybdenum disilicide is
dependent upon the diffusion of silicon oxide (SiO)othrough
the silicon dioxide even at temperatures above 1550 .

30 According to Wlodek's data, niobium pentoxide melts at 1451_

33 The amount of heat introduced by the source into the body
being heated is implied by the term "effective heat output."

37 The author does not cite specific data regarding the high-
temperature corrosion resistance of the platinum coatings.
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