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~~ABST ,RfC

The solubilitY of oxygen, nitrogen and carbon in columb-1m-

rich columbi%=mhafnium alloys has been studied by means of x-ray diffraction,

I micrographic and thermal techniques using both a dynamic leak method and

a Sieverts apparatus.

At pressures above 10"11 torr 02, Cb is in thermodynamic

IIequilibrium with oxide vapor and can tame up to 6 at. 5 02 into solid

solution at 17T5°C. Above this temperattut oxidation is "catastrophic"

U and the volatile oxides Cb20, Cb3 and Cb,0 form on the surface. The

I"degassing" of Cb at 2200UC and above at 16-6 torr is, in effect, brougat

about by the volatilization of the axida and not by the de-adsorption of

gaieous oxygen. The a-G% solid solution of the ,b-Hf-0 system at 1500°C

contains 9.0 at. $ 02 at 2 at. % Hf, falling to 4.5 at. $ for Cb and

L 0.2 at. % for an a7?loy containing 12 at. $ Hf, the phaae being characterized

by the formation of HfO2 "clusters" or "molecules" within the body

centered cubic a-Cb matrix.

fThe ternary system Cb-Hf-N shows that although Cb can accommodate

9.48 at. % N interstitially at 22000C and 3 x 10l torr N2, the amount

retained on quenching drops to about 1 at. %, 'the precise amount depending

p on the quenching rate. The addition of only 2 at. % of TO immediately

reduces the amount of N2 which can be accomodated at high temperatures to

}less than 0.3 at. %, the a-Cb phase being In equilibrium with HfN. In the

Cb-fz'-C system, the C-Gb primary solid solution retains, at most, 0.55 at. % C

Iat 20060C, the carbide in equilibrium with the a-Cb pY.hase being essentially

face centered cubic (Cb,Hf)C, and not Cb2C as might have been expected.
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1. Introduction

1. It is known that the presence of interstitial elements have a

serious effect on the physico-mechanical properties of the element columbium

and thus reduce its potential as a high-strength refractory material. There

Sis, however, the possibility that the. reaction of these interstittals with

substitutional alloy additions could produce dispersed phases which would

act as high-temperature strengtheners. However, little is known about the

effects of substitutional alloying additions on the solid-solubility of

interstitials in columbium, and vice-versa, a-ad it was felt that if the

effect.s of alloying elements in Groups lV-A and VI-A on the solution of

interstitials in columbium were known, such knowledge would be v..luable

ii in interpreting and predicting the mechanical behavior of columbium-base

The proposed investigation as a study of columbium-base alloys

consisting essentially of the binary systems Cb-W, Cb-Hf, and Cb-Mo, to

which additions of the elements 02, N2 , and C were to be made, thus giving

rise, in effe,.t, to a study of the Cb-corner of the nine ternary systems,

ll written concisely, as Cb-(WMoHf)-0, Cb-(WMo, Hf)-N, and Cb-(W,Mo,Hf)-C,

the intention being to determine the amounts of 02, N2 and C which can be

[retained i:terstitially in the presence of substitutionally in.orporated

W, Mo, and Hf.

The initial phase of this study was an investigation of the

Cb-corner of the three ternary systems Cb-W-0, Cb-W-N, and Cb-W-C. Thic

in turn, involved a study of alloys in the binary systems Cb-W, Cb-O, Cb-N

I1
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and Cb-C, the last three bintie I being of fundamental importance in the T

systems to be subsequently investigsted, namely those based on Cb-Hf and

Cb-Mo. The ternary systems based on Cb-W have already been dealt with in

Technical Report AVW.!-65-58 dated March 1965.

CTe second phase of the work, dealing with the systems Cb-Hf-O, i

Gb-li-N, and Cb-Hf-C are dealt with 'n the present report which contains

the results of additional studies on the Cb-O and Cb-N systems required

to substantiate the work carried out during the first year of the program.

This new work necessitated the construction of a Sieverts apparatus which

will be described below.

2. MAterials ,id Sample Preparation 1
Owing to the relatively high reactivity of columbium, it readily

forms oxides, nitrides and carbides which are frequently to be seen in

the microstructures of Cb-base alloys. However, the amounts of these [
phases are usually small, and their dispersion throughout the matrix often

leads to their presence being overlooked in conventional x-ray diffraction

patterns owing to the diffracted spectra being below the visibility limit. [1
In the present work, where only small amounts of oxygen, nitrogen and carbon

can go into solid olution in the Cb-matrix, ther presence in the initial [1
alloying elemeats, in .his case Cb and Hf. could lead to erroneous lattice

parameter relationships, while the observation of a second phase in the

microstructures could give a false idea of the solid-solubility limits.

2 i



I
I

For 'l-:se reasons, it was decided to employ alloying elements

of the highest possible purity and to zone-refine the columbium and degas

I the resulting alloys to bring the impurity level down to a few parts per

million. These alloys would then be drawn to "wire of diameter 10-12 mils,

approximately, which would be suitable for doping with nitrogen or oxygen

for subsequent x-ray and micrographic studies, whereas the carbon-containing

alloys would be made by direct synthesis prior to the wire drawing stage.

Once the main features of the systems to be studied were fully understood,

it was found that the use of zone-refined material was unnecessary provided

the samples were properly degassed prior to heat treatmeni, and provided

that the doping gases were of the highest possible purity.

Columbium

Columbium wire was produced from two batches of material:

(a) Zone-refined Cb-rod from Materials Research Corporation.

Maximum total Impurities stated to be 25 ppm. YVAimum 02

content, 9 pp.

(b) Cb powder from KennametaZ, Inc. Particle size, 35 mesh, 02
content 200 ppm, C 0.06 wt. %, N2 = 0.03, T = 0.10, Ti, Fe,

B Si, less than 0.01 wt. %.

The Kennametal colubium was zone-refined at our Bloomfield

[1 Lamp Works and used for producing 11 mil Cb-wire.

I{



The hafnium (Foote Mineral Co.) was in the form of crystal bar

prepavd by the Van Arkel iodide decomposition method. A typical analysis 111
of the material in ppm was as follows: N 20, C 40, Al 50, Cu 20, Ti 35,

W 20, Fe 150,, Zr 23,000 (2.3%), Cl 300. 1

Carbon

Utra-high purity spectroscopic carbon (99-999% C, by Ultra-Carbon) 11
was employed for making ternary Cb-Hf-C alloys for phase identification

purposes and for doping Cb-rich alloys prior to wire-drawing.

Og
Whereas the previously reported work using the dynamic-leak

method employed ordinary cylinder oxygen at low pressure, only oxygen of

the very highest purity commercially available was employed with the

Sieverts apparatus. Baker oxygen was used, having an analyzed maximum

impurity content as follows, in ppm: N2 10, H2 1, A 20, CO2 10, CH4 15,

Xe 1, Kr 10, H20 10. 1

Nitrogen

In the earlier dynamic leak method, ordinary cylinder nitrogen

was employed with a purifying train of hot copper turnings. In the present 1
work with the Sieverts apparatus, nitrogen of the highest possible purity I
('y Baker) was employed, the maximum impurity levels in ppm being as follows:

02 2, A 60, CH4 1, H2 11 CO i, CO2 1, H20 1, hydrocarbons 1.
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2.1 Production of Cb-Hf ll,

A conventional zone-refining furnace using the floating-zone

g melting technique was employed for producing pure Cb-rods from the

Kennanetal columbium for subsequent drawing-down into vie. In gencisl,,

rods 5 inches long and 0.25 inch square section were prepared from the

35 mesh powder by compressing in a die and vacuun pre-sintering at 1200°C.

UThe rods were then mounted vertically in the zone-refining furnace in a

vacuum of 10-5 - 10-6 torr and subjected to local heating by means of

electron bombardmet.(I ,2) By means of a wsgnetic drive which eliminated

U the need for sliding seals, the specimen could be moved smoothly and

vertically in the vacuum chamber through the circular electron gun. By

[this means, pure columbium rods ranging from 0.2 to 0.25 inches in diameter
and up to 6 inches in length could be produced for subsequent wire drawing.

Experience with Cb-W alloys showed that the process was unsuitable

[for making homogeneous alloys, there being a considerable loss of Cb by

volatilization together with segregation of Gb toward one end of the bar.

tFor these reasons, the Cb-Hf series of a, .oys were made by melting

compressed mixtures of Cb 35 mesh powder with crystal-bar Hf turnings in

a Kroll-type argon arc furnace, after which, the alloy buttons, which

1weighed about 10 grams, were re-melted in a high frequency levitation-
melting furnace vhere they were degassed at a pressure of about 10-6 torr

f" and vacuum cast into 1/8 inch diameter rods for a subsequent homogenizing

treatment for I day at 20000C and drawing down into wire. The same procedure

[ was employed for the series of Cb-Hf-C alloys examined, containing low

Slevels of carbon, namely 0.5 and 1.0 atomic percent C.
5tV
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Binar and ternary alloys containing around 33.3 and 50 atomic

percent C were made by a solid state diffusion technique in which fine

powder mixtures of the alloying elements were compressed into 1/2 inch J
diameter slugs at a pressure of 2500 psi and then heated in a pure graphite

crucible for 24 hours at 2500°C. X-ray diffraction patterns were then

taken of samples powdered by grinding in a tungsten carbide mortar, and,

on account of the slight diffuseness of the Debye-Scherrer lines which

indicated lack of perfect homogeneity, the slugs were re-ground and compressed, I
and given an add.itional solid-state diffusion homogenizing anneal for 3

days at 2000°C in a vacuum of 10 9 - 10- 6 torr. I
The homogenizing and equilibrating anneals of the various alloy

slugs and rods were carried out in a tungsten tube furnace for various I
times and temperatures at a pressure of 10-5 - 10 - 6 torr. The general

layout is shown in Fig. 1.

The heating element consists of a vertical tungsten tube

9-1/2 inches long and 1-1/4 inches in diameter, the wall thickness being

0.020 inch. The tube is surrounded by three concentric tantalum radiation

shields resting on a tantalum support which also serves as the lower

electrical connection to the tungsten tube. This connector is, in turn,

supported by two hollow water-cooled stainless steel conductors connected

in parallel and capaole of carrying a current of 3000 amperes. The upper

connection to the tungsten tube is likewise supported o;i water-coolM1 II
steel conductors arranged at 900 to the lower ones, the final connection

being made via a laminated flexible cantilever consisting of several

6 1
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layers of tantalum strip of thickness 0.005 inches. This arrangement
~provides sufficient flexibility for the expansion of the furnace tube

E. on heating.

The specimen itself is suspended on a fine tungsten wire, the

latter hanging from the center of a thin tungsten wire bridge which may

be shorted across a power transformer and fuzed to enable the specimen

[to fall through the furnace tube and be instantaneously quenched in a

bath of molten tin or rapidly cooled on a copper block.

The specimen may be observed during heat treatment via a 1/8 inch

3 H diameter spy-hole drilled in the vall of the tube, or from above. Since

radiation through the hole conforms closely to black body conditions, the

[hole is used for temperature measuremeuts by meaws of an optical pyrometer
calibiated by the B-eau of Standards, the sighting of the instrument

being made on the rear inner wall of the heater element, 'corrections being

[1 applied fcr the transmittance of the double quartz windows in the viewing

port. In order to ensure that condensed metal on the viewing port does

[not seriously affect the temperature reading, the innermost window is made
rotatable to ensure a perfectly clean surface for each observation.

Finally, to ensure freedom from contamination by carbonaceous products

[3 from conventional pump oils, the furnace was evacuated by means of a

mercury vapor pump fitted with a suitable baffle and liquid nitrogen trap.

[" Corrections for the transmittance of the ports are given in Table 1.0
)
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SIGN-4ASS CORECTION

Correction to be add~ed (00)

Tobs One pyrex or Double quartz

(00) quartz windov window Ii

1,500 14 26

1,600 15 29

1,700 17 32

1,800 19 36 [
1,900 20 39

2,000 22 43

2,100 24 47

2,200 26 50

i,300 29 5
2,400 31 59
2,050 33 63
2,60O 36 68

2,70 38 72 -J
2,800 1 7T

2,900 13 82

3,000 46 88

-8[I

' Ii
H

8
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2.2 Production of Cb and Cb-Hf Wires

The choice of employing Cb and Cb-Hf alloys in the form of vires

for oxidizing, nitriding and carburizing experiments as made on the basis

of the following considerations:

(a) Mnin wires (10-12 mil diameter) can be readily oxidized or

nitrded by directly heating the vires in the appropriate

II atmosphere by the passage of an electric current. The pressure

H of the gas and the temperatne of the wire can be controlled.

Carburizing can be carried out in vacuum with the wires

U painted with colloidal graphite, if required, or in an

atmosphere of methane.

(b) Any phase changes or solid-solubility effects can be followed

.j by means of electrical resistivity measurements at temperature,

or by plotting power-input as a function of temperature.

[ (c) A near-qwench can be obtained vith thin ires by switching off

the heating current, T ws presering the high temperature

Splhases if the cooling rate is rapid enough.

(d) Wire-form specimens are suitable for x-ray diffraction analysis

by the Debye-Scherrer powder method and lattice parameter values

[] an be accurately determined (see Appendix I).

. (e) ire-form specimens can be fully degassed by heating to 22000C

Sin a vacuum of 1, - 5 - 10- 6 torr until the 02 and N2 content is

4 ionly a few parts per million. On the other hand, fine powders

for x-ray diffraction work cannot be degassed so readily and

k 91



will tend to pick-up impurities and gas from their containers

on account of their relatively large surface area/volume ratio.

(r) Wire specimens can be re3dily subjected to microscopical

examination and microhardness measurements.

