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ABSTRACT

The solubility of oxygen, nitrogen and carbon in columbium-
rich columbiim-hafnium alloys has been studied by means of x-ray diffraction,
micrographic and thermal techniquee using both a dynamic leak method and

a Sieverts apparatus.

At pressures above lo'lh torr 0,

equilibrium vith oxide vapor and can taxe up to 6 at. % 0, into solid

s Cb is in thermodynamic

solution at 1775°c. Above this temperatwre oxidation is "catastrophic”

forn on the surface. The
6

and the volatiie oxides Cbao, Cbd and CbEO5

*degassing” of Cb at 2200YC and above at 10™° torr is, in effect, brougut
about by the volatilization of the cxidz and not by the de-adsorption of
gaseous oxygen. The -Cb solid solution of the b-Hf-0 system at 1500°C
contains 9.0 at. % 0, at 2 at. 9 Hf, falling to 4.75 at. % for Cb and

0.2 at. % for an a’loy containing 12 at. % Hf, the phase being characterized
by the formation of !11.’0‘,‘2
centered cubic o-Cb matrix.

Yclusters" or "molecules" within the body

The ternary system Cb-HEf-N shows that although Cb can accommodate

9.48 at. % ¥ interstitially at 2200°C and 3 x 10°%

torr N2, the amount

retained on quenching drops to about 1 at. %, the precise amount depending
on the quenching rate. The addition of only 2 at. % of H® immediately

reduces the amount of Na which can be acconmodated at high temperatures to
less than 0.5 at. %, the 0~Cb phase being in equilibriuwm with HfN. In the
Cb-E7C system, the Q-Cb primary solid solution retains, at most, 0.55 at. % C
at 2000°C, the carbide in e2quilibrium with the o-Cb yhase being essentially

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

111
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1. Introduction

It 1s 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
is, however, the pLossibility that the reaction of these interstitials with
substitutional alloy additions could produce dispersed phases which would

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

-

effgcts of substitutional alloying additions on the solid~solubility of
irterstitials in columbium, and vice-versa, auwi it was felt that if the
effects of alloying elenents in Groups IV-A anﬁ ViI-A on the solution of
interstitials in columbium were known, such knowledge would be wvialuable
in interpreting and predicting the mechanical behavior of columbjum-base
alloys.

The proposed investigation was a study of columbium~base alloys
consisting essentially of the binary systems Cb-W, Cb-Hf, and Cb-Mo, to
vhich additions of the elements 02, Na
rise, in effert, to a study of the Cb-corner of the nine termary systems,'

» and C were to be made, thus giving

written concisely, as Cb-(W,Mo,Hf)-0, Cb-(W,Mo,Hf)-N, and Cb-(W,Mo,Hf)-C,
the intention being to determine the amounts of 02, N2 and C which can be
retained 1literstitially in the presence of substitutionally inzorporated
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-0, Cb-N

1
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and Cb-C, the last three binauries heing of fimdamental importance in the
systems tc be subeequepntly investigated, namely those based on Cb-Rf and
Ch-Mo. The ternary systems based on Cb~-W have already been dealt with irn
Technical Report AFML-TR-65-58 dated March 1965. '

The second phase of the work, dealing with the systems Cb-Hf-0,
Cb-Hf-N, and Cb-Hf-C are dealt with Jn the prezsent report which contains
the results of additional studies or the Cb-0 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 and Sample Preparation

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 visibiliity limit.
In the przsent work, where only small amounts of oxygen, nitrogen and carbon
can go into solid solution in the Cb-matrix, the r presence in the initial
elloying elewents, in chis case Cb and Hf could lead to erroneous lattice
paran;:ter relationships, while the observeation of & second phase in the

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

3
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For t-=se reasons, it was decided to employ alloying elements
of the highest possible purity and to zone-refine the columbium and degas
the resuiting 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, vhich would be suitable for doping with nitrogen or oxygen
for subsequent x-ray and micrographic studies, whereas the carbon-containing
elloys 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 zcne-refined material was unnecessary provided
the samples were properly degassed prior to heat treatment, 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. MNaximum 02
content, 9 ppm.
(b) Cb powder from Kennametal, Inc. Particle size, 35 mesh, 0,
content 200 ppm, C = 0.06 wt. %, N, = 0.03, Ta = 0.10, Ti, Fe,
Si, less than 0.0l wt. %.

The Kennametal columbium was Zone-refined at our Bloomfield

Lamp Works and used for producing 11 mil Cb-wire.
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The hafnium (Foote Mineral Co.) vas in the form of crystal bar ’
prepeved by the Van Arkel iodide decomposition method. A typical amalysis
of the material in ppm was as follows: N 20, C Lo, Al 50, Cu 20, Ti 35,
W 20, Pe 150, Zr 23,000 (2.3%), C1 300.

Carbon

o

Qtra-high purity spectroscopic carbon (99.999% C, by Ultra-Carbon)

vas employed for making termary Cb-Hf-C alloys for phase identification

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

Oxygen .
Whereas the previously reported work using the dynamic-leak

method employed ordinary cylinder cxygen 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, (!02 10, Cﬁh 15,
Xe 1, Kr 10, 0 10.

Nitrogen
In the earlier dynamic leak method, ordinary cylinder nitrogen '
vas employed with a purifying train of hot copper turnings. In the present
work with the Sieverts apparatus, nitrogen of the highest possible purity
{uy Baker) was employed, the maximum impurity levels in ppm being as follows:

0,2, A 60, CH, 1, H, 1, CO 1, CO, 1, H0 1, hydrocarbons 1.
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2.1 Production of Cb-Hf Alloys

A conventional zone-refining furnace using the floating-zone
melting technique was employed for producing pure Cb-rods from the
Kennametal columbium for subsequent draving-down into wire. In gencial,
rods 8 inches long and 0.25 inch square section were prepared from the
35 mesh powder by compressing in a die apnd vacuum pre-sintering at 1200°C.
The rods vere then mounted vertically in the zone-refining furnmace in a
vacuum of 10”2 - 1070 torr and subjected to local heating by means of
electron bombardment.(222) By means of & magnetic drive which eliminated
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 upﬂto 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 Cb toward one end of the bar.
For these reasons, the Cb-Hf series of alloys were made by melting
compressed mixtures of Cb 35 mesh powder with crystal-bar Hf turnings in
& Kroll-type argon arc furnace, after which, the alloy buttons, which
weighed about 10 grams, were re-melted in & high frequency levita.tionu
melting furnace vhere they were degassed at a pressure of about .10"6 torr
and vacuum cast into 1/8 inch diameter rods for a subsequent homogenizing
treatment for 1 day at 2000°C and drawing down into wire. The same procedure
was employed for the series of Cb-Hf-C slloys examined, containing low

levels of carbon, namely 0.5 and 1.0 atomic percent C.

5




Binary and tervary alloys containing around 33.3 and 50 atomic
percent C vere made by a s0lid state diffucion technique in which fine
powder mixtures of the alloying elements were compressed into 1/2 inch
diameter slugs at & pressure of 2500 psi and then heated in a pure graphite
crucible for 2k hours at 2500°C. X-ray diffraction patterns vere 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
ind{cated lack of perfect homogeneity, the slugs were re-ground and compressed,
and given an additional solid-state diffusion homogenizing anneal for 3

days at 2000°C in & vacuum of 1077 - J,O'6

torr.
The homogenizing and equilibrating anneals of the various alloy
slugs and rods were carried out in & tungsten tube furnace for various

times and temperatures at a pressure of 1077 - 1076

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 turnm,
supported by two hollow water-cooled stainless steel conductors connected
in parallel and capavle of carrying a current of 3000 amperes. The upper
connection to the tungsten tube is likewise supported oi water-cooled

steel conductors arrangzd at 90° to the lower ones, the final connection

being mede via a laminated flexible cantilever consisting of several
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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
on heating.

The specimen itsel? 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 instantanecusly 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
diameter spy-hole drilled in the wall of the tube, cr from above. Since
radiation through the hole conforms closely to black body conditions, the
hole is uzed for temperature measuremenis by means of an optical pyrometer
calibiated by the Bureau of Standards, the sighting of the instrument
being made on the rear inner wall of the heater element, ‘corrections being
applied fcr the transmittance of the double quartz windows in the viewing
port. In order to cnsure that condensed metal on the viewing port does
not seriously affect the temperature reading, the innermest window is made
rotateble to ensure a perfectly clean surface for each observation.
Finally, to ensure freedom }rcm contamination by carbonaceous products
from conventional pump oils, the furnace vas evacuated by means of a
mercury vapor pump fitted with a suitable baffle and liquid nitrogen trap.

Corrections for the transmittance of the pcrts are given in Table 1.(3)
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Table 1

SIGHT-GLASS CORRECTION

Correction to be added (°c)

!obs One pyrex or Double quartz
(°c) quartz windov window
1,500 1k 26
1,600 15 29
1,700 7 b
1,800 19 3%
1,900 20 »
2,000 22 43
2,100 2k 7
2,200 26 50
2,300 29 5k
2,400 3 59
2,500 35 63
2,600 36 68
2,700 38 T2
2,800 iy Vi §
2,900 b3 &
3,000 L6 83
8
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2.2 Production of Cb and Cb-Hf Wires

The choice of exploying Cb and Cb-Hr alloys in the form of wires

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

of the following considerations:

(a)

. (b)

()

(a)

(e)

Thin wires (10-12 mil diameter) can be readily oxidized c;r
nitrided by directly heating the wires in the appropriate
atmosphere by the passage of an electric current. The pressure
of the gas and the temperature of the wire can be controlled.
Carburizing can be carried out in vacuum with the wires
painted with colloidal graphite, if required, or in an
atsosphere of methane.

Any phase changes or solid-solubility effects can be followed
by means of electrical resistivity measurements at temperature,
or by plotting povwer-input as a functiorn of temperature.

A near-quench can be obtained with thin wires by switching off
the heating current, thus preserving the high temperature
phases if the cooling rate is rapid enough.

Wire-form specimens are suitable for x-ray diffraction analysis
by the Debye-Scherrer powder method and lattice parameter values
2an be accurately determined (see Appendix I).