2.2.1 Columbium Wire

No great difficulties were encountered in the production

of Cb wire from a zone-refined material. A rod of Materials Research

Corporation Cb, 1/ inch in diameter and about 2 inches long was encap-

sulated in an CM copper tube of external diameter 5/8 inch. The tube

and Its contents were swaged at room temperature to 0.10 inch diameter

and the copper was then removed by etching in nitric acid. Remarkably

enough, the cross-section of the encapsulated wire (approximately 40 mil

diameter) becae roughly hexagonal during the swaging operation as shown by

the photoicrograph in Fig. 2, although the copper sheath was circu.ar in j
section. This phenomenon is presumably due to the original zone-refined

rod being a single crystal, the soft copper polycrystalline matrix yielding 1
to permit the columbium crystal to take up a preferred orientation. p

After gently filing away the more ragged edges, the Cb wire

was passed through a clean saging die of diameter 0.036 inch to produce I
a more circular cross-seition, after which the wire vas etched fo.- 2 minutes

iu a solution containing 50 %oil 7 4i B2S04- 5 M.,~ axid 20 HF,. about 2 mils I
being removed from ',the surface by t4iis treatment. The wire was then drawn

through clean dies, while submerged in acetone, to a diamete, of 0.020 inch

10 1



at which stage it was given a recovery a.-neal in vacum for 5 minutes at

1200°C and then drawn to its final diameter of 0.0115 inch.

2.2.2 Colubium-Hafium and Columbium-Iafnium-Carbon ALloy Wires

-The followirg procedure was eployed for producing the

Cb-Hf and Cb.Rf-C (1.0 at. % C) alloy wires.

1(a) Grind-off burrs and surface blemishes, wash iu acetone.

(b) Insert into closely-fitting mild steel or stainless steel tube,

indent ends of tube to prevent maveent of aa p.e.

(c) Swage at rtom temperature in an automatically fed 1rrington 111

swaging machine with 1/64" reduction in diameter per pass until

U inside diameter of tube is about 90tOOO".

(d) Remove tube by filing-through unti-l the sample, is revealed,

1and then strip off mecanically.

(e) File and sand surfatce of the wire to remove blemiahes.

(f) Cold swage vithout encaprulation -o about 20/000" diameter

LI using reductions of 10/100004 per pass.

(g) Continue to swage usIng 2/000" reduction ptr pas.s xr til diameter

of wire is about 13/1000 - i4/tooon.

[1 (h) Pickle wire in HF acid solution to remove czr surface iurities.

(i) Draw down to final size at room temperature (1i/i0A," In 1-2

passes using short-blae dis'=ond dies and acetone e.- a lubricant.

ne lThis procedure yield. good quality ire of unifom, c'ic.. section

and excellent surface finish.
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3. Oxidation of Cb and Cb-f Alloy Wires

3.1 General Introduction - Some Previous Work

A number of studies have been made on the temperature dependenct,

of the solid-solubility of oxygen in columbium and of the oxides which

form on the surface. In addition, studies have been carried out, notably

by Bryant ( 4 ) on the influenze of additions of molybdenum, rhenium and

ruthenium to columbium on the solid solubility of oxygen in the metal.

Based on sintered a lya heated in the temperature range 1600

to 1700°C. Biauer ( 5  .oncluded that the solid-solubility limit of oxygen

in columbium lay below 4.7 at. 5, whereas Seybolt ( 6 ) using a Sieverts

apparatus to meter the amount of oxygen added, found values ranging

between 1.4 and 5.5 at. % oxygen in the temperature range 775 to 11O0 °C.

According to Eliott ( T) the solid-solubility of 02 rises from 1.4 at. %

at 0°C to about 3.9 at. % at 1800°C, whereas Bryant t4 ) using hardness

as a criterion of oxygen content finds that the concentration ranges

from 0.7 at. % 02 at 700°C to 5.5 at. % at 1550°C. Finally, Gebhazdt

and Hothenbacher t 8 'R " using a combination of x-ray diffraction, micro-

hardness and electrical resistivity measurements and micrographic studies

have found that the concentration varies from 1.1 at. t 02 at 750°C to

5.5 at. % 02 at 1O°C. Apart from the work of Bryant (4) which showo -,.hat

additions of molybdenum, rheniu and ruthenium to columbium all reduce

the oxygen solubility and that zero solubility is reached when the electron/

atom ratio of the ally is about 5.75, no similar work has been done with

tungsten and hafnium additions.
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In addition to oxygen being taken into interstitial solid

solution within the body centered cubic columbium structure, numerous

oxides and sub-oxides can be formed depending on the temperature and the

oxygen pressure. Among the more recent investigations, special mention

[should be made of the high-temperature x-ray diffraction studies on

Cb25 by Goldschmidt( 1 0 ) and the electron and x-ray diffraction studies

of Terao. ( Il) In brief, Cb(O) solid solution (body centered cubic),

CbC) (tetragonal), 8 Cb-O (hexagonal), y Cb205 (monoclinic) and a C 205

(monoclinic) are formed in air at either atmospheric or reduced pressure,

whereas Cbo= (tetragonal) ,CbO (cubic, NaCl-type) and CbO= (tetragonal)

are formed only in air at reduced pressure. The relationships between

the various oxides, which are structurally related, are shown schematically

! in Fig. 3.

[j3.2 The System Cb-O

A study of the Cb-corner o c the Cb-Hf-0 ternary system breaks

[ down naturally into three stages as follows:

[j (a) A study of the Cb-O binary system.

(b) A study of the Cb-Hf binary system.

(c) A study of the Cb-Hf-O ternary system.

3.5 Experimental

When columbium is exposed to an atmosphere of oxygen, the amount

taken into interstitial solid solution within the body centered cubic

13
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columbium lattice will be a function of the two variables, temperature and

pressure. If true thermodynamic equilibrium is attained, lowering the 1
pressure of the oxygen atmosphere or raising the temperature of the columbium

should bring about a reduction of the oxygen in solid soltition, while the

reverse should occur as a result of raising the oxygen pressure or f
lowering the temperature. Similarly, if the condition of pressure and

temperature are correctly adjusted, the body centered cubic a-Cb phase will I
ultimately saturate with oxygen and the CbO phase will begin to form. I
Incrtasing the temperature at this point, or suitably reducing the oxygen

pressure will cause the oxide to decompose to Cb + 0 until the oxidized

columbium becomes single-phase a-Cb solid solution again. Thus a determina-

tion of the solid-solubility limit of oxygen in columbium implies a

determination of the equilibrium pressure of the oxygen liberated by the .

decomposing CbO phase at that particular temperature. A similar discussion

also applies to the formation of CbO2 from CbO, but the pressure involved 0
is now that of the CbO2 vapor which would decompose to form CbO.

At any given t= .perature, the oxygen pressure at which the

0.Cb primary solid solution becomes saturated with oxygen and the CbO

phase begins to form is the same as the oxygen pressure which would be

set up when the CbO phase is just beginning to decompose to form saturated

M.Cb solid solution and oxygen. Theoretically, at equilibrium, the

pressure-temperature relationship should be capable of being expressed

as a straight line plot of lrg (oxygen pressure) versus 1/Temperature (OK)

as shown schemetically in Fig. 4. Any alloy such as A lying on the high

14
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temperature - low pressure side of the line should consist of a-Cb primary

1solid solution. An alloy such ba B, lying on the line would be, in effect,

ua saturated solid solution of oxygen in o-Cb, and the CbO phase would be

on the point of forming. An alloy such as C would first consist of CbO +

1saturated a-Cb., but if oxygen is continually added to maintain the pressure

constant as CbO forms, ultimately all the a-Cb would be converted to CbO.

U In its turn, the CbO would oxidize to CbO2 and finally to Cb2 0 5 .

The compositions of any alloy exposed to a given equilibrium

pressure of oxygen may be obtained by quenching the specimen from the

Hhigh temperature and determining its oxygen content by chemical analysis,

or, alternatively, by initially metering-in known quantities of oxygen,

I as will be described below. Thus it will be possible to ascribe compositions

to the various points D, E, F, along the log r '.:ars'is l/A plot and hence

effectively determine the oxygen solid-solubility limits of the a-Cb

phase as a function of oxygen pressure and temperature. A two phase

alloy such as C at temperature T would consist of CbO plus saturated a-Cb

phase having a composition corresponding to G. It is also possible to

draw lines of constant oxygen composition of the a-Cb phase field, as a

Ufunction of pressure and temperature, as indicated schematically by the

line AE.

As we shall see later, in certain circumstances, the a-Cb phase

[" will not be in equilibrium with gaseous oxygen as such, but with vapors

of th-e oxides CbO, CbO2 and 6b 2 05 . In these cases, similar plots of

[. log (o:xide vapor pressure) versus 1,Temperature can be drawn. Failure to

[i reallze this can lead to complete misinterpretation of the results,

15
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Two methods which Pxe fundamentally different in their approach

were used to oxidize pure columbium and the columbium-hafnium series of

alloys, although in all cases the specimens were in the form of wires which

were about 12 inches long and 10-12 mils in diameter.

The first of thero methods, which we my term the dynamic leak

method and which was used in the early stages of the work, employs a

large bell jar in which the oxygen atmosphere is maintaint d at the

equilibrium pressure of the absorption process by leaking-in or pumping-off

oxygen as required. The final composition of the oxidized wire is then

obtained by quenching the sample, by simply switching-off the heating

current, and then using chemical analysis, x-ray diffraction patterns and

optical microscopy to establish the oxygen content, lattice parameters,

and to identify phases present. The bell jar apparatus is shown in Fig. 5.

The second approach to the problem, vhich was made in the closing

stages of the research, was to employ a Sieverts apparatus (Fig. 6) into

which pre-determined amounts of oxygen (or nitrogen) could be metered

and the wire sample heated until the pressure settled down to an equi' ibrium

value. From the volume of the Sieverts apparatus and the change in

pressure, it was possible to calculate the weight of oxygen absorbed and

hence the composition of the wire at temperature without resorting to

chemical analysis. However, x-ray diffraction and micrographic analyses

were carried out on quenched specimens for purposes of phase identification

and lattice parameter determinations.

16



3.3.1 Oxidation by the ,ynamic Leak Method

<'3. As mentioned above, the apparatus used for the dynamic

leak method of oxidizing columbium wire consists essenialy of a large

I " bell Jar which can be evacuated by means of a 4 inch diare .ter oil

fl [diffusion pump fitted with a liquid nitrogen trap and cepable of providing

a vacuum of 106  - 10- torr using Dow Corning 705 silicone oil, the

Uvacuum being measured by Philips and Alphatron gauges which were calibrated

against a McLeod pauge.

The vire specimen, which is about 12 inches long and bent into

H the form of a hairpin, is suspended from both ends from two rigid copper

supports which act as electrical leads for supplying the heating currenz,

I jthe brightness temperature of the wirv, being observed through the glass

wall of the be.l jar via a Leeds aid Northrup optical pyrometer which

was calibrated at the National &ureau of Standards. To prevent incorrect

[i' readings caused by any dposition of Cb vapor on the internal surface

of the bell Jar at tcmperatures in the region of 20000C and above, an

externally movable screen vas placed inside the bell jar in the line of

sight and only moved for sufficient time to take a reading.

t Corrections were applied to the bzightness temperature readings

[3using the value a.65g ' 0.3T4 obtained by Whitney (12 '1 3) for the

emissivity of colubium, and e0. 6 5 4 = 0.70 for the emissivity of

. columbium oxide (CbO2 or Cb205), a correction also being applied for the

transmittance of the bell jar from an experimentally determined curve.

S17
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After mounting the specimen, the bell jar was evacuated to the

best value possible with the equipment (10 - 6 - 10
-T torr) and the specimen

given an initial thorough degassing treatment by heating it for abou'

10 minutes in the region of 2200-230°C. This reduces the N2 12 and C

content of the wire to a few parts per million.(1I) 1

Irndiately after degassing as described above, the wire was

cooled to room temperature and oxygen all ed to leak at a controlled I
zate into the bell jar, which was kept on the pumps, until the pressure

stabilized at 5 x 1075 or 5 x 16- torr 02 as required. The wire was then

heated as rapidly as possible to the required temperature, adjusting the I
pressure of 02 to the predetermined value, and then quenched a-ter a given

time. The wire was then removed for x-ray, micrographic and chemical I
mlysis. 3

This procedure was repeated with other columbium wires for

various holding times and at temperatures ranging from 1000 to P000C, I
thus yielding specimens which were completely in the a-Cb solid-solution

rioge and those which consisted of the two pihases, saturated o..Cb arid

*O In the case of pure columbium, the oxide formed on reaching

the solid-solubility limit is on the surface of the vire only. As a

result, once equilibrium has been set up between the oxide film on the

surface and the saturated 0-Cb solid solution, the scale can be identified f
in situ by x-raying the sample, after which the scale is removed by

dissolving it away in a mixture consisting, in parts by volume, of

, Ii



50 O, 14 yo30, xNo0 and 2o Hr. The oxygen in solution in the

13-M matrix is then determined by the conventional method of vacum

fusion analysis. Because the lattice parameter of columbium is greatly

increased by oxygen in interstitial solid solution, it is possible, after

chemically analyzing a number of calibration samples, to employ the lattice

parameter as an accurate index of the oxygen content. It is, of course,

[ also'possible to employ other properties as an index of oxygen content,

such as hardness or electrical resistivity, (,9) for example., but chemical

analysis coupled with x-ray diffraction methods is probably more

satisfactory with the be.U1 Jar method in that the oxide phases can also

be identified. It should be noted that subsequent work carried out with

]the Sieverts apparatus substantially confirmed the results obtained with

the dynamic leak method, and assisted in their interpretation.

3.4 The Lattice Parameter of Pure Columbium

Because the lattice parameters of Cb-rich Cb-Hf-O primary

Vi solid solutions were to be employed as one of the criteria of the precise

value of the oxygen and hafnium solubility limitsj, the parameter value

1. for high purity oxygen-free columbium becomes of the highest importance.

All published values of the a-parameter of "pure" columbium are probably

too high t-cause of the oxygen content of the metal. Neubtrger(15) gives

[V a value a = 3.3007 R (from kX) for the lattice parameter of "very pure Cb",

whereas dwards, Speiser and Johnston( 1 6 ) give a = 3.3004 R (from kX)

1for 99-PA Ct (containing 0.06 % Ta) at 180C. Our own studies on the
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Cb-Y system indicate a progressive decrease in the lattice parameter

of Cb as the yttrium content is increased, the a-parameter dropping

from 3.3026 R for "high purity" Union Carbide columbium to 3.2993 R for

an addition of 25 at. % Y, the drop in the parameter presumably being

caused by the scavenging of oxygen by the added yttrium. The lowest

value of a-parameter actually observed by Seybolt ( 6 ) during his work

on the Cb-0 system was 3.3002 + 0.0002 R, and extrapolating back to zero

oxygen a lattice parameter of 3.2999 R is obtained. The same result

is obtained by Gebhardt and Rothenbacher. ( 9 ) As we shall see in the ncxt

section, our own results lead to an extrapolated oxygen-free columbium

lattice parameter which is appreciably lower, namely a = 3.2986 + 0.0001

the difference being due, in all probability, to our use of zone-refined

material, although the same result was obtained from Kennametal

columbium wire which was degassed in the Sieverts apparatus at 22000 C.

3.5 Lattice Parameters of aCb-0 Solid Solutions

Table 2 lists the lattice parameters of the a-Cb phase of

Cb-0 alloys produced in the bell jar apparatus by the dynamic leak

method.

A plot of the parameters as a function of the oxygen content

yields the straight line shown in Fig. T, the points off the line

corresponding to cCb + CbO two-phase alloys and yielding the phase boundary

lattice parameters. When extrapolated to zero oxygen content, the curve

yields a "pure" celumbium lattice parameter a = 3.2986 + 0.0001 at 250 C.
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The lattice parameters of the a-Cb phase -,f the tvo-plase alloys for 10000 C

and 5 x 10"5 torr 02 and 108 °C and 5 x 10-4 torr yields solid-solubility

limits of 2.T5 at. % O and 3.2 at. % 02 respectively. The result for

- l009C as also confirmed by a w!rm ozildizs, to 4 at. % 0,, in the Sieverts

Since tb,, depth of penetration of tue x-ray beam in zhe wire

speclmeas is relatively small and the diffn.ez.ion -'jte=s and lattice

p.... eters are more representative of the mulface, tevts were carried out j
to see whether the sae results -iould be obtained ftm dif.erent depths

within the x. ,ay sarples. This was a&2neved by etchinj away successive

layers. Thus an 11 Ml diameter wire nated for 30 minutes at i08,. P-

Aud 5 X 10 tor? 0 2 Mssve an ca.Cb lattern which-was overlapped by lines

of the surfa--e oxide CTh0, together with an cc-CTh phace pay=*mter of

3,30a - 31(0) On etching twemy the oxide film, a somehat hi~her degre

o f accuracy io prameter d~eterminmtion could be obtined, and for etched-

down diameters of I0.0o, 6.4 and 3.0 mils respectively, the lattice Parameters

were 3.3110)4 3.311(4) and 3.311(a)R an even hisher accaey being

possible if the diffractimn lines hsa. not been somewhat "spotty" due to

grain growth. These results indicate quite clearly that oxygen penet'ateh

rapidly to the vire cevttr and provides a relatively homogeneous cross- eI

section from which reiable x-ray diffraction data can be obtained.

Microstructures snow no traes of oxide preeipitazion thns indicating

t-at the rate or quenc~in- is sufficiettly rapid with 1 rdl diameter

Vire 'o retain all the oxyger in interstitial sclid solution
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-i It is of interest to compare the present lattice parameter

"I [ results with those obtained by other workers. This is done in Fig. 8.

- Our own lattice parameter-composition curve is almost parallel to that of

- - Gebbardt and Rothenbacher, (9) but starts at a lover Cb parameter value.

I This i.! almost certainly due to our use of zone-refined Cb as an initial

material for the oxidizing experiments and the fact that Gebhardt and

Rothenbacher usLA hardness values to determine the oxygen content in lieu

of chrmical analysis.

n the other hand, Seybolt's data extrapolate back to the same

"pure" collmbiaum param-ter as Gebhardt and Rothenbacher but the rate of

parameter increase with oxygen content is appreciably smaller. Since

neither holtb6l nor Gebhardt and Rothenbacher employed zone-refined

columbi=i, it Is not difficult to explain the hIgh extrapolated columbium

a : paxameter, but the lover rate of parameter increase found by Seybolt is

- more difficult to account for, especially because the Sievert's method

provides an accurate technique of metering the amount of oxygen added.

Ip Solid-Slubility LI:aLts of 02 in Cb

* ,Whereas the highest solubility of oxygen in columbium previously

rpoited has been 4.4 atomic percent, (6,9) our highest analyzed oxygen

; content i3 5.6 atomic percent, with a = 3.3209 R. On the other hand, a

j"sample of columbiu wire heated for 10 minutes at 2200°C in a predominantly

L :,iitU'x atwosphtre consisting of 0.5 torr 02 and 760 torr He wae found to

be singl.e phse C-Cb ,iolid solution with a lattice razmeter a 3 5.511
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By extrapolating the lattice parameter-composition curve, this corresponds

to an oxygen content of 8.2 atomic percent. Although we have not been

able to repeat this result, it may be possible, under favorable conditions,

to retain even more oxygen in interstitial solid solutions in columbium.

Various determinations of the oxygen solid-solubility limit in

colmmbium are shown in Fig. 9. Our own results fall midway between those

of Seybolt and of Gebhardt and Rothenbacher. The solid-solubility limit

obtained by Elliott(7) indicates a much lower oxygen value in the region

2"_ of 1800 0 C than those extrapolated from the results obtained by other

workers and ourselves. In particular, our single phase a-Cb alloys at

5.6 and 8.2 at. % 02 at 21580 and 2200°C respectively would, according

to Elliott., lie well within the a-Cb - CbO (liquid) two-phase field.

4 Further work is required at different pressures to settle this point

saifactakily,

Elliott reports the presence of a eutectic at 1915°C between

ca.Cb containImS about 4 at. % oxygen in solid solution and the cubic

oxide CbO. We have heated a number of 11 ril diameter wire samples slowly

in the bell jar apperatus in an atmosphere consisting of 0.5 torr 02 aud

T) tort purified He. In all cases o-Cb - CbO complexes which formed

melted at the surprisingly low temperature of 177T5 + 150C. This Yili

be discussed later.

The regions where local melting occurred were marked by the

formation of spherical beads and the interruption of the heating current

effectively quenched the beads from the liquid state prodacing a typical
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eutectic structure as shown in Figs. 10 and 11. Only after melting and

quenching was oxide observed within the grains and grain boundaries of

the au-Cb solid solution.

3.7 Pressure-Temperature Relationships in the Cb-O System

Based on the x-ray, micrographic and chemical analyses of Cb-O

alloys praduced in the bell jaw apparatus using the dynamical leak method,

f- [] it was possible to establish the amount of oxygen in solid solution in

columbimum at various oyen pressures and wire temperatures, and from

these to establish the maximn oxygen solid solubility under the various

S :conditions of temperature and pressure. The results enabled a straight

,i line curve to be established between log (pressure of oxygen) versus

": U l~l/emperature ( 'K), the line apparently representing thp pressure at vhich

the oxide CbO is in equilibrium with the -Cb primary solid solution.

ra This curve is represented by the line labelled CbO in Fig. 12.

Any specimens made under the conditions of temperature and pressure to

S.the left of the curve consist essentially of a-Cb solid solution, the

r, nbroken lines representing contours of equal oxygen concentration. Alloys
immediately to the right of the CbO line are found to be two-phase, con-

sisting of c-Cb + CbO. A second line, labelled Cb02, can be established,

beyond which, under the dynamic flow conditions prevailing, the wire

sample consists of the three phases C-Cb + CbO + CbO2 . Yet another lie

* must exist which marks the appearance of Cb205

The location of the iso-oompositional contours in the a-Cb region

of Fig. 12 could be located by making use of a-Cb lattice parameters of
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tw aM three-phase alloys. Thus, columbium. heated at 1000*C in the three-

N Vaaae field uerthe conditions denoted by triangles A, B and C In Fig. 12

a11 yield the sam lattice parameter for ay-Cb. As shown by the arrow, this

spacing must correspond to the saturation point D of the cx-Cb pase, the

composition of which can be derived from the lattice parameter versus [
compsTh curinatin fg the upper log p versus l/T curve for CbO2 is

of nteest Orginllyit asdecided to confirm, h position 2f the CbO

lineobtaned y x ray,-ier-ographic and chemical anlssby a different

cad indeperdent technique which wmuld muke ueof cagsin theopia

emissivity of t;Ae wire durface as the oxddi formed. In this technique, the

wire was heated in the bell-jar apparatus to a temperature at which an a-Cb i
*Iold solution is formed and then cooled in st~ages with the dynamic leak

maintaining the pressure constant. A curve was then plotted of surface II
brightness, temperaturi (i.e. uncorrected pyrometer reading) versus watts I
input to the wire, a break in the curve showing when, the emissivity of the

samtple increased on formation of the oxide.* The break was then retraced I
to establish itr validityr) a typical curve being shwn iF.13frb

in 10O- tonr 02, the nwtbers indicating the random order in which the i
readlings were taken. Also included are sketches showing the appearavce

of the scale .on the wire at the different temperatures.

It was rather surprising to find that the above technique did not

reproduce the CbO log p versus l/T plot illustrated in Fig. 12, but yielded

instead, the upper curve, which x-ray examination of the wire showed to be [
j 26 f



Lassociated ith the formation of CbO2 . No discontinuities whatever could

" [} be found in the watts inpt versus brightness curves corresponding to CbO.

The reasons for this are probably not far to seek. As shown by the macro-

photoraps of Cb wire after various stages of oxidation (Fig. 14), CbO2

Sforms a highly emissive black layer on the surface of the wire, whereas

that of CW is Indistinguishable from metallic Cb. Thus, the published

valu 0,of 4 - 0.70 refers in all probability to the oxide (a2

possibly to Cb20 5 as well), whereas the emissivity 6O.65= 0.374 probably

applies equally to Cb and to CbO.

[ 3.8 Interpretation of the Log p Versus l/T Curves

W orrell ( 1 8 ) has recently determined the free energy of formation

AF of C2 by measuring the carbon monoxide equilibrium pressure in the

"l -reaction

.... "C05 (solid) + C (graphite) ± 2Cb0 2 (solid) + CO (gas)

using solid pellets of CbO2 + Cb2 05 + C in a CO atmosphere at 1050 toi15
1250"K. The value obtained for F may be expressed in the form:

F = -185,600 + 38.9T, cal/sole.

[From this, the dissociation pressure of CbO2 in the reaction

may be calculated using the expression
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+ + I
6..46

T

vhere the oxygen pressure p is in units of atmospheres. This lead3 to I
02

a an ogen partial pressure of approximately 2.8 x 10o16 torr at 15oc.

In the case of the decomposition reaction

CbO Cb + 0

the oxygen equilibrium pressure would be even lover than this.

We note from Fig. 12 that the oxygen pressure Involved in the
- -+, decomposition of CbO to Cb + 0 at 1500Ciso 0d tor, hich is

about 12-1l4 orders of magnitude higher than obtained by thermodynamic

calculation. A similar experimental result was obtained by Pmsler. (19)

Boweer., we can easily reconcile the experimental findings with the

1.- results of theory.

The thermodynamic calculation means that only at oxygen pressures
-16

substantially below 10 torr and T 15W'0C is it possible to remove
/_ ,+ +:+!, s. oxygen from the interstitial -Cb-O priaa+ so' 1d solution, and

the compated pressure corresponds to the pressure of oxygen, at equilibrium,

when the primary -Cb solid solution ls saturated and the monoxide phase CbO

is abe+t to form. Sue'.a process should be reversible, in that if oxygen

is absorbed by the metal at temperature when the pressure is maintained

at the equillbrum value, the samr oxygen should be capable of being pumped

-N out of the meta. on reducing t+ae pressure.
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An experizent was carried out to test this very point, which is

crucial to our underatanding of the oxidation and de-oxidation mechanism

of columbium. Using the 3ieverts apparatus, which was mw available, an

11 mil diameter Ob wire was converted to a saturated C-Cb solid solution "--

containing about 6.C atomic percent 02 at 17700C. The wire was q;!- e-r-nhed

to retain the oxygen in solid solution and the vessel conlirdng the

< < [j! sample evacuated down to 10 Torr where it was closed off. The sample

was then reheated in the vacuum to 2200"C in order to draw-off the oxygen

Ii and quenched to prevent re-absorption. By cryogenic pumping, using a

P stainless steel side-tube dipped in liquid helium, it was possible to

obtain a gas-sample for analysis in a mass spectrometer. The small amounts

[1,: of gas obtained by this method were found to consist essentially of CO,

hydrocarbons and traces of water, but no free oxygen was present. How-

i ever, the wire was found to be substantially thinner as a result of this

treatment, and the wa~ls of the container were coated with a thin film,

o presumably consisting of colimbium oxide.