Wire-form specimens can be fully degassed by heating to 2200°C
1n & vacuum of 1977 - 10°® torr um i the 0, and N, content is

only a few perts per million. On the other band, fine powders

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




will tend to pick-up impurities and gas from their containers
on account of their relatively large surface azwea/volme ratio.
(f) Vvire specimens can be readily subjected to microscopical

examination and microhardness measurements.

2.2.1 Columbium Wire

No great difficulties were encountered in the production
of Cb vire from a zone-refined material. A rod of Materials Research
Corporation Cb, 1/4 inch in diameter and about 2 inches long was encap-
sulated in an OFEC 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 etckhing in nitric acid. Remarkably
enough, the cross-section of the encapsulated wire (approximately 4O mil
diareter) became roughly hexagnnal during the swaging operation as shown by
the photamicrograph in Fig. 2, although the copper sheath was circular in
section. This phenomenon is presumably due to the original zone-refined
rod being & single crystal, the soft copper polycrystalline matrix yielding
to permit the columbium crystal to take up a preferred orientation.

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

was passed through a clean swaging dile of diameter 0.036 inch to produce

a more circular cross-se<iion, &iter which the wire was etched for 2 minutes

iv & solution containing 50 H,0, 14 H,50,, 5 ENO; aud 20 HF, about 2 mils
being removed from the surface bty tuis treatmernt. The wire was then drawn

through clean dies, while sutmerged in acetone, to & diameter of 0.020 inch

10
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at vhich stage it was given a recovery a.neal in vacuum for 5 minutes at

1200°C and then drawn to its fina) diameter of 0.0115 inch -

2.2.2 Columbiun-Eafnium and Columbium-Hafniws-Carbon Alloy Wires

The folloving procedure was employed for preducing the

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

(a)
(b)

()

(a)

(e)
(£)

(g)

(n)
(1)

Grind-off burrs and surface tlemishes, wash iu acetone.

Insert intc closely-fitiing mild steel or stainluss steel tube,
indent ends of tube to prevent movement of sample.

Swage at room temperature in &n automatically fed Torrington 111
swaging machine with 1/64" reduction in diameter per pass until
inside diameter of tube is wbout 90/1000%.

Remove tube by filing-through until tae sample is revealed,

and then strip off mechanically.

File and send surface of the wire to remove blemishes.

Cold swage without encapsulation o about 20/1000° diameter
using reductions of 10,1000" per pass.

Continue to swage using 2/1000" reduction per pass w.til diameter
of wire is about 1371000 - 1%/1000".

Pickle wire in HF acid solution to remove gnr surface irourities.
Drav down to final size at room temperature (11/1G0w*) in 1-2

vasses using short-blade dispeond dies snd acetone et & lubricant.

This procedure yleids goud quality wire of uniform-erirsz section

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

3«1 General Introduction - Some Previous Work

A number of studies have been made on the temperature dependence
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(h) on the influence of additions of molybdenum, rhenium and
ruthenium to columbium on the soiid solubility of oxygen in the metal.

Based on sintered allcys hcated in the temperature range 1600
to ].7000(2g Bmuer(j‘ zoncluded that the solid-solubility limit of oxygen
in columbium lay below 4.7 at. %, whereas Seybolt(é) 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 TT5 to 1200°C.
According to E11iott(7) the solid-solubility of 0, rises from 1.k at.
at 500°C to about 3.9 at. % at 1800°C, whereas Bryant(®) using hardness
a8 a criterion of oxygen content finds that the concentration ranges
from 0.7 at. % 0, at T00°C to 5.5 at. % at 1550°C. Finally, Gebhardt
and Rothgnbacher(a’g) 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. % 9, at 7%0°C to
5.5 at. % 0, at 1540°C. Apart from the vork or Bryant(*) which shows “nat

additions of molybdenum, rhenium and ruthenium to columbium all reduce

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

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

tungsten and hafnium additions.

12
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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
Cb,05 by Golaschmiat1®) and the electron and x-ray diffraction studtes

(1) In brief, Cb(0) solid solution (body centered cubic),

of Terao.
Cbo, (tetragonal), & Cb~0 (hexagonal), ¥ Cb0,, (monoclinic) and Cb,0
(monoclinic) are formed in air at either atmospheric or reduced pressure,
vhereas Cb0, (tetragonal),Cb0 (cubic, NaCl-type) and Cvo,, (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.

3.2 The System Cb-0

A study of the Cb-corner of the Cb-Hf-0 ternary system breaks
down naturally into three stages as follows:
(a) A study of the Cb~-0 binary system.
(b) A study of the Cb-Hf binary system.

(e¢) A study of the Cb-Hf-0 ternary system.

5.5 Experinental

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
pressure of the oxygen atmosphere or raising the temperature of the columbium
should bring about a reduction of the oxygen in sclid solution, while the
reverse should cccur as a result of raising the oxygen pressure or
lowering the temperature. Similarly, if the condition of pressure and
temperature are correctly adjusted, the body centered cubic ~Cb phase will
ultimately saturate with oxygen and the CbO phase will begin to form.
Increasing the temperature at this point, or suitably reducing the oxygen
pressure will cause the oxide to decompose to Cb + O until the oxidized
columbium becomes single-phase a-Cb solid solution again. Thus a determina-
tion of the solide-solubility limit of oxygen in columbium implies a
determination of the equilibrium pressure of the oxygen liberated by the
decomposing CbQ phase at that particular temperature. A similar discussion
also applies to the formation of Cb02 from ChO, but the pressure involved
is now that of the Cb02 vapor which would decompcse to form CbO.

At any given tomperasture, the oxygen pressure at which the
0~Cb primary solid solution becomes saturated with oxygen and the CbhO
phase begins to form is the same as the oxygen pressure which would be
set up vhen the CbQ phese is just beginning to decompose to form saturated
a-Cb solid solution and oxygen. Theoretically, at equilibrium, the
pressure-temperature relationship shoulc_i be capable of being expressed
as a straight line plot of lcg (oXxygen pressure) versus 1 /Temperature (%K)

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

1k
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temperature - low pressure side of the line shoulé consist of @~Cb primary
solid solution. An alloy such as B, lying on the line would be, in effect,
a saturated solid solution of oxygen in a-Cb, and the Cb0 phase would be
on the point of forming. An alloy such as C would first comsist of CbO +
saturated a-Cb, but if oxygen is continually added to maintain the pressure
constant as Cb0 forms, ultimately all the a-Cb would be converted to CbO.
In its turn, the CbO would oxidize to Cb02 and finally to Cb205.

The compositions of any alloy exposed to a given equilibrium
pressure of oxygen may be obtained by quenching the specimen from the
high temperature and determining its oxygen content by chemical analysis,
or, alternatively, by initially metering-in known quantities of oxygen,
as will be described bvelow. Thus it will be possible to ascribe compositions

to the various points D, E, F, along the log 1 vwersus l/T plot and hence

- effectively determine the oxygen solid-solubility iimits 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 Cb0O plus saturated a=Cd
phase having a composition corresponding to G. It is also possible to
draw lires of constant oxygen composition of the 0~Cb phase field, as a
function of pressure and temperature, as indicated schematically by the
line AR,

As we shall see later, in certain circumstances, the @-Cb phase
will not be in equilibrium with gaseous oxygen as such, but with vapors
of the oxides CbO, Cb02 and Cb205. In these cases, simi’ar plots of
log (oxide vapor pressure) versus 1/Temperature can be drawn. Failure to
realize this can lead to complete misinterpretation of the results.

15
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Tuo methods, wvhich ~re fundamentally different in their approach
vere used to oxidize pure columbivm and the columbium-hafnium series of
alioys, 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 therc methods, which we may term the dynamic leal
method and which was used in the early stages of the work, emrloys &
large bell jar in which the oxygen atmosphere is maintained 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
cbtained by quenching the sample, by simply switching-off the heating
current, and then usirng chemical analysis, X-ray diffraction patterns and
optical microscopy to establish the oxygen content, latiice 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
steges 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 equilibrium
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
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3.3.1 Oxidation Py the DJymnic Leak Method

As mentioned atove, the apparatus used for the dynzasic
leak method of oxidizirg columbium wire consists essencially of a large
bell jar which can be evacuated by means of a 4 inch diax ster oil
diffusion pump fitted with a ligquid nityogen trap and cepable of providing
€

a vacuun of 10°C - 10°T torr using Dow Corning 705 silicone oil, the
vacuum being measured by Philips and Alphatron gauges which were calibrated
against a Mcleod gsuge.

The wire specimen, which is about 12 inches loag and bent intc
the form of a hairpin, is suspended from both ends from two rigid copper
supports which act as slecirical leads for supplying the heating current,
the brightness temperature of the wire being observed through the glass
wall of the bell Jjar vie a Leeds and Northrup optical pyrometer which
was calibratad at the National Bureau of Standards. To prevent incorrect
readings caused by any deposition of Cb vapor on the internal surface
of the bell jar at temperatures in the region of 2000°C and above, an
externally movable screen was placed inside the bell Jjar in the line of
sight and only moved for sufficient time to take a reading.

Corrections were applied to the bxightness temperature readings

using the value ¢ = 0.37T4 obtained by wnu;ney(:l“"z’15 ) for the

0-65“

emissivity of columbium, and € = 0.7T0 for the emissivity of

0065}1
columbium oxide (Cboa or Cb2°5) , & correztion also being applied for the

transmittance of the bell jar from an experimentally determined curve.

17
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After mounting the specimen, the bell jar was evacuated tad the

best voiue possible with the equipment (J.o'6

- 1077 torr) and the sl;ecimen
given an initial thorough degassing treatment by heating it fér aboufb.‘

10 minutes in the region of 2200-2300°C. This reduces the 0, N, and C
content of the wire to a few parts per mmion.(lh)

Immediately after degassing as described above, the wire was
cooled to room temperature and oxygen allcwed to leak at a controlled
>ate into the bell jar, which was kept on the pumps, until the pressure
stabilized at 5x 2072 or 5 x 10™" torr 0, as required. The wire was then
heated as rapidly as possible to the required temperature, adjusting the
pressure of 02 to the predetermined value, and then quencuhed aZter a given
time. The wire was then removed for x-ray, microgrephic and chemical
analysis.