11i The above experiments would seem to indicate that we do not have

a true static equilibrium between a-Cb and oxygen, but rather that a

dynamic equilibrium exists between 0'-Cb and columbium oxide vapor, the

pressure of the vapor adjusting itself to equal that of the oxygen which

[essentially conrtms the rate of vapor formation. Thus, as long as the

oxygen pressure is above 10"16 Torr, oxidation of columbium will occur,

the oxide being in the vapor state if the temperature is high enough,

Fl and columbium being continuously carried away without any oxide being
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-_e- either on the surface or inside the metal. Under these conditions,

the amount of oxyen retained in solid solution will seem to be a function

of the oxygen pressure, but it will, in reality be a function of the oxide

vapor pressure. Which oxide it is will depend on the temperature.

In order to test these ideas, experiments were carried out heating

fully degasqed Cb wires at various temperatures in the Sieverts apparatus,

metering-in different amounts of oxygen to form solid solutions, and also

heating various solid-solution compositions in the fully evacuated Sieverts

apparatus. Both types of experiments led to the same results.

It was found that up to 1775"C, the maximum amount of oxygen

which could be retained in solid solution in Cb was 6.0 atomic percent,

the partial pressure of the oxide vapor being given by Fig. 12 and being

of the order of 5 x 10 torr. Above 1775C a "catastrophic" increase

occurs in the rate of evaporation of the oxides from the wire which

drastically reduces its oxygen content and leads to a rapid darkening of

the chamber walls as the oxides deposit. From weight loss measurements I
and the known amounts of oxygen fed into the system, it would seem that I
mixtures of CbO + CbO2 vapor are evolved at temperatures immediately above

1775%C, whereas at 22000C, the oxide is almost entirely Cb2 05 . At this

latter temperature, the oxygen content of the wire is about 0.1 atomic

percent.

The above experiments are incorporated into a pseudo-phase

diagram shown in Fig. 15. This shows that a columbium wire heated at

22000C in the Sieverts apparatus to which enough oxygen had been metered

~H



to form an alloy of effective composition Cb30, only retained 0.1 atomic

percent 02 in solid solution, the rest having evaporated to the walls as

Cb205. Similarly, a degassed Cb wire heated at 2100*C in the Sieverts

LI apparatus to which 8.0 atomic percent 02 was added, only retained the same

- amount of oxygen in solution. The experiment was repeated (a), with 5 atomic

percent 02 in the wire, (b) with degassed Cb and 5 atomic percent 02 in the

[- vessel. In either case, heating to 1850"C resulted in an "equilibrium"

solid solution alloy containing 1.5 at. percent 02. At 1775-C the maximum

amount of oxygen which could bc retained was 6.0 at. percent.

It is quite clear from these experiments that the degassing of

columbium at 2200*C in vacuum is not brought about by the removal of

U oxygen, as such, from the lattice, for this would require pressures below

-1610 torr. Rather, the degassing is brought about by the formation at

-j the wire surface of columbium oxides which then volatilize away as vapors.

Thus, with solid columbium, there is no way of removing all traces of

oxygen from the metal using conventional vacuums of 10 - 10-7 torr, the

11 nearest approach being by-actual melting, as in a zone-refining process,

and using vac-ion pumps. Similar connlusions have been reached by Gebhardt,

)From and Jakob.(8)

Because the degassing of columbium is essentially produced by

the surface formation and evaporation of columbium oxide, it would be

anticipated that the process would be extremely sensitive to the pressure

of the surrounding atmosphere. Thus, in the above series of experiments,

to produce an alloy at 22000C of effective composition Cb 3O, enough oxygen

Ii 31
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was bled into the Sieverts apparatus to raise the pressure from less than

10"7 to approximately 5.0 torr. After formation of Cb2 05 vapor, which

- deposited on the walls, the final pressure in the apparatus ha4 fallen to

7- x 10 torr (mainly residual argon) and only 0.1 atomic percent 02
remained in solid solution. Oii the other hand, as mentioned in Section 3.6

(paep 23), a sample of columbium wire heated for 10 minutes at 220 0C

in a predominantly helium atmosphere consisting of 0.5 torr 02 and 760 torr

He was found to be single-phase o-Cb solid solution containing 8.2 atomic

percent oxygen. From this, it would seem that the controlling factor is

not so much the oxygen partial pressure, but the total pressure of the

atmosphere in which the wire is heated which controls both the rate of

oxide evaporation and the amount of oxygen wnich can be retained in solid

solution. Thus the partial Cb-O diagram shown in Fig. 15 must be modified

to suit the prevailing pressure conditions.

3.9 The System Cb-Hf

The columbium-hafnium phase diagram, as determintd by Taylor

and Doyle,(20) is shown in Fig. 16. It will be seen from the diagram

that columbium and hafnium form a continuous series of body centered

cubic solid solutions above 1950°C, the solid-solubility of hafnium in

colunbium falling below this temperature until only about 34 atomic

0I
percent Hf remains in solution at 1000°C.
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I
3.9.1 Lattice Parameters of Cb-Hf Binary Alloys

j-. The lattice parameters of body-centered cubic columbiun-

rich Cb-Hf alloys, obtained by Taylor and Doyle 20 ) are smmarized in

Fig- 1T.

II It will be noted that the lattice parameter for "pure columbium"

(frm Union Carbide Co.) is plotted at a = 3.3024 and that after an

jJ] initial drop, the parameter increases almost linearly with hafnium content

until the solid solubility limit is reached. We now know that the

originally published lattice parameter of columbium is too high as a

result of the high oxygen content of the metal, the value for degassed

colmbium being a = 3.2986 + 0.0001 R. The high result presumably arises

JP - from the use of filings which have a high surface area to volume ratio

which makes them susceptible to oxygen pickup, and the use of a stress-

LI relieving treatment of 10 minutes at 1350°C in a pressure of about

10 "5 - 10-6 torr 02 and T60 torr He, such temperature and pressure

conditions being more conducive to oxygen pickup rather than to degassing.

In the present investigation, degassing conditions were, of course, much

superior in thzt the samples were in the form of tnin wires which could

[- be electrically heated in a vacuum of < 10 7 torr at temperatures of

220I and above.
U The Ob-Hf lattice parameter curve is based on chemically

analyzed samples. As a result, it could be used as a calibration standard

to determine the ccmp)sitions of the Cb-Hf wires prior to treatment with

Ii oxygen (or nitrogen) in the Sieverts apparatus.

H33



3.10 Lattice Paaetr and Phases in Cb-Hf-O Alloys

A series of Cb-Hf binary alloys in the form of 11 mi! diameter• I

wire and containing 2.8, 4.8., 8.2, 9.6, 13.4, 13.6, and 22.3 atomic

percent Hf, balance Cb, were treated in the Sieverts apparatus with high

purity Baker oxygen at temperatures ranging from 1300 to 220O°C. The

phases observed and the lattice parameters of Cj-Cb primary solid solution

alloys containing oxygen ar e given in Table 3.

Based on the x-ray and micrographic results it vas possible to .

draw partial phase diagrams of the Cb-Uh-O system corresponding to 1000

ad 1500C. These are illustrated in Figs. 18 and 19. It will be seen

that the aCcb primary solit solution is quite extensive. At 1500kC,

the amount of oxygen in solid solution in Co is 4.TRO atomic perceirt,

but this increa~es to approximately 9.0 atomic percent at 2.0 atomic

percent Rf, further additions of Hf causing the amount of dissolved

o,: oxygen to fall drastically until about only 0.2 atomic percent of oxygen

is retained in solid solution at 12 atomic ercent Hf.

The oxygen is taken into interstitial solid solution in alloys

along the Cb-O edge of the ternary system. According to Stringer aad

Rosenfeld, ( 1 the oxygen atoms prefer the octahedrl to the tetrahedral

sites of the body cc teed cubic columbium lattice., the oxygen atom no

longLr being spherical but lenticular or toroidal in shape. On the other

hand, along the Cb-Hf edge of the system., the hafnium atoms replace those

of rolumum substitutionally in forming the primary solid solution.34
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Both the addition of interstitial oxygen and substitutional

,S hafnium in the respective binary systems produce an increase in the

lattice pereter of the colubium ratrix. It would therefore be

anticipated thLt the Joint addition of oxygen and hafnium would produce

i-I a corresponding increase in the columbium unit cell size, but this is

not the case. As may be seen from the isoparametric contours drawn

iacross the o-b phase field in Fig. 18, there is a valley running through

the Cb-corner of the system where the lattice parameter is virtually

that of pure Cb, namely a = 3.2986 .

, -%e nature of this valley can best be seen by p.lotting the

lattice pararm.-ters at various oxygen levels as a function of the hafnium

c ontent. This is shown in Fig. 20. With zero oxygen in solution, the

lattice parameters of the S-Cb phase rise continuously with Hf content,

but, thosc corresponding to 1.0, 2.0, 4.0, and 6.0 atomic percent 02

1"first drop linearly with increasing Hf, reaching a sharply defined

minimum value which is little different from that of the lattice parameter

i for pure Cb, and then rise &ain in an almost linear fashion.

v The positions of theze minima are extremely interesting. The

minimw for 1.0 atomic percent 02 is 3een to occur at 0.5 atomic percent

Hf; that fir 2 atomic percent 02 occurs at 1.0 atomic percent Hf, and so

on. In other words. the minima, or the valley in the isoparametric

surface of the o.Ob -,migle phase field, occur at an O:Hf atomic ratio of

2:1. As a result, the valley runs across the c*-Cb single phase field from

the Cb-corner and in a direction where it fonrs a continuous straight line

1 with the tie-line joining the a-Cb phase bounda:.y conposition with HfO2.
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_- _. A possible interpretation of this result m=y be as f!tllows.

The wWgen ions tend to occupy the octahedral sites of the body centered

1cubic matrix, thus lying at the mid-points of the cell edims. whereas

the hafnium atoms go into the cube corners, replac! .g coulbiuu. A form

i- ] of "clustering" may now occur in which randomly dispersee "ndecules" of

.. 02 form within the Cb lattice, an ion of HI being flankec on either side

1( ',by an oxygen ion. In forming such a molecule, each oygen would gain
two electrons from the Hf, increase teir e-fective ionic radius

but in losing its four valence electrons to them, the hafnium would decrease

in size. The net effect would be a cancellation of charges and sizes

which would tend to leave the lattice as a whole with a parameter very

little different from that of pure Cb. A study of Fig. 20 shows that,

. v i reality, the valley iU not quite level but rises slightly with Rf

content.

~f1 The state of affairs described above would apply only to c*-Cb

alloys lying along the line Cb-HfO2 . Any oxygen in excess of the 2:1

[- ratio would, of course, be distributed at rardom throughout the remaining

octahedral sites in the lattice. Such alloys would be ex-pected to behave'

"very much like Cb-O binary alloys and become extremely brittle at the

[higher oxygen levels. This is indeed the case. On the other hand, o-Cb

alloys lying on the other side of the Cb-HfO, l$-e and contasiing 11f in

[ excess of that required to form HfO, cleculesi would be expected to

be ductile, and this is what is actually found. Furthermore, in going

from the "more metallic" Hf-rich c-phase alloys to the "3ess metallic"
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0-rich alloys on crossing the Cb-HfO2 line, a sh~arp increase in elec'rical

resistivity would be anticipated due to electron scattering pro:duced by

the excess interstitial oxygn. Tis expectatiotn is fuJly 10;orne out by F!I the results presented in. Fig. 21 which showis the electrical resistance
-~ ~-at I.7009C of a 2.8 Hf 9T.2 Cb wire to which varying atcmic :&rcentagesf

of 02 have been added at temperature in the Sieverts anp a-s As may

be senon exceeding tharitical oxygen content for stoichivnletrIe

molecule formation, there is an extremely sharp rise -in the electr- ca.XfO2
resistance.

4i. Nitriding-of Cb and Cb-Hf Alloy

A&.1 General Introductic= - Previous Work

The adsorption of nitro&-en by co.Lubim~ under various conditions

of temperature and pressure has been studied by a number of' authurs.

A cnprehensive investigation of the system by direct synthesis of' Cb and

using oxygen-free preparations and up to 150 0  was catried out by

Brauer and-Jander(22) and Brauer and Esselborn, (3 while the syntbimis

of b-CbN under a nitrogen pressure of up to 60 atmospheres was studited by

(24) (25)
Brauer ana Kirner, Th±e system was also studied by Sch5nberg who

nitrided coltu1Dr.u in ammcalia at temperatitres betveen 70 an 110V0 C,

while the structures of the various nitrides were studied by TEerao (26 )

using electron iiffraction and x-ray techniques. Thbe results of' Brauer

et al. and Schbnberg differ to some extent, presmiably due to the methods

of preparation, a sumary of the phase structures found being given in.
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Table 4 and schematically represented in Fig. 22. Also included in

Fig. 22 are the results obtained by ELliott and Komathy( 2 ) for Cb-N

pases at 14uOC. Below about l0O0 C, the "bOr phase changes from face

centered cubic to hexagonal.

As would be expected, the amount of nitrogen taken into solid

solution in body centered cubic 0-b is a function of the temperature and

the pressure. According to Brauer, Cb takes less than .75 at. % N into

solid solvtion,, whereas at 1 aimosphere N2 pressure, Elliott and Koujathy

show it to take about 1.5 at. % N at 10009C, 3 at. % N at 15000C, and about

Fl 14 at. % N at 240 0 C. Howevero as found by DIrrschnabel and rz(28)

-quenching Cb wire of d!ameter 0.8 n (32 mils) from temperatures ranging

from lr60 to 1960C and nitrogen pressures ranging from 1 x 10 "3 to

1 x 102 torr (25 seconds to 5e0 C, or 7 siconds in argon) did not retain

i more than about 1.3 at. % N2 in solid solution.