This procedure was repeated with other columbium wires for
various holding times and at temperatures ranging from 1000 to 2000°C,
thus yielding specimens which were completely in the Q-Cb solid-solution
renge and those which consisted of the two nhases, saturated o-Cb ard
ChO.

In the casz of pure columbium, the oxide formed on reaching
the solid-solubility limit is on the surface of the wire only. As a
result, once equilibrium has been set up detween the oxide film on the
surface and the saturated 0~Cb solid solutiocn, the scale can be identified
in situ by x-raying the sample, after which the scale is removed by

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

18
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50 K0, 1% H,30,, 5 mtoy and 20 KF. The oxygen in solution in the

0-Cb matrix is then detemined by the conventional method of vacuum
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’possihle to employ other properties as an index of oxygen content,
such as hardness or electrical resistivity,(8’9) for exampie, but chemical
analysis coupled with x-ray diffraction methods is probably more
s#tisfactory with the bell Jjar 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 fThe Lattice Parameter of Pure Columbium

Because the lattice parameters of Cb-rich Cb-Hf-0 primary
s0lid solutions were t0 be employed as one of the criteria of the precise
velue of the oxygen and hafnium solubility limits, the parameter value
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 l.cause of the oxygen content of the metal. NEuburger(l5) gives
a value a = 3.3007 £ (from kX) for the lattice parameter of "very pure Cb",
vhereas Edwards, Speiser and thnston(16) give a = 3.3004 R (from kx)

for 99.8% Ct (containing 0.06 % Ta) at 18°%. Our own studies on the

19
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Cb-Y systen‘_ln indicate a progressive decrease i'n' the lattice parameter
of Cb as the yttrium content is increased, the a-parameter dropping
from 3.3026 & 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 bty the added yttrium. The lowest
value of a-parameter actually observed by Seybolt(s) 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.(g) As we shall see in the ncx
section, our own results lead to an extrapolated oxygen-free columbium
lattice parameter vhich is appreciably lower, namely a = 3.2986 + 0.0001 R,
the difference being due, in all probability, to our use of zone-refined
m‘aterial, although the same result was obtained from Kennametal

columbium wire which was degassed in the Sieverts apparatus at 220000,

3.5 lattice Paraneters of aCb-0 Solid Solutions

Table 2 lists the lattice parameters of the oa~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. 7, the points off the line
corresponding to oCb + Cb0 two-phase alloys and yielding the phase boundary
lattice parameters. VWhen extrapolated tc zero oxygen content, the curve

yields a "pure" cclumbium lattice parameter a = 3.2986 + 0.0001 R at 25%.
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and 5 x 10~ torr 0, and 1085°C and 5 x 167" torr yields solid-salubility

The lattice parameters of the o~Cb phsse sf the tvo-phase alloys for 1000°%¢c
4

limits of 2.75 at. ¥ 0, and 3.2 at. $ C, respectively. The result for

1000°C was also confirmed by a wire oxidized to s at. % 0, in the Sieverts

apparatius.

Since tho depth of peprstiation of tne x-ray beam in the wire
gpecimens is relatively smell and the divfrecuion iasterns and lattice
parczeters sre more representstive of the smuface, tests were carried out
to see whether the same resulis would be obtained frem difereat depths
within t.he( %- ey sampies. This was achieved by etoining away successive
layers. Taus an 11 mil diameter wire neated Yor 30 minutes ab 108508
and 5 x 10‘2‘ torr (‘)2 gave an 4-Cb pettern which was overlepped by lines
of the surfmsze oxide Cb), together with &n C-(b phase parsmeter of
a = 3.3(0; R.; On etching awey the oxide Film, o somsubat higher degree
of accuracy in paremeter determinstion could be obhtained, and for ebchede
down diameters of 10.0, 6.4 and 3.0 mils respectively, the lathice parameters
were 3.301{0), 3.311{k) and 3.221(5) £, an sven higher accuracy beinz
poasibie if the diffractisn lines Lad not been somewhat “spoity™ due to
grain growth. These resulis indicate quite cleariy that oxygen penptrales

ropidly to the wire centsr and provides a relatively nomogencous crosg-

[T
Wavser

section from which reiiable x-vay diffraciion dsie can e obtained.
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Mizrostructures spow no traves of oxide pyrecipitation thus indiceting

that tke mate of quenching is sufficieatly rapid with 11 mil diameter
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It is of interest to compare the present lattice parameter
results with those obtained by other workers. This is done in Fig. 8.
Our own lattice parameter-composi%ion curve is almost parallel to that of
Gebbardt and Rothenbecher, (a) but starts at a lover Cb parameter ﬂue.
This x2 almust certainly due tc our use of zone-refined Cb as an initial
material ror the oxidizing experiments and the fact that Gebhardt and
Rothenbacher used hardness values to determine the oxygen content in lieu
of <hemical analysis. ‘

On the cother hand, Seybolt's data extrapolate back to the same
“pure™ columbium parameter as Gebhardt and Rothenbacher but the rate of
pan_meter increase with oxygen content is appreciably smaller. 3ince
neitker Seybolt(s) nor Gebhardt and Rothenbacher employed zone-refined
columbiwm, 1t is not difficult to explain the high extrapolated columbium
parameter, but the lower rate of parameter increase found by Seybolt is
more Aifficnit to account for, especially because the Sievert's method

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

3.% Solid-Solubility Limits of 02 in Cb

Wheress the highest solubility of oxygen in columbium previously

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

content iz 5.5 atomic percent, with a = 3.3209 R. On the other hand, a

sanple of columhiuw wire heated for 10 minutes at 2200°C in a predominantly

LWeldan atwosuhere consisting of 0.5 torr 02 and T60 torr He was found to

be single vhase =Cb s301id solution with a lattice (rameter a = 3.3311 R

25
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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 coniitions,
to retain even more oxygen in interstitial solid solutions in columbium.
Various determinations of the oxygen solid-solubility limit in
columbium 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(T)» indicates a much lower oxygen value in the region
of 180600 than those extrapolated from the results obtained by other
vorkers and ourselves. In particular, our single phase O~Cb alloys at
5.6 and 8.2 at. % 0, at 2158° and 2200°C respectively would, according
to Elliott, 1ie well vithin the 0=Cb ~ Cb0 (liguid) two-phase field.
Further work is required at different pressures to settle this point
satisfactorily.,
Elliott reports the presence of a eutectic at 1915°C between

a~Cb containizug about 4 at. % cxygen in solid sclution and the cubic

o "oxide CbO. We have heated o number of 11 mil diameter wire samples slowly

in the be'lJ. Jar apparatus in an atmosphere consisting of 0.% torr O2 and
T6) torr purified He. In all cases o~Cb -~ Cbh0O complexes which formes
melted at: the surprisingly low temperature of 1775 + 15°C. This nill
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 producing 2 typicsl
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eutectic structure as shown in Figs. 10 ard 11l. Only after melting and
quenching was oxide observed within the grains and grain boundaries of
the 0=Cb solid solution.

3.7 Pressure-Temperature Relationships in the Cb-0 System

Based on the x~-ray, micrographic and chemical analyses of (b-0
alloys produced in the bell jar apparatus using the dynamical leak method,
it was possible to establish the amount of oxygen in solid solution in
columbium &t various oxygen pressures and wire temperatures, and from
these to establish the maximum oxygen solid solubility under the various
conditions of teml;erature and pressure. The results enabled a straight
line curve to be established between log (pressure of oxygen) versus
1/Temperature (’K), the line apparently representing the pressure at which
the oxide Cb0 is in equilibrium with the 0=Cb primary solid solution.

This curve is represented by the line labelled CbO in Fig, 12.
Any specimens made under the conditions of temperature and pressure to
the Jeft of the curve consist essentially of &-Cb solid solution, the
broken lines representing contours of 2qual oxygen concentration. Alloys
immediately to the right of the CbO line are found to be two-phase, cone
sisting of a-Cb + Cb0. A second line, labelled Cboz, can be established,
beyond which, under the dynamic flow conditions prevailing, the wire
sample consists of the three phases a-Cb + CbO + Cboa. Yet another line
must exist which marks the appearance of Cbaos
The location of the iso--ompositional contours in the a-Cb region

of Fig., 12 could be located by making use of 0-Cb lattice parameters of
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two and three-phase alloys. Thus, columbiux heated at 1000°C in the three-
vhase field under the conditions denoted by triangles A, B and C in Pig. 12
all yield the same lattice parameter for *-Cb. As shown by the arrows, this
spacing must correspond to the saturation point D of the @-Cb phase, the
composition of which can be derived from the lattice parameter versus
composition curve given in Fig. 7. ’

The determination of the upper log p versus 1/T curve for Cvo, is
of interest. Origimally it was decided to confirm the position of the CbO
1ine cbtained by x-ray, micrographic and chemical analyses by a different
end indeperdent tecknique vhich would make use of changes in the optical
enissivity of tae wire surface as the oxide formed. In this technique, the
vire vas heated 1.1} the bell-jar apparatus to a temperature at which an a-Cb
wsolid solution ;S formed and then cooled in stages with the dynamic leak
saintaining the pressure consiant. A curve was then plotted of surface

brightneas temperaturs (i.e, uncorrected pyrometer reading) versus watts

finput to the wvire, a break in the curve showing when the emissivity of the

seaple increased on formation of the oxide. The break was then retraced

to establish itc validity, a typical curve being shown ir Fig. 13 for Cb

-in 10'3 torr 02, the nusbers indicating the random order in which the

 readings were iakean. Also included wre sketches showing the appearance

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/'l‘ plot illustrated in Fig. 12, but yielded

instead, the upper curve, which x-ray examination of the wire showed to be
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agsociated with the formaticn of Cboa. No discontimuities whatever could
be found in the watts input versus drightness curves corresponding to CbO.
The reasons for this are probably mot far to seek. As shown by the macro-
photograpas of Cb wire after various stages of oxidation (Fig. 1k), Cbo,
forms a highly esissive black layer on the surface of the wire, whereas
that of Co0 is indistinguishable from metallic Cb. Thus, the published
value of €0.65u = 0.70.refers in all probabiliiy to the oxide Cb0, (and
possibly to Cb0; as vell), vhereas the emissivity €, oo = 0.374 probably

applies equally to Cb and to CbO.

3.8 Interpretation of the Log p Versus 1/T Curves

Horrell(la) has recently determined the free energy of formation
AF of CbO2 bty measuring the carbon monoxide equilibrium pressure in the

reaction
cmz,o5 (sol1d) + C (graphite) & 2C0, (so1id) + CO (gas)

using solid pellets of Cb02 + Gbaos + C in a CO atmosphere at 1050 to
1250°K. The value obtained for AF may be expressed in the form:

OF = -185,600 + 38.97, cal/mole.
From this, the dissociation pressure of (:bo‘,‘2 in the reaction
-
(!bO2 « Cb «+ 02

mey be calculated using the expression
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1n po, = OFfRT
SJ-‘-O"rﬂi' 8.“5

vhere the oxygen pressure p02 is in units of atmospheres. This leads to

16

an oxXygen partial pressure of approximately 2.8 x 107" torr at 1500°C.

In the case of the decomposition reaction
Cho® Cb+ 0

the oxygen equilibrium pressure would be even lower than this.

We note from Fig. 12 that the oxygen pressure involved in tke
decomposition of CbO to Cb + O at 1500°C is around 10‘“ torr, which is
a.ht;nt 12-1% orders of magnitude higher than obtained by thermodynamic
calculation. A similar experimental result was cbtained by Pansler.(lg)
However, we can easily reconcile the experimental findings with the
results of theory.

‘ The theracdynamic t;:alculation means that 6n1y at oxygen pressures

substantially below 10~

torr and T = 1500°C is it possible ¢o remove
gaseous oxygen from the interstitial 2-Cb-0 prinery so'id solution, and

the compated pressure corresponds to the pressure of oxygen, at equilibrium,
vhen the primary a-Cb solid solution is saturated and the monoxide phase Cb0
is abovt to form. Suci.a process should be reversible, in that if oxygen
i3 sbsorbed by the metal at temperature when the pressure is maintained

at the equilibriwa value, the sam~ oxygen should r;e capable of being pumped

out of the meta. on reducing tue pressure.
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An experiment was carried out to test this very point, which is
crucial to our underztanding of the oxidation and de-oxidaticn mechanism
of columbium. WUsing the Sieverts apparatus, whick was now available, an
11 mil diameter Cb wire was converted to a saturated a-Cb sclid solution
containing about 6.0 atomic percent 0, at 1770°C. The wire waf/gyzéﬁéd/
to retain the oxygen in s0lid aolution and the vessel coni.'ff;g;';{ng the
sample evacuated down to 10°7 Torr where it was closed off. The sample
was then reheated in the vacuum to 2200°C in order to draw-off the oxygen
and quenched to prevent re-sbsorption. By cryogenic pumping, using a
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
of gas obtained by this method were found to consist essentially of CO,
hydrocarbons and traces of water, tut no free oxygen was present. How-
ever, the wire was found to be substantially thirner as a result of this
treatment, and the walls of the container were coated with a thin film,
presumably consisting of colwrbium oxide.

The above experiments would seem to indicate that we do not have
a true static equilibrium between -Cb and oxygen, but rather that a
dynamic equilihbrium exists between 0-Cb and columbium oxide vapor, the
pressure of the vapor adjusting itself to equal that of the oxygen which
essentially cortrals 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,

and columbium being continuously carried away without any oxide being
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/mher on the surface or inside the metal. Uncer these conditionms,

. ' the amount of oxygen retained im 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 degassed Cb wires at various temperatures in the Sieverts apparatus,
metering-in different amounts of oxygen to form solid solutions, and also
heating various sgolid-solution compositions in the fully evacuated Sieverts
apparatus. 3Both types of experiments led to the same results,

It vas 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 1775°C a “catastrophic" increase
occurs in the rate of evaporation of the oxides from the wire which
drastically reduces its oxygen coatent and leads to a rapid darkening of
the chamber walls as the oxides deposit. From weight loss measurements
snd the known amounts of oxygen fed into the system, it would seem that
nixtures of Cho + cwa vapor are evolved at temperatures immediately above
1T75°C, whereas at 2200°C, the oxide iz almost entirely Cb205. 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

2200°C in the Sieverts apparatus to which enough oxygen had been metered
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to form an alloy of effective composition Cb30, only retained G.1 atomic

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

Cb,0, . Similarly, a degassed Cb wire heated at 2100°C in the Sieverts
apparatus to which 8.0 atomic percent O, was added, only retained the same

2

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 0,. At 1775°C the maximum

2
amount of oxygen wlﬁch could be 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
oxygen, as such, from tﬁe lattice, for this would require pressures below

10-16

torr. ‘ Rather, the degassing is brought about by the formation at
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 lO'6 - 1(!"7 torr, the
nearest approach being by actual melting, as in a zone-refining process,
and using vac-ion pumps. Similar connlusions have been reached by Gebhardt,
Fromm and Ja.kob.(a)

Because the degassing of columbium is essentially produced by
the surface formation and evaporation of columbium oxide, it would be
anticipated that the prncess would be extremely sensitive to the pressure
of the surrounding atmosphere.

Thus, in the above series of experiments,

to produce 2n alloy at 2200°C of effective composition Cb30, enough oxygen

b1}
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was bled into the Sieverts apparatus to raisc the pressure from less than
1077 to approximetely 5.0 torr. After formation of (211205 vapor, which

L . deposited on the walls, the final pressure in the apparatus had fallen to

L

7.0 x 10 torr (mainly residual argon) and oniy 0.1 atomic percent O,

2
SR remained in solid solution. On the other hand, as mentioned in Section 3.6

(page 23), a sample of columbium wire heated for 10 minutes at 2200°C

in a predominantly helium atmosphere consisting of 0.5 torr 0, and 769 torr

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

percent oxygen. From this, it would seem that the coxitrolling 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 which can be retained in solid
solution. Thus the partial Cb-0 diagram shown in Fig. 15 must be modifiea

to suit the prevailing pressure conditions.

3.9 The System Cb-Hf
- The columbium-hafnium phase diagram, as determined by Taylor
" and Doyle, ) 15 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
columbium falling below this temperature until only about 51& atomic

percent Hf remains in solution at 1000°C.




I W“

o~ R B

| vt |

3.9.1 lattice Parameters of Cb-Hf Binary Alloys

The lattice parameters of body-centered cubic columbium-

rich Cb-Hf alloys, obtained by Taylor and Doyle(?®) are sumarized in
Fig. 1T.

It will be noted that the lattice parameter for "pure columbium”
(from Union Carbide Co.) is plotted at a = 3.3024 £ and that after an
initial drop, the parameter increases almost linearly with hafnium content
until the solid solubility limit is m;ched. 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 vaiue for degassed
columbium being & = 3.2986 + 0.000L R. The high result presumably arises
from the use of filings which have a high surface area to volume ratio
vhich makes them susceptible to oxygen pickup, and the use of a stress-
relieving treatment of 10 minutes at 1550°C in a pressure of about

6

1072 - 107 torr 0. and 760 torr He, such temperature and pressure

2
conditions being more conducive %o oxygen pickup rather than to degassing.
In the present investigation, degassing corditions were, of course, much
superior in thet the samples were in the form of thin wires which could
be electrically heated in a vacuum of < 10'7 torr at temperatures of
2200°C and above.

The CbeHf lattice parameter curve is based on chemically
analyzed samples. As a result, it could be used as a calibration standard
to determine the compositions of the CbeHf wires prior to treatment with

oxygen (or nitrogen) in the Sieverts apparatus.
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3.0 Llattice Parameters and Phases in Cb=Hf=0 Alloys

A series of Cb-Hf binary alloys in the foxm of 11 mil diameter

oo Mo cfemm fEom o DOEE O E5M MRS B A DD e RO

vwire and containing 2.8, 4.8, 8.2, 9.6, 13.%, 13.6, srd 22.3 atomic
percent Hf, balance Cb, were treated in the Sieverts apparatus vith high
purity Baker oxygen at temperatures ranging from 1090 to 2200°C. The
phases observed and thce lattice perameters of_‘ o~Cb primary sclid solution
glloys containing 'oxygen are ziven in Table 3.

Based on the x-ray and micrographic results it was possitle to

draw partial phase diagrems of the CbeHi=0 system corresponding to 1000
~nd 1500°C. These are illustrated in Figs. 18 and 19. It will be seen
that the OmCb primary solic solution is quite extensive. At 1500°C,

the amount of oxygen in solid solution in Cb is 4.75 atomic percent,

but this increases to approximately 9.0 atomic percent at 2.0 atomic
percent Hf, further additions of Hf causing the amount of dissolved
oxygen to fall drastically until about only 0.2 atomic percent of oxygen
is retained in solid solution at 12 atomic percent Hf.

The oxyaen is taken into interstitial solid solution in alloys
along the Cb«0 edge of the ternmary system. According to Stringer aad
Rosenfeld,(al) the oxygen atoms prefer the octahedral to the tatrahedral
sites of the body certered cubic columbium lattice, the oxygen atom no

longz> being spherical but lenticular »r toroidal in shape. On the other

7

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

-
.

of columbium substitutionally in forming the primary solid solution.

3




Both the addition of interstitial oxyger and substitutional
!, . hainium in the respective binary systems produce an increase in the

) P’ lattice purameter of the columbium matrix. It would therefore be
-2 ‘_j

unticipeted that the Joint addition of oxygen and hafnium would produce

a correspondihg increase in the coclumbium unit cell size, but this is

i var s v
e

not the case. As may be seen from the isoparametric contours drawn
.t across the o=Cb phase field in Fig. 18, there is a valley running through
i the Cbecorner of the system where the lattice parameter is virtually

that of pure Cb, namely a = 3.2986 .