" , .The solid-solubility of nitrogen in columbim has also been

investigated as a function of pressure and temperature using a Sieverts

' type of apparatus by both Cost and Wert( 2 9 ) and Gebhardt, Fromm and Jakob. ( 30 )

7his technique does not require cooling the sample down before measuring

the nitrogen content and is therefore free frm the problem of nitrogen

ploss caused by nitride precipitation. The solid solubility resul ts of

Cost and Wert indicate about 10 at. percent nitrogen in solid solution

at 2 O°C and 3.,0 x 10 "I torr and Gebhardt obtains 10 at. percent, while

Eliott obtal;s about 6.5 at. percent referred to 1 atmosphere pressure

It
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1able 4

Phases in the Sysi Cb-N

Hor-Wgnelty
crystal range. Atomic Lattice Parameters

Phase Stracture percent Nitrogen ........

Brauer et el.

Cb b.c.c. 0 - < 2.0 a=3.301(4) - .32(6)

2CbN h.c.p. 28.5 - 32.4 a=3.062, c=.966, c/al.62 to
a=3.0, C=5.005, c/a=.6 9

(from kx)

CbN Nt. deformed 42.8 - 44.1 a=4.94, c=4.321, c/a==O983 to
a7=.396, c=z.A39, c/a=0.98

(from kX)

CbN III f.c.c. NaG]. 45.4 -48.R a- 4 .386 to a-s4.389
(from kX)

CbN II h.c.p. 48.7 a=2.93, R=5.45, c/am.87

hexagonal 1ae s 0.0I bw a=-2.9.c;, c-1i.2T, c/&-3.82i

Schanber

Cb '.c.c. 0 <2.0-

h.C.p. As for CbN above-

H exagonal 44.4 - 47.4 a=2.950, c=2.Z2 c/an0.940 to
WC-type 9,-2-958, c-2.779, chku0.939 I

0h.c.p. Same as CbN II above a=2.9E8, c=59535, c/awl.865

f Hexagonal Same as CbN I -ibove a--2.952, cz11.2%, c/au5.8i1
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4.2 Lattice Parameters of the ci-Cb(N) Primary Solid Solution

S II According to Brauer and Jander(22  the room temrature lattice

_ : lj parameter of Cb after annealing in a high vacum at 100°PC for i hour is

3.3o(4) whereas a two phase a-Cb + Cb2N alloy containing 4T7 atomic

_ percent N2 had a somewhat higher parameter a = 3.302(6) (from kX), the

actual amount of nitrogen retained in solution at room temperature being

doubtful and at most 2 at. percent. Similar results were obtained by

Schanberg using columbium powder nitrided in ammonia at temperatures

between 700° and 11OO°C. On the other hand, based on rapidly cooled wire

[] of diameter 30 mils, D rrschnabel and Harz obtained a =3300(0)

for Cb wire degassed for 13 minutes at about 226C and 5 x 10 tort and

[1 a = 3.304(1) R for Cb containing 1 at. percent nitrogen in solution.

However, the rate of cooliiig was not particularly fast (25 s)onds to reach

W--0C in I x 16 2 , or 7 seconds in argon) and ample time would

be available for the formation of a nitride precipitate.

Some preliminary nitriding experiments were carried out during

[1 the present investigation using the same bell-Jar apparatus and dynamic-

leak method as for the oxidizing experiments described in Section 3.3.1

H(page 17), a nitrog.n purification train being inserted between the
[nitrogen cylinder and the bell jar to remove any traces of oxygen from the

gas (Fig. 5). The train consisted of a resistance furnace fitted with an

[3 Inconel tube packed with fine cc.pper turnings heated to about 30°C over

which nitrogen was stored at 10 pounds pressure. This reduced oxygen

pickup considerably.
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A summary of the x-ray and microscopical findings for 11 nl

Cb wire heated for various times and pressures in the nitrogen purified

as above is gven in Table 5, where corrections are applied to the observed

lattice peramMeterz of the a-Cb-N solid solution to allow for the oxygen

content of the wire.

A plot of corrected lattice parameters versus analyzed nitrogen

content for radiation-quenched Cb-N wires is presented in Fig. 23. The

number of experimental points is small and the relationship between

composition and lattice parameter is assumed to be linear, as it is in the

Cb-O system. With these limitations in mind, it would seem from the

x-ray data that the maximum amount of nitrogen that can be retained in

columbium on quenching from 16800 C after equilibrating in an atmosphere

of 5 x 1074 torr N2 is 1.05 atomic percent, the corresponding room

temperature lattice parameter being a = 3.3060 R.

The lattice parameter change produced by the nitrogen interstitially

dissolved in columbium is relatively large, the value of a increasing from

the extrapolated value of 3.2986 R for pwe columbium to a = 3.3060

at 1.05 at. percent nitrogen. As shown in Fig. I4, the rate of increase

in lattice parameter with nitrogen content (curve a) is appreciably higher

than for the corresponding a-Cb-O solid solution (curve c). Also plotted

in Fig. 2 4 are the parameter data of Ddrrschnabel and BMrz (curve b),

which indicates a lower rate of parameter increase than our own. This is

due, in all probability, to a higher initial Cb parameter resulting from

incomplete de-oxidation, and to too low an a-Cb-N parameter resulting from
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the loss of nitrogen as precipitated nitride on account of the relatively

slow cooling rate of their 50 mil diameter wire specimens.

Photomicrographs of columbium 11 mil diameter wires nitrided

in the bell-jsr using the dynamic leak method show good penetration toward

the center, the distribution of the nitride phase Cb2N apparently being

somewhat more uniform at the higher nitrogen concentrations. This point

is borne out by Figs. 25 and 26 which show longitudinal and transverse

sections of a wire nitrided for 10 ninutes at 16800C and 5 x 10- 4 torr,

and containing 1.75 at. percent nitrogen, 0.09 at. percent oxygen, and

Figs. 27 and 28 which show longitudinal and transverse sections of a

columbium wire nitrided for 10 minutes at 1680°C and 5 x 10 torr, the

analyzed nitrogen and oxygen cart,-1ts being 5.10 and 0.09 atomic percent,

respectively. In both cases, nitride has formed both within the grains

and at the grain boundaries. This behavior is quite unlike that of the

Cb-O alloys where the oxide tends to form on the outside of the wire.

4.3 Determination of Nitrogen Solubilityby the Dynamic Leak
and Sieverts Methods

Originally the solubility of nitrogen in columbiwn as a function

of pressure and temperature was determined by the dynamic leak method,

analyzing the samples for nitrogen and oxygen after quenching to room

temperature. By this means, the solid-solubility limit of nitrogen could

be determined isobarically or isothermally. both methods leading to the

Isame results.I
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In the isobaric approach, the pressure was held constant while

the wire sample adsorbed nitroGen. By reducing the heating current and

slowly cooling the wire under isobaric conditions a point is reached at

which CbN begins to form both on the surface of the wire and its interior.

This point, which corresponds to the solid solubility limit of nitrogen in

the primary a-Cb 'chase, rray readily be established by observing the power

input to the wir- on a sensitive wattmeter while simultaneously noting the

brightness temDerature of the wire as indicated by an optical pyrometer.

Due to the caombined effects of resistivity increases on o -,m S and

the emissivity change from 0.3T4 for Cb to 0.23 for Cb2N, ) the onset of

nitride formation reveals itself by a sharp break in the curve relating

watts input to the wire with the observed temperature as shown in Fig. 29.

Once the discontinuity hss been located, it may be repeatedly

traversed backwards and forwards to establish the equilibciu temperature

at the preset pressure. At this point, the wire is radiation quenched

from the o-Cb phase limit and its nitrogen content determined by chemical

analysis. A determination of nitrogen content may also be made by the lattice

parameter technique once a lattice parameter versus nitrogen content curve

has been established, provided no nitride precipitation occurs during the

quenching process.

The alternative technique, which is somewhat more difficult to

[employ, but which yields almost identical results, is to maintain the wire
temperature constant and gradually increase the dynamic pressure of the

i nitrogen until the solid-solubility limit i,: reached and Cb2 N commences
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to form. This point is marked by a sharp break in te watts inp-t versus

nitrogen pressure curve, and also by a mazked i,,stabilty in thIe 7'eadings

of the pressure gauges.

The above techniques were supersedid b'y te Sieverts method

briefly mentioned in Section 3.3 (page 16), and in which ultra-pure Baker

nitrogen was used. The great advantage to be gained by employing this

teruative' approach is that no chemical analysis of the nitrided sample is

required, it being possible to compute directly fr.; the initial weight

of the wire and from the initial and final nitrogen pressures, the precise

amount of nitrogen adsorbed at temperature. Moreover, since the total

volume o), the Sieverts apparatus is only 1.8 liters (including McLeod gauge)

as Winst about 44.5 liters for the bell-jar apparatus, the Sieverts n

apparatus can be completely baked out by heating to Yo.0- 0 C overnight

under a vacwm of l0 - T torr. Such a procedure is impossible with the 11
bell Jer. Furthermore, a siag Grenvil~e-dIlip, bakeable valves, fi

"Conflat" all-mte L joints and gold-wi:e gasket seals, the leak rate of

the Sieverts equipment could be re-uced to negligible proportions. This I

was not the case with the bell-jar apparatus 4hich was fitted with

conventional synthetic rubber O-ring seals and gavzlets. However, it is I
interesting to note that the final results obtained by both the dynamic i
leak and Sieverts nethods were surprisingly similar.

The ieverts apparatus my be employed in tuo different Rays to

determine the pressure-tempermture-compositLn relationship- The first

of these is a constant temperature method in which a series of small
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additione ef known amounts of nitrogen is made to the deoissed specimen

Iwhich is held qt c. given temperature in I= system, the entire "pparatus

being Wbatd at . pressure of 10 - T tour approximately. After each

nitrogen addition, t.he pressurt. in the system is followed as it decreases

Iwith time until it finally becomes constant. At this stige, the nitrogen

is in thermodynami equilibrium with the solid wire specl.ren. After

lnoting the equilibrium pressure and the composition of the specimen a

new increment of nitrogen is introduced into the system and the procedure

repeated.

IAn alternative to this first method ,as also employed, in that

after equilibrium was obtained at 1500°C, the temperature was raised in

stdges to 1750, 2000, and 22000 C respectivelyand the equilibr..um pressures

notec vt these temperatures. The wire was quenched from 2200 C and a

I° small increment of nitrogen introduced into the system, after which the

equilibrium pressures were again measured at 1500, 1750, 2000 and 220C.

In p;actice, this technique prov,.d the more convenient.

11 It is, in essencep a constant composition method, for if we

take into account the macs of the wire and the small volume of the Sieverts

[apparatus, it is found that relatively trivial changes in the amount of

Iadsorbed nitrogen will produce quite large changes in the pressure of the
I surrounding nitrogen atmosphere. However, a small correction must be

applied for the highest temperatures. This is done by noting the equilibrium

Ipressure, quenching the wire, and measuring the final pressure when the

I apparatus has cooled to room temperature since all composition ca culations

must be referred to nitrogen at standard temperature and pressure.
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in using the tbovc method, the first : tridi to form is Cb2 .

The composition and pressure at whiich the Cb2 forms L-irtdiately yields

thc trminal solid solubility ltoJ.t of the a-Cb solid solution and the

decomposition pressure of Cbjf for the enstant teriperature a, wh.' 'ch the

measurezents were made. Any further addition* if nV.rojevn at this

equilibrium tperature -nerely results in the igrzAtion of w- e Co2 N, the

pressure remaining constan at the equilibrium vplue.

4.4 Discussion of the Nitriding Results

As distinct from the dynamic equilibrium in the Cb-O system

where t-Cb with oxygen in solution was in contact with oxide vapor, in

the case of the Cb-N system the adsorption of nitrogen takes place at

temperatures and pressures et which only nitrogen gas and a-Cb solid-

soltion co-exist. Thus, the process is strictly reversible; if the

temperature is raised above the equilibriwo value the adsorbed nitrogen is

released as nitrogen gasi, while if the pressure is raised more nitrogen is

adsorbed. It is assumed that the nitrogen gas-phase consists of diatomic

molecules which split-up into atoms at the metal surface before going

into solid solution, We may therefore write

1
N 2 (gas) w N (solution). (1)

Thus, &ccording to Sieverts Law, the equilibrium concentration

x of nitrogen in solid :3olution at the temperatun, T should be expressible (

by an equation of the fon-:
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x constant (p2)1/2 exp (Q/RT) (2)

where x is in atomic percent, pN2 is the nitrogen pressure and Q is the

heat of solution of nitrogen in columbium in calorLes per gram atom.

Cost and Wert(29) using a Sieverts apparatus obtained

x 6.2 x -4 1/2 ex (4,0/T)
Xp ) 10p (4,ooNT 2

where p is in torr.

Si A plot of log p. versus log x as abscissa for constant T
-2

.,should yield a arraigi. lir* -ith a slope of 2. Our own results, obtained

with the Sieverts apparatus, are plotted in this manner in Fig. 30 for the

Ii temperature range 1500-2200 C. It will be seen that the results plot as

perfectly straight lines with a slope of 2 as required by theory.

A critical examination of the log pN2  ,ersus log x plots

1 of Cost and Wert which cover a similar pressure range, namely 10 "6 to

101 torr approximately, shows that average lines of slope 2 were drawn

[I through the experimental points. Actually, the curve for 15250 has a slolv

of 1.57 if Craun accurately through the points, while the curves for 1760

and 2255 show quite distinct breaks, the upper portions of the curves at

high pressure ends of the range having slopes of 1.62 and 1.42 respectively.

Similarly, the curves obtained by Gebhardt, Fromm and Jakob(25) have

slopes of 2 for temperatures ranging from 160 to 2000,, but the curve

for 2100' has a slope of only 1.8. It is possible that the departure from
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the theoretical slope is associated with the pickup of oxygen in the

higher temperature and pressure ranges, or failure to obtain true

equilibrium on account of the size ao. h specimens.