The nature of this valley can best be seen by plotting the

€ e
aieam €

latticze paramzters at various oxygen levels as a function of the hafnium

A

o

centent. This is shown in Fig. 20. With zero oxygen in solution, the
latiice parameters of the &-Cb phase rise continuously with Hf content,
bub those corresponding to 1.0, 2.0, 4.0, and 6.0 atomic percent 0,
gﬁ £irst drop linearly with increasing Hf, reaching a sharply defined

‘ o minimum value which is little édifferent from that of the lattice parameter
‘ for pure Ch, and then rise sagain in an almost linear fashion.

- The positions of these minima are extremely interesting. The
migimur for 1.0 atomic percent 02 is seen to ocecur at 0.5 atomic percent

7‘ if; that for 2 atomic pzreent 0, occurs at 1.0 atomic percent Hf, mad so

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

1 surface of the o=Chb =ingle phzse ficld, occur at an O:Hf atomic ratio of

th ) 21, As a resuit, the valley runs across the o=Cb singie phase field from
} thz Cbecorner and in & direction where it forms & continucus straight line
"i with the tie=line joining the =Cb phase toundary composition with Hfoa.
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A possible interrretation of this result mey be as fallows.
The oxygen ions tend to occupy the octahedral sites of the body centered
cubic matrix, thus lying at the mid-points of the cell edges, whereas
the hafnium atoms go into the cube cormers, replacing columbium. A form
of "clustering" may now occur in which randomly disperseé "rmclecules®™ of
Hf02 form within the Cb lattice, an ion of Hf being flankec nn either side
by an oxyzen ion. In forming such a molecule, each oxygen wouid gain
two electrons from the Hf, and increase their effective ionic radius,
but in l?sing its four valence electrons to them, the hafnium would decrease
in size. The net effect would be a canceilation of charges and sizes
which would tend to leave the lattice &s a whole with a parameter very
l1ittle different from taat of pure Cb. A study of Fig. 20 shows that,
ir reality, the valley is not quite level but rises slightly with Hf
content.

The state of affairs described above would arply only to &=Cb
alloys lying along the line Cb-Han. 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 expeciecd to behaw:
very much like Cb-0 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-HfO2 1j-e and conteining Hf in
excess of that required to form HfO, mclecules; would be expected to
be ductile, and this is what is actually found. Furthermore, i; going

from the “more metallic" Hf-rich @~phase alloys to the ™ess metellic®

29
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O-rich alloys on crossing the Cb-HfO2 line, a sharp increase in electrical
resistivity would be anticipated due to electron scattering produced by
the excess interstitial oxygen. This expectaticn is fully Lorre cut by
the results presented ir Fig. 21 which shows the electrical resistance

at 1500°C of a 2.8 Hf $7.2 Cb vire to which varying atomic sercentages

of 02 bave been addec¢ at temperaturc in the Sieveris arparatus. As may
be seen, on exceedins the critical oaxygen content for stoichicmetriec

q£0

2
resgistance.,

molecule formation, there is an extremely sharp risc in the electrical

k. Nitridinz of Cb and Cb-Hf Alloys

B.1 Genersl Introductisy -- Previous Work

The adsorption of nitrogen by columbiun under various conditions
of temperature and pressure nas been studied by a nurber of authors.
A coprehensive ianvestigaiion of the system by direct synthésis of Cb and
N using oxygen-free preparations and up to 1500°C iwas carried out bty

Brauver and ,Jander(aa) (23)

and Brauer and Esselborn, vhile the synthesis
of 3CbN under & nitrogen pressure of up to 60 atmospheres was studied by
Brauer ana Kirner,(ah) The system was also studied ﬁy Sc.hanberg(25 ) who
nitrided columbium in ammonia at temperatares between 700° and 1100°C )
while the structures of the various nitrides were studied by Terao(eé)
using electron 3iffraction and x-ray techniques. The results of Brauer
et al. and Sch3nberg differ to some e'x;c.ent, presumably due to the methods

of preparation, a summary of tne phase structures found being given in
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Tabie 4 and schematically represented in Fig. 22. Also included in
Fig. 22 are the results obtained by Elliott and Komjathy (27} for cb-¥
phases at 1450°C. Below about 1300°C, the "CbN" phase changes from face
ceutered cubic to hexagonal.

As would be expected, the amount of nitrogen taken into solid
solution in body certered cubic a=Cb is a function of the temperature and
the pressure. According to Erauer, Cb takes less than 4.75 at. % N into

solid solution, wherees at 1 a‘xosphere N, pressure, Elliott and Komjathy

2
show it $o take about 1.5 at. % N at 1000°C, 3 at. $ N at 1500°C, and about

1% at. $ ¥ at 2koo’c. However, as found by Dlirrschnabel and Harz(aa)

quenching Ct wire of diameter 0.8 mm (32 mils) from temperatures ranging

from 1560 to 1560°C and nitroger pressures ranging from 1 x 107 to

2 sorr (25 seconds to 500°C, or T séconds in argon) did not retain

1x10
more than about 1.3at. % N, in solid solution.
The sol{d-solubility of nitrogen in columbium has alsc been

investigated as a function of pressur® and temperature using a Sieverts

type of spparatus by both Cost and Wert(ag) and Gebhardt, Fromm and Ja.kol'a.(30 )
Tris technique does not require cooling the sample down before measuring

the nitrogen content and is therefore free from the prcblem of nitrogen

loss caused by nitride precipitation. The solid solubility results of
Cost and Wert indicate about 10 at. percent nitrogen in solid solution

1

at 200¢°C and 3.0 x 10™ torr and Gebhardt obtains 10 at. percent, while

Elliott obtains about 6.5 at. percent referred to 1 atmosphere pressure

(see Rer. (30}, Fig. 8).
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‘ : Table &
i %l\' i Pbages in the System Cb-N
;-i - Hor-2geneity
S Crystal range. Atomic Lattice Parameters
G Phase Stracture percent Nitrogen 2
} ‘:, TR T
2L et Breauer et al.
Cb becece 0-<2.0 a=3.30L(%) - 3.302(6)
f:.‘ ‘ cban hoC.po 28.5 - 32.1‘ 85300&, c=‘h966, cla:'l.@ to
o . a=3.054, c=5.005, c/a=l.639
& (from kx)
[ . V4 R
L TR e CbN Tet. deformed 42,8 - 4.1 a=l.304, cal.321, c/a=0.983 to
s :“A m a=h.396, c=l|>.339, c/a:ﬂ.987
“ (from xX)
S CoN IIT | f.c.c. Necd 45.4 - 48.5 ash.386 to ash.389
e (from kX)
i 7.: CObN II h.C.p. 48.7 a=2.93, 8=5.45, c/a=l.87
CbN I hexagonal 50.0 a=2.956, c=11.274, cfa=3.82
Schiinberg
s Cb ’..boc.c- O < 200 -
8 h.c.p. - As for Cbeﬂ above -
e Bexagonal Wy - 7.4 as2.950, c=2.772, c/a=0.940 to
WC=-type a=2.958, c=2.T79, c/a=0.939
6 h.c.p. Same &s CbN II above | a=2.9€8, c=5.535, c/a=l.865
€ Hexagonal Same as CbN I 2bove a=2.952, ¢=11.25, c/a=3.8i1
b2
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k.2 Llattice Parameters of the a-Cb(N) Primary Solid Solution

According to Brauer and Jander(22) the room temperature lattice
parameter of Cb after annealing in a high vacuum at 1000°C for 1 hour is
3.301(4) vhereas a two phase G-Cb + Co N alloy containing 4.7 atomic
percent K, had a somevhat higher perameter a = 3.302(6) & {from xX), the
actusl amount of nitrogen retaired in solution at room temperature being
doubtful and at most 2 at. percent. Similar results were obtained by
Schinberg using columbium powder nitrided in ammonia at temperatures
between T00° and 1100°C. On the other hand, besed on rapidly cooled wire
of diameter 30 mils, Dirrschnavel and A8rz(20) obtained a = 3.300(0) &

for Cb vire degassed for 13 minutes at about 2240°C and 5 x ;I.O"6

torr and
a = 3.304(1) £ for Cb containing 1 at. percent nitrogen in solution.
However, the rate of cooling was not particularly fast (25 %onds to reach
500°C in 1 x 1072 torr N,, or 7 seconds in argon) and ample time would

be available for the formation of a nitride precipitate.

Some preliminary nitriding experiments were carried cut during
the present investigation using the same bell-jar apparatus and dynamic-
leak method as for the oxidizing experiments described in Section 3.3.1
(page 17), a nitrogon 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 cousisted of a resistance fucnace fitted with an
Inconel tube packed with fin;: ccpper turnings heated to about 300°C over
vhich nitrogen was stored at 10 pounds pressure. This reduced oxygen

plckup considerably.
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A summery of the x-ray and microscorical findings for 11 mil
Cob wire heated for various times and pressures ir the nitrogen purified
as above is given in Table 5, where corrections are apolied toc the obserwved
lattice parameter; of the =-Cb-N solic¢ solution to allow for the oxygen
content of the wire.

A piot of corrected lattice parameters versus analyzed nitrogen
content for radiation-quenched Ct-N wires is preserted 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=0 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 1680°C after equilibrating in an atmosphere
of 5x 10‘1’ torr N, is 1.05 atomic percent, the corresponding room
temperature lattice parameter being & = 3.3060 K.

The lattice parameter chenge produced by the nitrogen interstitially
dissolved in columbium is relatively large, the value of a increasing from
the extrapolated value of 3.2986 £ for ouwre columbium to a = 3.3060 R
at 1.05 at. percent nitrogen. As shown in Fig. 24, the rate of increase
in lattice parameter with nitrogea content (curve a) is appreciably higher
than for the corresponding o-Cb-0 solid solution (curve c). Also plotted
in Fig. 24 are the parameter data of Dirrschnabel and H8rz (curve b), \
which indicates a lower rate of parameter increase than our own. This is
due, in all probability, to & higher initial Cb parameter resulting from

incomplete de-oxidation, and to too low an O~-Cb-N parameter resuliing from
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the loss of nitrogen as precipitated nitride on account of the relatively
slow cooling rate of their 30 mil diameter wire specimens.
Photomicrographs of columbium 11 mil diameter wires nitrided
in the bell-jar using the dynamic leak method show good penetmtion 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 minutes at 1680°C and 5 x 10”“ torr,
and conteining 1.75 at. percent nitrogen, 0.09 at. percest 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 1072 torr, the
analyzed nitrogen and oxygen cortouts 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-0 alloys where the oxide tends to form on the outside of the wire.