The isothermal plots of log p versus log x presented in

Fig. 30 may be converted to constant composition curves as shown in Fig. 31

in which log pN is plotted as a function of 10 4To K). These lines

terminate at the solid-solubility limit of the OCb-N primary solid solution

and mark out the line which gives the decomposition pressure of Cb 2 N as

function of l/T.

Using the p-T-x data in Figs. 30 and 31, the solid-solubility

limit of nitrogen as a function of l/T can be drawn as shown in Fig. 32.

As shown by the Figure, the present set of results is remarkably close to

those published by Cost and Wert and by Gebhardt) Fromm and Jakob, for

tomperaturer above 1500 C, thus confirming the theym'odynamic data

incorporated in equation (3) (page 51).

4.5 Nitrogen Retained on Quenching

Figures 30-35 illustrate the amount of nitrogen which can be

held in interstitial solid solution within the body-centered cubic O-Cb

matrix at a particular temperature and surrounding nitrogen-gas pressure.

The question which now arises is how much of this nitrogen can be retained

in solution on quenching. As mentioned above, Dfrrschnabel and Hdrz(2
8 )

quenched Cb wire of diameter 0.8 mm (32 mils) from temperatures ranging

from 1560 to 1960 C and nitrogen pfsures ranging from 1 x 10- 3 to
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1 x 16o2 tort and did not retain more than 1.3 at. % N2 in soli? solution.

(No proof was offered that the quenched alloys were single phase ax-Cb.)

Our own investigations with the dynamic leak method seemed to indicate that

the maximum amount of nitrogen which can be retained in solid solution

on querching 1 mil Cb from 168 0 c after equilibrating in an atmosphere

of 5 x 10"4 torr N 2 is 1.05 atomic percent.

!i When the Sieverts apparati.s became available, some additional

1' quenching experiments were carried out. Using ultra-high purity Baker

nitrogen. a 14.3 mil diameter Cb wire was doped with 9.48 atomic percent

N 2 at 22009C in an equilibrim pressure of 1 torr N2 and then quenched.

The x-ray diffraction pattern of the wire showed it "co be two-phase,

ok-Cb + Cb2N. The lattice parameter of the a-Cb solid solution was

a a 3.304(2) R, corresponding to a retained nitrogen content of 0.7T atomic

percent, based on the calibration curve shown in Fig. 23. Similar lattice

parameter results were obtained for the same batch of wire containing

2.04 atomic percent N2 and quenched from 2200°C at the equilibrium pressure

of 4.6 x 10-2 torr, the lattice parameter now being a = 3.303(T)

corresponding to about 0.72 atomic percent N2 retained in solid solution.

It would seem that the extremely rapid rate of nitride formation

[1 prevents the O-Cb solid solution from retaining more th n about .0 atomic

percent N2 in the lattice, the amount retained being extremely sensitive

to the rate of quench, being lower for the thicker wires and loe- gas

-i pressures.



On being precipitated during a quench, the rapidly forming

Cb2N phase produces an extremely fine Widmannsttten structure. At tae

higher nitrogen levels, precipitation is general throughout the grains

and along the grain boundaries as shown in Fig. 33 for' Cb + 9.48 atomic

percent N2, quenched from 2200°C. At low nitrogen contents, precipitation

of Cb2N in wire quenched from 22000C is confined mainly to the grain and

sub-grain boundaries as sbown in Fig. 54 for Cb + 2.04 atomic percent N2

4.6 The System Columbium-Hafniur

This constituent binary system of the ternary system Cb-Hf-N

has already been dealt with in Section 3.9 (page 52), and the lattice

parameters in Section 5.9.1 (page 52).

4-7 The System Hafnium-Nitrogen

The only information on this system is that it forms the nitride

HfN. This compound hE', a metallic character, melts at 35100 C and has a

face-centez-d cubic structure of the BI-NaCl type with a = 4.52 + 2 R.01)

It is probable, however, that Hf takes some nitro3en into solid solution.

4.8 The Syatem CcJlunbium-Hafnium-Nitrogen

Since the ,amount of nitrogen which can be retained in solid

solution in the c-Cb phase is conditioned by the pressure of the nitrogen

atmosphere and the decomposition pressures of the Cb2N and HfN phases, it

is possible only to draw a pseudo-equilibrium diagram of the Cb-Hf-N system

for any particular temperature isothermal.
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When nitrogen is added to pure colunbiiun in the SLeverts

apparatus, the pressure falls to the decomposition pressure of the Cb2 N

phase corresponding to the temperature, should th nit-ide begin to form.

This pressure is given by the log pN versus 1/T plot in Fig. 31,

shown as the heavy line. Thus for temperatures within the range 1400 to

23000 C, the decomposition pressure of Cb2 N varies from l0 to 101 torr

and lies within the range of measurements of the McLeod gauge employed

with the Sieverts apparatus. Thus the solid-solubility limit of nitrogen

in a-Cb can be determined from a measure of the nitrogen pressure.

However, this no longer becomes possible when doping Cb-If

alloys with nitrogen because if HfN forms, the decomposition pressure falls

far below that of the range of the McLeod gauge and cannot be determined.

All that can be done is to compute the total nitrogen content of the ternary

alloy so formed, and use x-ray diffraction and micrographic techniques

to establish the identities and quantities of the phases present.

Figure 35 illustrates the case for an alloy of atomic composition

j j 90.4 Cb 9.6 Hf to which 15 atomic percent of nitrogen has been added in

the Sieverts apparatus (the effective atomic percentages of Cb and Hf

[I will be correspondingly reduced by the nitrogen addition, but their ratio

11 will remai' 90.4/9.6). At time t = 0 and 15000 the pressure in the

Sieverts apparatus is 2.5 torr and it falls to 10 - torr after about

158 minutes, after which it remains constant. Thus virtually all the

nitrogen has been adsorbed by the alloy, and its average nitrogen content

se -4
iLs established. The residual pressure of 10 torr can easily be accounted
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for by the 60 ppm of argon which is the chief impurity in Baker nitrogen.

By quenching the wire and pumping the system down to 10" torr, re-isolating

it and reheatine, the wire to 1-00 0C, it is found that there is no appreciable

increase in pressure, which remains below the range of the McLeod gauge,

and hence no free nitrogen gas evolved by the wire./

After the above experiment, the wire was again quenched and

examined by x-ray and micrographic methods. he Debye-Scherrer pattern

showed it to consist of the ;hree phases a-Cb + Cb2N + fN, although this

would by no means be obvious from the microstructure shown in Fig. 36.

From experience with the Cb-TN binary system, it is probable that the grain

boundary phase consists of Cb2N.

Binary Cb-fff alloys in the form of wire and respectively containing

2.8, 4.8, 9.6, and 22.3 atomic percent Hf were degassed at 22000 C in the

Sieverts apparatus and then doped at 1i,;00 C with varying amounts of itrogen

I rangiug up to 25 atomic perzent of the final alloy conposition and then

tuenched on attaining equilibrium1. Te x-ray and micrographic findings

are suIrized in Table 6 and incorporated in the poeudo-equilibrium diagram

in Fig. 37, due allowance being made for the shifts in composition

produced by adding the nitrogsn.

it will be noted that the o-Cb phase Cb-Iff alloys all have a

nitrogje isolubility limit of less than 0.5 atomic percent at 15000 C, the

lack of a Widmannsftten 3tructure in the microstructures and the sharpness

of the Debye-Sherrer pattern of the second phase indicating that the

alloys were definitely two-phase at temperature. The second phase,
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in this case, is not Cb N as would be expected, but face-centered cubic

The HfN phase is probably close to the stoichiometric composition,

through this point should be explored further, but the Cb2N phase is found

to extend some distance into the system as shown in Fig. 37. The a-Cb H
and Cb2 N apices of the ternary triangle m-Cb - Cb N - HfN have been fixed

on the basis of the lattice parameters of the a-Cb and Cb2 N phases.

On account of the extremely low decomposition pressure (< 16- 6 torr)

of the HfN phase, it is probable that the a-Cb/a-Cb - MfN phase boundary

is not very sensitive to changes in nitrogen pressure, so that the ,-Cb j
apex of the triangle a-Cb + Cb2N + HfM is fixed. On the other hand, the

a-Cb/a-Cb + Cb1N boundary will be sensitive both to pressure and I
temperature, and, at 15OO°C, will lie at about 2.5 atomic percent N2 at

6 x Io 5 torr, and at about 10.0 atomic percent N2 at 3.0 x i0 "I torr. I
It is alsc highly probable that tbh. boundary of the Cb2N phase-field is I
both pressure and temperature sensitive.

K
5. Columbium-Rich Columbium-Rafnium.Carbon Alloys

5.1 General Introduction -- Previous Work

In the determination of the solid-solubiit limits of carbon

in the body-centered cubic Cb-rich Cb-ff primary solid solution, it is

necessary for identification purposes to know which carbide-phases are

in equilibrium with the Cb-Hf cdld solution. Possible carbides in

equilibrium with Cb-rich C-Hf alloys are Cb2C, CbG, HfC and mixed J
carbides such at (Cb,Hf)C.
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i
5.2 The Cb-Hf System

This system, which consists of an unbroken series of body

centered cubic solid solutions above 1950)C has been dealt with in

Section 3.6.

5.3 The System Cb-C

I Although a number of investigations have been carried out cn

the carbides formed in this system, ( 32) the only comprehensive study

to be made is that by Brauer, Renner and Werziet ( 33 ) using x-ray, micro-

scopic and pycnometric techniques on alloys made by direct synthesis

and by carburizing in methane. In all, four single-phase fields are of

I interest in the system, namely O-Cb, hexagonal close-packed C 2C, cubic

NaCl-type CbC, and carbon, the extents of the phases at 1600-17000 C being

shown in Fig. 38. According to the microstructures, ( 3 3 ) the Cb phase

retains, at most, 0.02 at. percent C in solid solutiin with negligible

change in the lattice parameter of the matrix. The crystal structures

fl of the carbides Cb2C and CbC have also been studied in the form of thin

films by Terao ( 3 ) using electron diffraction methods.k 5.li 2he System Hf-C

According to Hansen, (35) only the intermediate phase HfC is

I formed in the system. The melting point of HfC is 3890 + 1500 C. The crystal

structure is of the face-centered cubic B3-NeCI type with a lattice

parameter ar 4.6365R. As s the case with TC and ZrC which have the
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same type of structure, the HC phase will, in all probability, have a

certain homogeneity range and this will certainly influence the value

obtained for the lattice parameter.

5.5 Te System Cb-Hf-C

Nothing has been published on this system.

5.6 Z, &stem C"-C -- Present Inveotigatien

Two methods of approach were employed in attempting to obtain

the solid-solubility limit of carbon in columbium. These entailed the use

of (&) solid specimens containing re ;pectively 0.5, 1.0 and 5.0 atomic

percent carbon prepared by melting together powdered columbium with a

master alloy of stoichiometric composition Cb2C, and (b) using zone-refined

cobtbium wires which were given a thin coating of Aqudag and heated in

the bell-Jar apparatus for various tioes and temperatures in a vacuum of

1O- 6 _ 1o-7 tort.
the case of the solid samples, which weighed approxilmtely

7-8 grams, the allys were hmogenized in the tungsteh $a'be furnace for

24 hours at 1600C and qeanched on a molybdenum sheet. Typical photo-

micrag-4bz -orrespoding to 5.0 and 1.0 atomic percent C are presented P
in Fip .i ° W d IO a rA ah w h.e-u l Cb2C in a ma 'trix of colu mbi umU

VrImar:, oUd wl ution. A r eotoicrogmrph of 0.5 at. pernt C Gb-C

elloy hmt-trorte end queobed under t, e same oonitions ww eut1xly

single °e. t ee that fe solid-solubility limit of U

(a!

oI
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• 
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carbon in columbium at 16000C lies between 0.5 and 1.0 atomic percent

I. carbon (660 ppm and 1300 ppm respectively). Usinq a point-counting

technique,; 6 '3 7 ) the 5 at. percent C alloy yielded 14.0 + 2.2% by

volume of Cb2C in the Cb matrix, based on a total of 1998 point inter-

sections. This places the solid-solubility limit of c"rbon in columbium

at approximately 0.,5 + 0.75 at. percent C, in agreement with the

original microraphic findings. A similar count, with 8176 point inter-

sections on the 1.0 at. percent C alloy yielded a Cb2C volume-fraction

of 2.56 + 1.0% correspordinZ to a carbon content at the solid solubility

I limit of 0.24 + 0.28 at. percent C. The same 1.0 at. ercent C alloy

heated for 16 hours at 2180 0C in a vacuum ef 5 x 10 7 - x 10-6 tort

htad slightly less Cb2C.

In order to avoid the possibility of oxygen pickup when using

filed samples, x-ray diffraction studies were made on fully degassed

z-ne-refined Cb-uire which had been coated with a thin layer of fqua&%.,

as mentioned above, and heated for various times and temperatures in

I 'iacuum. On account of the varying thickness of the Aquadag layer, there

was a tendency to large variations in the surfiice brightness, which made

V accurate temperature determinations almost impossible. while the occasional

formation of hot-spots caused the wire to fail. Nevertheless, carbide

formation occurred as shown in Fig. 41 for the typical case of a wire

heated to a nominal 1T0°0C and held for 16 hours in a vacumu of 1 x 10-6

torr and radiation quenched. X-ray diffraction patterns taken from the

wires in the region where the tinperature measurement vas made showed a
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vailJ but significai.t increase in lattice parameter of the Cb primry

solid-solution and also the pre ence of appreciable amounts of hexagonal

b 2C both within the grain boumidaries and within the grains themselves.

Thus the behavior of columbium with respect to carbon is very similar
T

to its behavior with respect to nitrogen, and very dirferent frou thiat

with oxygen, where the oxide tends Io form almost entirely on the surface.

Lattice parameter 4etermiutions made on wire carburized at

I 1700°1 yielded a value of a = 3.3010 R as against a parameter value fo-

zone-refinzd oxygen-free columbium of a = 3.2986 R. Based on the micro.

graphic work on the lump samples, the lattice parameter of the carburized

wire corresponds to an approximate carbon content of 0.55 at. percent,

it beinsg assumed that es a result of the prior depssing treatment almost

all the oxygen and nitrogen has been remcn'ed and that any residuum would

be carried off as a .aseous reaction product with some of the carbon in

the wire.

Comparing the rates of lattice parameter change per unit atomic

percent increase in carbon, nitrogen and oxygen, we obtain foi (da/a)/unit j
increase the - els0 0.00132, 0.00224 ard o.00118 regpectiwly. Thu

based on these initial results it woul4 seem tbat nitrogen is the most

effective -, the three elements in increasing the colaubium spacing.

5.6.1 Discussion ef the Results j
The prse work on the Cb-.. sytem places the solid-

solubility of carbon in colbium close to 0.5 atomic percent C for alloys
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'iuenched from. 16000 and 2180C. This value Is much hig her thar. the value

of 0.02 atomic percent attributed to Brauer et al.(32) However, a c'treful

study of Brauer's paper(33 ) indicates that the solubility linit was based

on the planimetry of the Cb2C phase in an alloy of composition CbCo.o0Q

(4.76 at. percent C) which yielded a phase boundary composition of

CbC0.026 or 2.52 atomic percent C. This was erroneously reported as 0.02

atonic percent, and subsequently published as such in "Hanen". As may

be seen from the present investigation, a value of 2.r2 atomic percent C

is much too high, while 0.02 is much too low. Our own work, with alloys

at 0.5 and 1.0 atomic percent " effectively traps the boundary composition

at 0.5 atomic pccent. This value was fully confirmed by the subsequent

-3,rk on the ternary system Cb-Hf-C.

15.6.2 The System Cb-Hf-C -- Present Investigatian

. As a prelude to studyin.g the solid-solubility of C in the

c -Cb-Jtf solid solutig.a number of ternary alloys were made to establish

fthe ide,:ti-ies of the carbide phases present in the system as an aid to

interpreting the x-ray diffraction patterns and photomicrographs of multi-

[ phase low-carbon alloys. Ltie ternary Cb-Hf-C alloys high in carbrcn were

made foma mixtures of Kennwimetal colunbium powder., filed Hf crystal Iar

from ie Foote Mineral Co., and Specpure carbon p-der, the mixtures

S~being compresse6 iato 1/2-Inch diameter slugs and then alloyed by solid
state eiffusion in vacu. for 24 hours st 2500°C. However, tJe diffraction

Ii patterns were diffuse indicating incomplete hamogenIMtUMos and an attempt
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was made to improve matters by melting the samples in the argon azc

furnace followed by a second anneal of 2 days at 2000C. he patterns

were considerably improved by this procedure but a small amount of residual

diffuseness remained. The following compositions were investigated: CbC,

Cb2 HfCY Cb"f C fC; H2cf Cc and C 3  These alloys

were quite brittle and could easily be powdered in a tungsten carbide

mortar for subsequent x-ray diffraction analysis.

In addition to the above, four low-carbon alloys of nominal atomic

compositions 94 Cb 5 Hf iC, 89 Cb 10 Hf I C, 84 Cb .5 Hf 1 C, and

79 Cb 20 Hf 1 C, were made by melting suitable mixtures of CbCO, Cb and Hf

powders in the argon arc furnace. These alloys were subsequently levitation

melted at 10 "  - 10- 6 torr and vacuum cast into cylindrical rods of

approximate size 1-1/2" long x 3/60 in diameter, after which they were

homopenIs*& by heating for 1 day at 20000 C and vacu= quenched.

After this heat trea-ewnt, the ends of the rods were subjected

to micrographic examination and were found to be two-phase, thus showing

that the solid-solubility limit of carbon in Cb-Hf alloys is less than

1.0 atomic percent at 2000°C. This falls in line with the solid-solubility

limit of carbon in the binary system Cb-C. It was expected that the second

phase would be Cb2 C, but subsequent x-ray analysis showed it to be an

extension of the CbC phase, as will be described below.

Of the four 3f6" diameter ternary alloy rods containing 1.0

atomic percent carbon, only those containing 5.0 and 10.0 atomic percent

Hf could be drawn down successfully to wire of 11-12 ril diameter; the two
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ternary alloys with a higher Hf content, namely those with 15 and 20 atomic

percent respectively, cracked during the swaging operation from 1/8"

diameter rod to 146" diameter wire and any attempts to reduce the diameter

still further by drawing had to be abandoned. As a result, only the first

two wires could be heat treated in the Sieverts apparatus, while the

cracked rods were heat treated in the tungsten tube furnace.

1' The results of the x-ray and micrographic investigations of the

Ssamples after various heat treatments are presented in Table 7 and tAe

tentative Cb-Hf-C phase diagram based on the data is given in Fig. 4,2.

j It will be noted that only three single-phase fields are of interest,

namely (Cb, Hf)C, Cb2 C and -Cb. These will be described below.

I i5.6.3 The (CbRf)c Pse-Field a

Tbe present investiaton indicates that at 2wOOCs

L the piase-field based on the cubic 2l-type CbC structure extends as a vide

band across the Cb4.f-C composition triangle as a continuous series of

I] solid solutions and links up with face-centered cubic El-type HfC. As

j shown in Fig. 4S, the lattice parameter of CbC increases almost linearly

fr- the pblished values of .46(95) R for CbC to 4.636(5) R for RfC.

[Additions of Cb end Ef to mao the metL content of (Cb, ff)C alloys greater

than 50 atoic percen leads to parameter changes which are tentatively

Indicated by the stric contots interpolated across the (CbEf)C

pbse-freld as sbown in Fig. 42. In the portion of the pbume field

richest in Cb, increases in the metal contont actually leads to & marked
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not replaced substitutionally by metal atoms in the structure, but rather

that lattice vacancies are cr-ated by the absence of' carbon ators from

their preferred sites.

5 .6.4 Tbe Cb 2C Phase-ield

Based on the x-ray and .irograpalc results it would

I seem that the hexagonal Cb2C phase is closely confined to the Ch-C edge

of the composition triavel as shovn in Fig. 42 and takes very little Xf

Sinto solid solution.

5.6.5 m* cr-b miase-Field

At 2000C, body centered cubc a-Cb forms a contimuus

series of substitutiomal solid solutions vith boy centered cubic 1-W,,

the a-Cb pbase thus Aszetcings in effect, across the e-Mt~re Cb-ff edge

of the Cb-V-C comositian trisazle. As *obm by the pbototcrrapbs of

the series of alloys containing 1 atomic percent o.f carbon:, there is a

second #se presents the quwatty of which is too s=31 s be clearly

Identified In the z-r &iffraction psttern of the ssanpez.

[ ?ipores Iri and 16 sbow the sdrostructures of tbe respective

AUoM 914 Cb 5 11f 1 C and 89 Cb 10 Er I C after an - III tilz aienl

of 24 ew at 200(c. Both aflo~s zeval the pmence of siplfiaxt

[ mto f carbide pause which Ineceses smewbut anre.-eaemlngfo

16 bexw at 150c after slovly cooling frm220(1C As slvwn by Pig. 4~5,
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wixe of composition 94 Cb 5 Hf 1 C becomes single phase on heating for

10 minutes at 22000C. but this is not the case for alloys of higher Hf

content. Based on the amount of carbide observed, the boundary of the

0-Cb phase for the 20000C isothermal is probably located at less than

0.2 atcmic percent C.

The amount of carbide in the samples is too small to yield an

x-ray diffraction pattern which would enable its identity to be recognized.

Rather that use an elaborate extraction technique or make up a new series

of alloys having a higher carbon content, the following method was employed

to identify the carbide phase. The wire of initial composition 89 Cb 10 Hf 1 C

was given a coating of "Aquadag" and heated in vacuum in the Sieverts

apparatus at 20000C, this temperature being chosen instead of 2200°C to

avoid the wire's burning out should hot spots form due to slight

irregularities in the coating. After heating for 2 hours, the wire was

quenched. Micrographical examination of the wire showed it to have an

alnost uniform two-phase structure over the whole of its cross section

(see Fig. 4'7), while x-ray diffraction analysis showed the carbide to

consist entirely of the face centered cubic (CbHf)C phase and not

hexaoal Cb2C as might have been expected.

It is possible, without chemical analysis of the carburized

alloy, to make a rough estimate of its composition and of the compositions

of the constituent phases in equilibrium with each other. Yn the *71rst

place, it is known that the G-Cb matrix must contain about 0.2 to 0.5 atomic

percent C. On carburizing, the lattice parameter of the a.Cb matrix falls
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drastically from 3.32(5)R to 3.30(2)R; This mepns that almost &U

',the Rf has been removed from the CI-Cb-Hf-C solid solution, thereby pushing

the composition of the o-Cb phase almost into the Cb corner of the

ternary triangle.

Since carburizing the alloy does not change the Cb/Hf ratio,

the addition of carbon to 89 Cb 10 Hf 1 C will push its composition along

Ii the line AC to a point B in the composition triangle as shown in Fig. 42.

To pin B down, we need to know the direction of the tie line passing through

it, Joining the a-Cb phase to the co-existing composition D on the

H! (Cb,Hf)C phase boundary. We know from the lattice parameter of the a-Cb

phase obtained from the diffraction pattern of the carburized wire that

the tie-line originates almost at the Cb corner of the diagram. Thus one

end of the tie-line is fixed. The same diffraction pattern yields the

lattice parameter of the (Cb,Hf)C solid aolution. Thus the tie-line must

[ meet the corresponding isoperametric contour at D on the phase boundaay

of the (Cb,Ef)C phase. If the position of the phase boundary were knoun,

. the position of D would be known, thus fixing the tie-line and hence the

position of B. This last piece of information can be obtained by the

" U.. lever principle using the relative amounts of the phases cc-Cb and (CbJf)C

[as derived from the photomicrograph. Thus, without the chemical analysis

of B, a rough estimate of its composition and of the (CbHf)C phase

[j boundary may be derived by a combination of lattice parameter and photo-

[It micrographic data once the constituent phases have been identified.
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Since the position of the tie line BD effeetively originates

in the Cb corner of the Cb-Hf-C triangle, all Cb-Hf alloys containing L
more than q~bout 0.2 atomic percent carbon il-l have (Cb.,Hf)C phase as a

second constituent.
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Append X I

flX-ay Diffraction Techniques

Throughout the investigations into the Cb-Hf-(O,NC) systems

I] the identification of the phases observed in the microsections was carried

out by the now classical Debye-Scherrer x-ray diffraction powder technique.

11 This technique was also used to determine any changes produced in the

lattice parameters of the Cb-solid solution by the interstitial incor-

poration of oxygen, nitrogen or carbon in the structure, and where possible,

J ithe solid-solubility limits of these elements were determined with the

assistance of the parameter versus composition curves.

Ii In the present investigation, where wire-form specimens of about

n .1 mil diameter were employed to a large extent, it was found quite

adequate to employ a 114.6 in diameter Debye-Scherrer powder camera

[1 using copper Ka radiation (NO, a - 540,%J R, ).cr - 3..%433 R) fron a high,

intensity rotating anode x-ray tube.(38) Some typical Debye-Scherrer

patterns of columblum-base alloys are shown in Fig. 48.

Where specimens were nO4 in the form of a vire, the usual

methods of filing or crushing the lump samples, followed by sieving, were

(employed to produce the necessary powder. This vas beat treated to remove

cold work in either pure colimbium or pure tungsten containers consisting

of hallawed-out capped cylnders, about 5/8" in dieter and /8* high,

with a wall thi ess of 1/16", the heamt treatment being carried out in

I a vacwum of about 'O"- 16-6 torr In the tunsten tube furnace.

j=i

"iO " -. . 10 m u~ i~e



Despite the vacw employed and the fax, that the containers were de. assed

prior to use, traces of oxygen were invariably picked u ?)y the columbiura-

rich powders on account of tLeir Mih sirface area/valume ratio.

This difficulty is avoided "n the case of wire-form specimens

which can be fully degassed and annealed in the bell-jar or Sleverts

apparatus, but wire-form specimens present a difficulty of their own,

nawe-ly the tendency to grain growth which causes the diffraction lines to

become spotty. This can make the line-position measurement difficult for

accurate lattice parameter determinations, but this drawback can be overcome

in most cases by taking diffraction patterns from positioas along the wire

until a point is reached which yields sharp spots on the equator of the

film and by translatinig the wire specimen parallel to its axis in addition

to the usual rotation around it.

The columbium-rich solid solution is body centered cubic and

yields excellent diffraction lines at sufficiently hign Bragg angles for

making good lattice-parameter determinations. In the present instance,

provided the diffiaction lines were smooth, a precision of about I part in

0,0000 to 50,000 could be o taled noing the well. nown plot of measured

pameter a versus the anarlar function ;,(cos2 ae + Cos 2 O/sin 9i), .. )

but in the case of spotty lines, the precision fell to about 1 part in I
3,000.