4.3 Determination of Nitrogen Solubility by the Dynamic Leak
and Sieverts Methods

Originally the solubility of nitrogen in columbium 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 {sothermally, both methods leading to the

same results.
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In the isobaric approach, the pressure was held constant while
the wire sample adsorbed nitrogcen. By reducing the heating current and
slowly cooling the wire under isobaric conditiocrs a poin® is reached at
which CbaN begins to forrm both on the surfacc of the wire and its interior.
This point, which corresponds to the solid solubility limit of nitrogen in
the primary o~Cb rhase, may readily be established by observing the pover
input to the wir- on a sensitive vattmeter while simultanecusly noting the
brightness temperature of the wire as indicated by an optical pyrometer.
Due to the combined effects of resistivity increases on for~ing Cb, N and

the emissivity change from 0.374 for Cb to 0.23 for Cb N,(lj) the onset of

2
nitride formation reveals itself by & sharp bresk in the curve relating
vatts inpu” to the wire with the observed temperature as shown in Pig. 29.
Once the discontinuity hss been located, it may be repeatedly
traversed backwards and forwards vo establish the equilibsrium temperature
at the preset pressure. At this point, the vire is radiation quenched
from the ¢-Cb phase limit and its nitrogzen 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
guenching process.
The slternative technique, which is somewhat more difficult to
employ, but which yields almost identical results, is to msintain the wire
temperature constant and gradually increase the dynaric pressure o the

nitrogen until the sgolid-solubility limit i. reached and Cbeﬂ commences

b7




to form. This point is marked bty a sharp break in tne watts ippat versus
nitrogen pressure curve, and also by & mavked lnstability in the readings
of the pressure gauges.

The above technigues weve supersed:d vy the Sieverts method
bri:fly mentioned in Sectior 3.3 {page 16), and in waich ultra.pure Baker
nitrogen wsg used. The great aivantage to be galned by employing this
82 vereative approach is that no chemical analysis of the nitrided sample is
required, it being possible to compute directly frur the imitial 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 oy the Sieverts apraratus is only 1.8 liters (including MclLeod gauge)
as against about 4.5 liters for the bell-jar apparatus, the Sieverts ;g
apparatus can be completely baked out by heating to 250-1400°C overniaht

under & vacuum of 1071 torr. Such a procedure ig i{mpossible with the

bell jer. Furthermore, *»* usiag Granville-Phillipc bekeable valves, {g
"Conflat® all-mutei Joints and gold~wire gasket seals, the leak rate of
the Sieverts squipment could be reduced to uegligible proportions. This IE
vag not the case with the bell-jar appgratue shich was fitted with [
conventional synthetic rubber Oering seals and gaswets. However, it is I?
interesting to note that the final results obtained by hoth the dymamic {
leak and Sieverts methods were surprisingly similer, ) E
The Sieverts apparatus may be emploved in two different ways to [
determine the pressure~temperaturez-composition relationship. ‘The first - X
of these is a constant temperature method in which a srries of small l
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additions cf known amounts of nitrogen .s made to the degassed specimen
which is held st ¢ given temperature in tne system, the entire ipparatus
being be 4 z .. at o pressure of 10°7 toer approximately. After each
nitrogen addition, the pressure in the system is followed as it decreases
with time until {t finally becomes constant. At this stage, the nitrogen
is in thermodynami* equilibrium with the solid wire speci:ien. After
poting the equilibrium pressure and the composition of the specimen a
new increment of nitrogen is introduced into the sysiem and the procedure
repeated.

An alternative to this first methoé .as also employed, in that
sfter equilibrium was obtained at 1500°c, the temperature was raised in
steges to 1790, 2000, and 2200°C respectively,and the equilibr. um pressures
notec ¢t these temperatures. The wire was quenched from 2200°C and a
small increment of nitrogen introduced into the sysiem, after which the
equilibriun pressures were again measured at 1500, 1750, 2000 and 2200°C.
In practice, this technigque proved the more convenient.

It is, in essence, 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
adsorbed nitrogen will produce quite large changes in the pressure of the
surrounding nitrogen atmosphere. However, a small correction must be
eprlied for the highest temperatures. This is done by noting the equilibrium
pressure, quenching the wire, and messuring the final pressure when the
apparatus has cooled to room temperature since all composition calculations

must be referred to nitrogen at standard temperature and pressure,
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In using the above methos, the first :fride to formm is CbXN-
The composition and pressure at which the c&:-zze forms iminediaiely vields
the temiral solid solubility liaft of the a-Cb solid solutiorn and the
deccmposition pressure of Cb2H for the constant tenperature a% wh.ch the
measurements were made. Any further additions of nibrogen at this
equilibriun tezperature werely results in the sformation of nore C02N, the

pressure remaining constany at the equilibrium velue.

L.k Discussion of the Nitriding Results

As distinct from the dynamic equilibrium in the Ch-0 system
vhere Q-Cb with oxygen in solution was in contact wi}'.h oxide vapor, in
the case of the Cb-N system the adsorption of nitrogem takes place at
temperstures and pressures at which only nitrogen gass and 0~Cb solid-
solution co-exist., Thus, the process is strictly reversible; if the
tenperature is raised above the equilibriwm value the adsorbed nitrogen is
released as nitrogen gas, while if the pressure is raised more nitrogen is
adsorbed. It is assumed that the nitrpgen gas-phase consists of diatomic
molecules which split-up into atoms at the metal surface before going

into solid solution. We may therefore write

.]Zzne (gé.s) = N (solution) . (1)

Thus, according to Sieverts Law, the equilibrium concentration
x of nitrogen in solid solution at the temperature T should be expressible

by an equation of the form:
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X = constast (pn )1/2

2

exp (Q/RT) (2)

vhere x is ir atomic percent, Py is the nitrogen pressure and Q@ is the
2
heat of solution of nitrogen in columbium in calories per gram atom.

Cost and wert(29) using a Sieverts apparatus ovtained
x = 6.2x10" (g )*/2 exp (46,000/r7) (3)
2

where Py is in torr.
2

A plot of log p“.2 versus log x as abscissa for constant T
should yield 8 straignt iise with a slope of 2. Our own results, obtained
with the Sieverts apparatus, are plotted in this manner in Fig. 30 for the
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 criticel examination of the log pN2 yersus  log x plots
ol Cost and Wert which cover a similar pressure range, namely 1\)'6 to
101 torr approximately, shows that average lines of slope 2 were drawn
through the experimental points. Actually, the curve for 1525° has & slope
of 1.57 if Crewn accurately through the points, while the curves for 1760
and 2255° show quite distinct breaks, the upper portions of the curves at
high nressure ends of the range having slopes of 1.62 and 1.42 respectively.
Similarly, the curves obtained by Gebhardt, Fromm and Jakob(as) have
slopes of 2 for temperstures ranging from 1600° to 20000, but the curve

for 2100° has a slope of only 1.8. It is pussible 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 2. “h» =pecimens.

The isothermal plots of 1log Py  versus log x presented in
2
Fig. %0 may be converted to constant composition curves as shown in Fig. 31

s

in which log py 15 plotted as a function of th/T(OK). These lines
2
terminate at the solid-solubility limit of the 0-Cb~N primary solid solution

and mark out the line which gives the decomposition pressure of Cb2N as

& function of 1/T.

Using the p-T~-x data in Figs. 30 and 31, tﬁe solid-solubility
limit of nitrogen as a function of 1/T can be drawn as shown in Fig. 32.
As shovwn by the Figure, the present set of reswlts is remarkably close to
thos® published by Cost and Wert and by Gebhardt, Fromm and Jakob, for
smperature: above 1500°C, thus confirming the thenﬁ'odynamic data

incorporated in equation (3) (page 51).

4,5 Nitrogen Retained on Guenching

Pigures 30-33 illustrate the amount of nitrogen which can be
held in interstitisl solid solution within the body=-centered cubic o~Ch
matrix at a particular temperature and surrounding nitrogen-gas pressure.
The question which nov arises is how much of this nitrogen can be retained
in solution on quenching. As mcntioned above, DHrrschnabel and HSrz(ee)
quencheé Cb wire of diameter 0.8 mm (32 mils) from temperatures ranging

from 1560 to 1960°C and nitrogen pressures ranging from 1 X 1072 to
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1 x 1072

torr and did not retain more thsn 1.3 at. % N, in soli¢ solution.
(No proof was offered that the quenched alloys were single phase 0~-Cb.)

Our ovn investigations with the dynamic leak method seemed to indicate that
the maximum amount of nitrogen which can be retained in solid solution

on quenching 11 mil Cb from 1680°C after equilibrating in en atmosphere

of 5x 10"‘ torr N, is 1.05 atomic percent.

When the Sieverts apparatns became available, some additional
quenching experiments were carried out. Using ultra-high purity Baker
n{%rogen, a 14.3 mil diameter Cb wire was doped with 9.48 atomic percent
N2 at 2200°C 1n an equilibrium pressure of 1 torr N2 and then quenched.

The x-ray diffraction pattern of the wire showed it to be two-phese,

0-Cb 4 Cben. The lattice parameter of the o~Cb solid solution was

a = 3.304(2) R, correspondirg to a retained nitrogen content of 0.7T &tomic
percent, based on the calibration curve shown in Fig. 235. Similar lattice
parameter results were obtained for the same batch of wire containing

2.0k atomic percent N, and quenched from 2200°C at the equilibrium pressure
of 4.6 x 2!.0":2 torr, the lattice parameter now being a = 3.203(T) R
corresponding to about 0.72 atomic percent I\I2 retained in solid solutiou.