The solid-solubility limit of a phase-field may be determined j
by plotting the lattice parameter of the single phase alloy as a function

of atomic or weight percent of one of the constitients and obrerving I

721
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where a discont.inuity occurs on entering the two-phase field. The

Laccuracy with which this discontinuity can be determined depends on the

slope of the parameter-composition curve. Thus, if the &ccuracy da/a

to which a parareter a can be deternined is 1/50,000, and dc is the

V uncertainty in composition with which the boundary can be located by the

x-ray method, it can easily be shown that

a
de = 50,000 (da,dc)

the final accuracy being set by the chemical analyses used to determine

the parameter-ccmposition curve.

j Using the data for the Cb-O system obtained by Seybolt, by

way of an exwsple,

da 0.0110
- 0. 'wt.%0 2

so taut the accuracy of determination of the 02 solid-solubility limit

[ in columbium will be riven by

de 3.3112
0.6

U .O t0. weight percent.

73



r

APpendix IIj MetaflographZ of Cb-Hf-O Alloys

The specimens were mounted in I" diameter molds in a polymethyl

methacry1wt-e resin ("old-Mount" and n(Quick-Hount."). It takes this plastic

about 30 rnutes to harden and no pressure or externi~l heat is needed.

A temperature of about 135PC is reached during the polymerization. The

1M diameter mounts were next loeded into a Buehler Automet polishing

attament az. ground and polished in the following steps:

(1) Ground on 600 grit silicon carbide paper, water cocled, 16D rpm,

40 lbs. pressure for 2 minutes.

(2) Rougt-polisiaed on 6 micron diamond, white duck cloth lapping,

oil cooled, 160 rpm,, 40 lbs. pressure for 5 minutes.

(3) Final-polished on Microcloth in twco steps:

a. Attack-polished using Linde '3" abrasive (Sum alumina

0.03 micron size) and an etching solution of the gollowing

coumposition:

50 al Lactic Acid

10 =I.1 0

2-10 .1 Iff, depending on the composition of the alloy.

160 rpm, 40 lbs. pressure for 5 minutes and 30 lbs. pressure

for I uinite.

7ki
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b. After Ansing all the abrasive off the cloth, the mounts are

111 etch-polished for I additional minute at 30 lbs. pressure

I! and 160 rpm.

Next the mounts are removed from the Buehler polishing, attachment and

etched to bring ot the microstructure. If the structure is fwxtly

discernible when the sueple is reovred from the Axumet, the above etching

solution will usually work. The sample is cotton-suabbed for 1 to 60

Siseconds to reveal the microstructure. If no structure is present when

the saple is finish-polished or if the above solution does not work,

the more severe Dupont columbium-etching reagent is used. Etching is

done by irmnrsion for 5 to 30 seconds. The following is the ompositiou

of -he etc. ing reagent:

'1 50 ml Water

5.21

14.219^

I" 20 l 1W.

I'3i
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Viewing
Pbrt Tvngsen Tube

.Specmen
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Fig. I -Tungsten tube high temperature fumoce
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Fig. 2-Transverse section of Cb wire in copper
sheath after swaging. X50
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Curve 57525?-B

Temperature OC
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Fig. 5 -Vacuum bell - jar and associated equipment for oxidizing Cb-alloy wires

I

83

I 
HM 33203



Fig. 6-Sieverts apparatus
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Curve 572672-4
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Fig. 10 -Longitudinal section of 11 mil diameter Cb wire melted at 1775PC in
0. 5 torr 02 and 760 torr He, showing localized swelling and eutectic structure

Fig. 11 -Transverse section of C5 wire shown in Fig. 9, close to swelling

88

& RM 33g65



C.,rv* SA'532-4

~~-1Temperature, OC
w ! 2 1 =S 16 140 12 00

aA

A0

*~ ..

00

u -5

I3.2

[1A-3 Phs C -Go-0
0-2 PhasesOCb 

O-Sdi~ fty tima c 02'M 1- a

O-Obswnfitxty in wilIwinput vs brigtnes

to0 5. .0 7.0 to .

101T M0

Fic. 12-vtinr pvesm ury" ofN C tIUNiiUulii



| i I I

Isoaric, P - I x 107' torr0 2  6

17001-3

- 6-

i1

0 16MD

4..I ... tt ..... I,

Ul

55 Go 05 10 15 s 5 9
Wdts Input

Fig. 13-Ticul pl of w itis input vs surhai Wgns tmq or 1 n c um wire
idznd by the dpak " mhd with cwst arewn pressure

90

- ------



I

i 
-c

20X
Fig. 14-Oxidized specimens of zone-refined Cb wire using the dynamic

leak method

A - Oxidized 2 hrs 150(PC I x 10 torr 02 x-ray result, single phase Cb(O)
B -Oxidized 15 min 1725C 7 x 10 torr 02 Cb(O) + CbO
C -Oxidized l hr 1000PC 5 x 103 torr 02 CbO2 + CbO + Cb(O)
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Curve 574533-9
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Cur-e 574.536-8
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Curve 57534.8
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Curve 572706-A
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Fig. 25 -Longitudinal section of 11 miu Col y ibium wire
nitrideI for 10 min at 1680 OC and 5 x lQ torr N~ 200X

1.l5at%N2 0.O9at%0 2

Fig. 26 -Transverse section of 11 mil Coluipbium wire
nitrided for 10 min at 1680 OC and 5 r 10 W torr N 2M0X

1. 75at SN 2 0.O9 at S0 2
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Fig. 27 -Longitudinal section of 11 mil..olumbium wire
nitrided 10 min at 1680 0C and 5 x 10 "torr N2.  20OX

5. 10at SN ? 0094%O2

Fig. 28 -Transverse section of 11 mil C~ mbium wireInitrided 10 min at 1680 OC and 5 x 10,>torr N 2 2MX
5.10at%N ? 0.09 at%0 2
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Curve 572707-A
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Curve 575402-A
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Fig. 31-Constant composition equilibrium for the a-Cb-N terminal solid-solution
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fc ,urve 5754C4-8
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Fig. 33-a-Cb + 9.48 atomic %N2, Q 22000 C.
14.3 Mil wire. a-Cb + ppt. Cb2 N
Longitudinal section. X 500

4'" *"*7V

J_~

"SAN

W44

Fig. 34-u-Cb +2.04 atomic N2, Q 22000 C.
14.3 Mil wire. a-Cb + ppt. Cb2N.
Transverse section. X 500
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X 500
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Fig. 39 -5. 0 at 5C, Cb-C alloy, L. A. 24 hrs 16VXC
in 1 x 10- 6 torr and quenched 200X

Fig 40-1. at ,S- aly . 20 rs16OP
in I x. 10- tr and qunce 205. X

111

Fig.~ ~ ~ ~ ~ ~~~~~R 4010a 5C bC loL .2 rs10



IFig. 4 1-11 Mil. dia., "Aquadag" coated, zone refinedcolumbium wire after heating for 16 hrs '-17000C in
I x 10-6 torr and quenching 2O
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IS. A1DU1PACT
The solubility of oxyjen. nitro,-,Pn end carbon in oolusibitmrich columbium-hafnim
alloys has been studied bj mea~ns of x-ray diffraxction* micro,rhic and theral
tecilmiqaos tsinj both a~ d-nalzi letk method and a Sieverts appaatus.

* At pressures above 10-4 torr 0,-, Ob is In thermo~dynamic equilibrius v.-th oxide vapol
* and can take up to 6 ato % 0 "nto solld solution at 17750. Above tnis temperatur

oxidection is "ostastroph~.c the volntile oxide.. ?b 2 0 b and Cb2 0 forn on the
a;rfeoe. The 'deocssing- of Ob at 220060 9nd above ot 1~ tort is, Iefct
tr~vu~ht abou.t by the volatilization of the oxide and &oI~ t the do-adsorption of
gascoum oxyien, The -""' "o1i4 solution of the Gb-Hf-O systemn at 1,5000 contains
9A0 at,.; 0,. at. A Hf, fellitkg to 4*7 1 at, % for Ob and 0,2 at. % for au alloy
containiin f2 at. % lit, the thLse being characterized by the formaton off HMf0
lcluster-_/- or 8moleoilesm withln the body-centered cubic -Gb matrix*
The ternary system Gb-Hf-N show*s that althougA Gb can aocoacodate 0.48 at,. % X4
inveratitially at 220000 and .3 x 10-1 tor: W2 the amo~unt retain-d 11on queonching
drops to abos.t I at, %, the precise eacunt deopendin& -on the quewihing rate. ?he
addition of only 2 at. X of Blim mediately reduce-s the 3xkount of N2 which can be
accoodated at high temperaturts to less tban 0.5 at, %, the 4~b phase being in
equilibriu with ZM In the Gb-Hf-C system, tho -Gb primary solil solution
retains, et mot, 0*.5 at* % 0 at 20000C, the carbido in eq.iilibriau with the -Cb
phase being essentialljy face-centered zubic (3.-%~.and AU 0b 0 as Pi4t have
lbeen expected.

DD . 1473 Ucssfe

Swcrity CIocsification



Securt ______ ________

~LIN A' I1..nIINKS5 LINK C
KE JRI ROLC tW- MOL9 WT MOLE W

j AlOYS (UVt.WS)p coiumbi'm (nioblia), p

x-ray diffraction, structure, vacum.

INSTRUCTIONUS
i ORIGIN4ATING ACMIVTY: EAmw the nowe and address imposed by sosclmty Classification. UaauK inaded tatsamsts
of the costrwAts, eubcammwec, pat.., Depoasem of Do- such as:
feat activity or otbor orgamuixetig (cooporate author) tossingQ.~AI ~ . ~..

2..3E~OTUEUE? 0..AWIA~lN terth ~(2) 1106.1w requ~est o OndtinCoiesi of this

il s cJ'tysesaifi,:tiom of the rapo. Isdie-se wbatir eotb D' sm uhii
SAO* with &app-;dat smwbty :.hl~stioss )U. L ag"wl~s *: obtain copies of

2.. EO~J AUI~wi dowpasL~g s ~ . D. ~.this repot directly em )=C 0rw qualfied DDC
$rective 52W0.10 sod Armw'4 Fore. lueswial Masd Enter Users shall reqatherv-h -

thepu amee. Mjso. warna p-lic.;b~e. $bow tat aptioaalt
as- havebesvvfo cp3adGop4aauhr

bees. st~ftGr.p3~d rs s uhr ':U, .L iUtar aencies Ime obtaji copfes a' thi*I~~rp 4voa. hami DOM~u Zdw quU4 reol il. s.
3.i Sam. cmh UUuin* reque cams

capolwWmar.sa Title, s l $*me sbomm N. uncassified.09
III a -e- du title ccss be seece aihs clsee
;c:9Z 'j sh cageiaion in All ceigirs iAP010111bW (5) "l itiuino erpr scmel ut

Give the Iscauskire 4ate when a se&-f ic wapartig peio is Serwe. varm":m of Cownee, got Mae to the Puic, iadi.

S. AUrlH(l): Eadter hes&Ae) of eWbeeqsa0 * * 1 IL M"LINZUARY MOMf Use for &6d*ea *Vpisa.
or 4m 1w report. Saw lsam eawe, fist a e. alEC lail o at
If vAlitaly, shavi rs ad Ir~ - a savliw Th seas of ~
the puincipal uwise to s ae'date vmam roepisamat 12. WPOSIlOING JULITARlY ACTP'!TY- Fmer the amew of

the dapiarte preject oftkae or lsaortory qsaemrag (per- 3
& 3PM WOATZ; Eater Ov datao tiw ept 1&. ift for) the reesech sad development laieft addrosso

ins '' * raet "4t o amkum 13. ABSTRACT: Mawr ama *hehect Siviag a bref ad factual
seaMer, Of the document jisetVe of the report, eON tbeeh

7m TOA UM OPGRT~ttlecomat It may aso appear elvewhere io the body of the oeacel to-
sbmMignw amid aamwrmates. Ieswfi ot additioeal $Pae is reipbAird a costiuttion $bseat shellj4 lb N)5 OF WZFNCUX Vetor the6 tetal mber of It is).dsml ha wsmrAo cas d"atrefeencs cted s d reectobe acissifet ers*panpo of the asatract shell &-d w&t&

S& i'c osIVC OtANr NMMM Nf arpepriste, eaw O lfticetla ofth miUsaq socamf~ cleesilicadon of tues in-
appmigs able ar of the wema orpest .nde %*&b 6es"tzse 1& the psaaph ep seema 4 (21). (8). (C). of (U)

tow lt woo velate. ITitan is so limlts as e lesgft of the abstact. Mew-
lb., 416 h "W Pmoj~w im DaOM Eter taw opeint ever, the seted 3= s h fm 150 to 22S weeds.3
mumy Vtm7d ent £idfsCM1., mc as pm" ommr 14. MEY WOMMS Zey movi an tecaicy aemseiansi
sm5shPJ.~ mabv raeI mm.t*%M or ohem phesee that coeeectermt a sepas a mar bo us ed as
9m. ank"gAoug MINIT MSMU MI~EW *0t em isage eamlee fEm eatamtg ew 'pest. Key we-ds reset he
"de rapeet embar *Iy %aS6 oh d~suames wil hadeatified selected so *at me security ckaelaties Ite reui"se. dt-
ad cealsalla by the "isisaft~ suvity. I"M omw at lerg. seek a .qI - t mel deseiotieft M tesds. m ltar

be vmfqm_" thIs reptot pMjec codv asee - lecaqis. amy he seed..e hey
9b. OTnUR mRPOgk wwmMMW. U tae report b"be wofds bet will be (oS 7byc&0 ieldkOh Of tetblce: cat-
aselqueod Sot er repeat WMNrm (eithbr by the. jmewo text, Rh. asigent of linkt, misse. am wwlghtsh ios
or by doe aponsor), idma enter tOde wmbe()* b

M0 AVAUJW2?Y/LhiTATVN 38TICMt rmttr say lie.

Itat"o6 an futher diassaimation of the report, othe the".'

SOuri$ aaClswfctim