It would seem that the extremel:; rapid rate of nitride formation
prevents the ¢=Cb sclid sclution from retaining more than about 1.0 atomic
percent Ne in the lattice, the amount retained being extremely sensitive
to the rate of quench, being Llower for the thicker wires and loves gas

pressures.
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On being precipitated during a quench, the rapidly forming
Cb2N phase produces an extremely fine Widmennstftten 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 N,, quenched from 2200°%C. At low nitrogen contents, precipitation

2
of Cb2N in wire quenched from 2200°C is confined nainly to the grain and
sub-grain boundaries as shown in Fig. 34 for Cb + 2.0k atomic percent Né.

4.6 The System Columbium-Hafnium

This constituent binary system of the ternary system Cb-Hf-N
has already been dealt with in Section 3.9 (page 32), and the lattice

parameters in Section 3.9.1 (page 32).

L,T The System Hafnium-Nitrogen

The only information on thic system is that it forms the nitride
HEfN. This compound hes a metallic character, melts at 3%10°C and has a
face-centertd cubic structure of the Bl-NaCl type with a = 4.52 +2 R.(il)

It is provable, however, that Hf takes some nitrogen into solid solution.

k.8 The System Columbium-Hafnium-Nitrogen

Since the amount of nitrogen which can be retained in solid
solution in the 0~Cb phase is conditioned by the pressure of the nitrogen
atmosphere and the decomposition pressures of the CbeN anc 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 columbium in the Sieverts
apparatus, the pressure falls to the decomposivion pressure of the Cb2N
phase corresponding to the temperature, should the nit-ide begin tc form.
This pressure is given by the log pN2 versus 1/T vlot in Fig. 71,
shown as the heavy line. Thus for temperatures within the rangze 1b00 to

> to 101 torr

2%00°C, the decomposition pressure of Cb N varies from 10°
and lies within the range of measurements of the McLeod gauge employed
with the Sieverts apparatus. Thus the solid-solubility limit of nitrogen
in 0-Cb can be determined from a measure of the nitrogen pressure.

However, this no longer becomes possible when doping Cb-Hf
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 microsraphic techniques
to establish the identities and quantities of the phases present.

Figure 35 illustrates the case for an alloy of atomic composition
90.k 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
will be correspondingly reduced by tne nitrogen addition, but their ratio
will remai~ 90.4/9.6). At time t = O and 1500° the pressure in the
Sieverts apparatus is 2.5 torr and it falls to lO-u torr after about
58 minutes, after which it remains constant. Thus virtually all the
nitrogen has been adsorbed by the slloy, and its average nitrogen content

is established. The residual pressure of 10'" torr can easily be accounted
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for by the 60 ppm of argoe which is the chief impurity in Baker nitrogen.

By quenching the wire and pumping the system down to 10"7 torr, re-isolating
it and reheating the wire to 15000C, it is found that there is no appreciable
increase in pressure, which remains below the range of the McLeod gauge,

and hence gp free nitrogen gas evolved by the wire.

After the above experiment, the wire was again quenched and
examined by x-ray and micrographic methods. The Debye-Scherrexr pattern
showed it to consist of the .hree phases a~Cb + CbeN + HfN, although this
would by no means be obvious from the microstructure shown in Figz. 36.

From experience with the Cb-N binary system, it is probable that the grain

boundary phase consists of Cb,N.

2

Binary Cb-Hf alloys in the form of wire and respectively containing
2.8, 4.8, 9.6, and 22.3 atomic percent Hf were degassed at 2200°C in the
Sieverts apparatus and then doped at 150000 with varying amounts of witrogen
ranging up to 25 atomic percent of the final alloy composition and then
quenched on attaining 2quilibrium. The x-ray and micrographic findings
are summarized in Table 6 and incorporated in the pseudo-equilibrium diagram
in Pig. 37, due axllowance being made for the shifts in composition
produced by adding the nitrogen.

*% will be noted that the -Cb phase Cbh-Hf alloys all have &
nitrogen solubility iimit of less than 0.5 atomic percent at 1500°C, the
lack of a Widmannst&tten structure in the microstructures and the sharpness
of the Debye-Scherrer pattern of the gecond phmse indicating that the

alloys were definitely two~-phage at temperature. The second phase,
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in this case, is not Cb2N as vould be expected, but fs‘.ce-centered cubie
HEN.

The HfN phase is probably close to the stoichiometric composition,
through this point should be explored further, but the CbaN phase is found
to extend some distance into the system as shown in Fiz. 37. The o-Cb
and CbEN apices of the ternary triangle ¢-Cb - Cb2N - HfN have been fixed
on the basis of the lattice parameters of the 0~Cb and CbEN phases.

6

On account of the exiremely low decomposition pressure (< 10"~ torr)
of the HfN phase, it is probable that the a-Cb/a-Cb - HEN phase boundary

is not very sensitive to changes in nitrogen pressure, so that the @-Cb

apex of the triangle 0~Cb + C'b2N + HfN is fixed. On the other hand, the

a-Cb Jo~Cb + GLQN boundary will be sensitive both to pressure and

temperature, and, at 15000(:, will lie at aboul 2.5 atomic percent N2 at

6 x 10*5 torr, and at zbout 10.0 atomic percent Ne at 3.0 x 10'1 torr.

It is alsc highly probable that th. boundary of the CbeN plase-field is

voth pressure and temperature sensitive.

5. Columbium-Rich Columbium-Hafnium-Carbon Alloys

5.1 General Introduction -- Previous Work

In the determination of the solid-solubiiity limits of carbon
in the body~centered cubic Cb=rich Cb-Hf primary solid solution, it is
necessary for identification purposes to know which carbide-phases are
in equilibrium with the Cb~H? =2.i{d ecolution. Possible carbides in
equilibrium with Cb-rich Ct-Hf alloys are Cb,C, CbC, HfC and mixed

2
carbides such as {(Cb,HE)C.
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5.2 The Ch-Hf System

This system, which consists of an uabroken series of body
centered cubic solid solutions above 1950°C nas been dealt with in

Section 3.6.

5.5 The System Cb-C

Although a number of investigations have heen carried out cn
tne carbides formed in this System,(jz ) the only comprehensive study
to be made is that by Brauer, Renner and Wex*uet(3 5) 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
interest in ths system, namely @-Cb, hexagonal close-packed Cbac, cubic
FaCl-type CbC, and carbon, the extents of the phases at 1600-1700°C being
shown in Fig. 38. According to the microstructures,w 3) the Cb phase
retains, at most, 0.02 at. percent C in solid soclution with pegligible
change in the lattice perameter of the matrix. The crystal structures
of the carbides CB20 and CbC have also been studied in the form of thin

f£ilms by Terao(y‘ ) using electron diffraction methods.

5.4 The System Hf-C

According to Hansen,(3%) only the intermediate phase HfC 1s

formed in the system. The melting point of HfC is 3890 + 150°c. The crystal

structure is of the face-centered cubic Bl-NaCl type with a lattice

parameter & = 4.6365 K. As is the case with TiC and ZrC which have the
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same type of structure, the HfC phase will, in all probability, have a
certain homogeneity range and this will certainly influence the value

obtained for the lattice parameter.

5.5 Tae System Cb-Hf-(

Nothing has been published on this system.

5.6 The System Cb-C -- Present Investigaticn
‘wo methods of approach were employed in attempting to obtain

the solid-solubility limit of carbon in columbium. These entailed the use
of (a) solid specimens containing respectively 0.5, 1.0 and 5.0 atomic
percent zarbon prepared ty melting together powdered columbium vith a i
magter alloy of stoichiometric composition Cb.C, and (b) using zone~refined R
coluwpbium wires which were given 8 thin coating of Aquadag and heated in i
the bell-jar apperatus for various tives and temperatures in a vacuum of H
10" . 16°7 torr.

In the case of the s01:id samples, which veighed approximetely

7-8 grazs, the alloys were homogenized in the tungsten tvbe furnace for

2k nours at 1600°C and guenched on a wolybdenum sheet. Typical photo-

micrographs Corresposding to 5.0 apd 1.0 atomic percent C are presented

.~

iz Pigm. %0 apd 4G srd b beangoneld Cb,C in & melrix of columbiur

yrimary solid zolution. A photowicrogrsph of 0.5 at. percent ¢ Cb-O }
slloy heat-trestsd end quenched under the aame conlitions was eutirwly .

gingie dhase, v 4% W33 seew that the solid-solubility iimit of }

%
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carbon in columbium at 1600°C lies between 0.5 and 1.0 atomic percent
carbon (660 ppm and 1300 ppm respectively). Using a point-counting
t;r‘:chm.qv.e,':56 »37) the ¢ at. percent C ellcy yielded 14.0 + 2.2% vy
volune of Cbec in the Cb matrix, based on a total of 1998 point inter-
sections. Tnis places the solid-solubility 1imit of cerbon in columbium
2t approximately 0.35 + 0.75 at. percent C, in agreement with the
original microgrephic findings. A similar count, witn 8176 point inter-
sections on the 1.0 at. percent C alloy yielded a Cbzc volume-fraction
of 2.56 + 1.0% correspording to a carbon content at the solid solubility
limit of 0.24 + 0.28 at. percent C. The same 1.0 at. vercent C alloy
heated for 16 hours at 2180°C it a vacuum cf 5 x 191 - 1 x 1676 torr
ad slightly less C'bec.

In order to avcid the possibility of oxysen pickup when using
fi2d samples, x-ray diffraction studies were made on fully degassed
znne~refined Ch-wire which had been coated with a thin layer of Aquadsg,
as mentioned sbove, and neated for various times and temperatures in
acuum. On account of the varying thickness of the Aquadag layer, there
was & tendency to large variations in the surfizce brightness, which made
accurate temperature determinations almost impossible, vhile the occasional
formation of hot-spots caused the wire to fafl. Nevertheless, cearbide
formation occurred as shown in Pig. 41 for the typical case of a wire
heated to a nominal 1700°C and held for 16 hours in a vacum of 1 x 1070
torr and rediation quenched. X-ray diffraction patterns taken from the

vires in the region where the temperature measurement vas made showed a

a
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ssall but significant increase in lattice parameter of the Cb primary
solid-solution and alsc the presence of appreciable amounts of hexagonal
C'bec both within the grain bowidaries and within {the grains themselves.
Thus the behavior of columbium with respect to carbon is very similar

to its behavior with respect to nitrogen, and very dirferent from that
vith oxygen, wiherz2 the oxide tends to furm almost entirely on the surface.

Lattice parameter eterminations mede on wire carburized at
1700°u vielded a value of a = 35.3010 R as against a parameter value for
zone-refinzd oxygen-free columbium of a = 3.2986 R. Based on the microe
grephic work on the lump semples, the lattice parameter of the carburized
vire corresponds to an approximate cerbon content of 0.55 at. percent,
1t being assumed that es a result of the prior degnssing treatwent almost
all the oxygen and nitrogen has been removed and that any residuum would
be carried off as a gaseous reaction product with some of the carbon in
the vire.

Comparing the rates of lattice paramster change per unit atomic
percent increase in carbon, nitrogen and oxygen, we obtaiu for (da/a)/unit
increase the vslues 0.00132, 0.00224k ard 0.00118 respectively. Thus
based on these initial results it would seem that nitrcgen 1s the most

effective 7 the three elements in increasing the columbium spacing.

5.6.1 Discussion cf the Results

The prese: vwork on the Cb- syatem places the solid-

solubility of carbon in columbium close to 0.%5 atomic percent C for alloys

&
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nuenched from 1600° and 2180°C. This value 4s much hisher thar. the value

of 0.02 atomic percent attributed to Brauer et al.(i"') However, a cuareful

(33)

study of Breuer's paper indicates that the solubility 1limit was based

on the planimetry of the Cb2C phase in an ailoy of composition ChC, 05

(4.76 at. percent C) which yielded a phase boundary composition of

CbCO .026

atomic percent, and subsequentiy published as such in "Hansen”. As may

or 2.52 atomic percent C. This was erroneously reported as 0.02

be seen from the present investipation, a value of 2.52 atomic percent C
is ruch too high, waile 0.02 {5 much too low. Our own work, with alloys
at 0.5 &nd 1.0 atomic percent 7 effectively traps the boundary composition
at 0.55 atomic percent. This value was fully confirmed by the subsequent

work on the ternary system Cb-Hf-C.

5.6.2 The System Cb-Hf-C -- Present Investigation

As a prelude to studying the solid-solubilfity of C in the
a~Cb-Hf solid soluti%a number of ternary alloys were made to establish
the fdestifies of the carbide phases present in the systems a2s an aid to
interpreting the x-ray diffraction retterns and photomicrographs of multi-
phase low-carbon alloys. The ternary Cb-Hf-C alloys high in carben vere
made f-om mixtures of Kenpametal coiumbium powder, filed Hf crystal tar
from ‘ e Fcote Mipneral Co., and Specpure carbon pider, the mixtures
being compressed jato 1/2-inch diameter slugs and then alloyed by solid
state ¢iffusion in vacu. for 24 hours at 2500°C. However, tiae diffraction

patterns vere diffuse indicating incomplete homogenization ani an attempt

63




vas made to improve matters by melting the samples in the argon aic

furnace followed by a second amneal of 2 days et 2000°C. The patterns
were considerably improved by this procedure but a2 small amount of residual
diffuseness remained. The following compositions were investigated: CoC,

These alloys

Cbznfcy Cbezcy HEC; Cb,C, Cbhnfzcy (:7:)3E!:t‘5c5 and Cbz"{fhcy
vere quite brittle and could easily be powdered in a tungsten carbide
mortar for subseguent x-ray diffraction analysis.

In addition to the above, four low-carbon alloys of nominal atomic
compositions 94 Cb 5 Hf 1C, 890bllonf1c, 8k Cb 25 Hf 1 C, and
79 Cb 20 HE 1 C, vere made by melting suitable mixtures of CbC, Cb and Hf
powders in the argon arc furnace. These alloys were subsequently levitation

6

melted at 1077 - 10°° torr and vacuun cast inmto cylindrical rods of

approximate size 1-1/2" long x 3/16* in diameter, after which they vere

homogenized by heating for 1 day at 2000°C and vacwus quenched.

After this heat trealment, the ends of the rods wvere subjected
to micrographic examination and vere found to be two-phase, taus showing
that the solid-solubility 1limit of carbon in Cb-Hf alloys is less than
1.0 atomic vercent at 2000°C. This falls in line with the solid-solubility
1imit of carbon in the binary system Cb-C. It was expected that the second
phase would be CbC, but subsequent x-ray analysis showed it to be an
extension of the CbC phase, as will be described below.

Of the four 3/16" 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 mil diameter; the two

&k

A p———




W W

B B v

=,

ternary alloys with a higher Hf content, namely those with 15 and 20 atcmic
percent respectively, cracked during the swaging operation from 1/8"
diameter rod to 1/16" dismeter 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.

The results of the x-ray and microgravhic investigations of the
samples after various heat treatments are presented in Teble 7 and tie
tentative Cb-Af-C phase diazram based on the data is given in Fig. k2.

It will be noted that only three single-phase fields are of interest,
namely (Cb,HF)C, Cb,C and G-Cb. These will be described below.

5.6.3 ‘Te {Cb,RL)C Phase-FPield

The present investigation indicates that at 2000°C,
the phase-field based on the cubic Hl-type CbC structure extends as a vide
bard across the Cb-Hf-C composition triangle as a continuous series of
solid solutions and linke up with face-centered cubic Bl-type HIC. As
shown in Pig. 43, the lattice perameter of CbC increases almost linearly
2rom the published velues of u.46(5) £ for cbC to 4.636(5) R tor Brc.
Adaitmacbminftomthe-mmof(c»,nf)cmmmm
than 50 atomic percent leads ¢o parameter changes which are tentatively
indicated by the isoparametric contours interpolated across the (Cb,EC)C
phage-rield as shown in Fig. 42. In the portion of the phage field
richest in Cb, increases in the metal content actually leeds to a marked

65
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reduction in the lattice parameters. This means that the carkon atoms are
not replaced substitutionally by metal atoms in the structure, but rather
that lattice vacancies are crvated by the absence of carbon atoms from
their preferred sites.

5.6.4 The Cb_C Phase-Pield

2

Based on the x-ray and mi-rogragiic resuiis it would
seem that the hexsgonal Cb2C phase is ciesely confined to the Ch-C edge
of the composition triangle as shown ir Fig. 42 and takes very little H7

into solid solution.

5.6.5 The O-Tb Phase-Field

At 2ooo°c, body centered cubjc O-Cb forms a continuous
series of substitutiomal solid solutions with body cextered cubic B-Hf,
the G-Cb phase thus stretching, ir effect, across the entire Cb-Hf  edge
of the Cb-Hf-C composition trisrzle. As skovn by the photomicrographs of
the series of alloys conteining 1 atomic percent of carbon, there is a
second phese present, the quantity of vhich is too small io be clearly
ittentified in the x-rey diffraction petterns of the ssoples.

Figares kb and b6 shov the microstructures of the respective
alloys S Cb SBEf 1 C and 89 Cb 10 HE 1 C after an egquiisfhrating ammeel
of 2k hours at 2000°%C. Poth alloys reveal the presence of significent
amounts of a8 carbide phmge which increases somewbat on re-ancealing for
16 bours at 1500°C after slowly cacling from 2200°C. As shown by 7ig. &S,

L
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wire of composition 94 Cb 5 Hf 1 C becomes single phase on heating for
10 minutes at 220000, but this is not the case for alloys of higher Hf
content. Based on the amount of carbide observed, the boundary of the
a=~Cb phase for the 2ooo°c isothermal is probably located at less than

0.2 atomic percent C.

The amount of carbide in the samples is too small to yield an
x-yay diffraction pattern which would enable its identity to be recognized.
Rather tharn use an elaborate extraction technique or make up a new series
of alloys having a higher carbon content, the following methcd was employed
to identify the carbide phase. The wire of initial composition 89 Cb 10 Hf 1 C
vas given a coating of "Aquadag" and heated in vacuum in the Sieverts
apparatus at 2000°C » this temperature being chosen instead of 2200°%C to
avoid the wire'!s burning out should hot spots formm 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

alpost uniform two-phase structure over the whole of its cross section
(see Pig. 47), while x-ray diffraction analysis showed the carbide to
consist entirely of the face centered cubic (Cb,Hf)C phase and not
hexagonal Cb.C as might have been expected.

It is possible, without chemical analysis of the carburized
alloy, to make a rough estim;;e of its composition and of the compesitions
of the constituent phases in equilibrium with each other. In the 7irst
place, it is known that the G-Cb matrix must contain about 0.2 to 0.5 atomic

percent C. On cai'burizing, the lattice parameter of the -Chb matrix falls
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.. the Hf has been removed from the Q-Cb-Hf-C solid solution, thereby pushing

drastically from 3.324(5) £ to 3.301(2) R. This mepns that almost all

the composition of the 0=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 85 Cb 10 Hf 1 C will push its composition along
the line AC to a point B in the composition triangie as shown irn Fig. 42.
To pin B down, we need to know the direction of the tie line passing through
1%, Jjuining the &-Cb phase to the co-existing composition D on the
(Cb,HE)C phase boundary. We know from the lattice parameter of the 0-Cb
phase obtained from the diffrsction 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,Rf)C solid solution. Thus the tie-line must
meet the corresponding isoparametric contour at D on the phase boundary
of the (Cb,HEf)C phase. If the position of the phase boundary were known,
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
lever principle using the welative amounts of the phases 0~Cb and (Cb,Hf)C
as derived from the photomicrograph. Thus, without the chemical analysis
of B, a rough estimate of its composition and of the {Cb,Hf)C phase
boundary may be derived by a combination of lattice parameter and photo-
micrographic data once the constituent phases have been identified.

6
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Since the position of the tie line BD effeltively originates ‘

in the Cb corner of the Ch-Hf«C triangle, all Cb-Hf alloys containing

.'..-—-l

more than gbout 0.2 atomic percent carbon will have (Cb,Hf)C phase as a

4 w——y
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second constituent.
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Appendix I
X-Ray Diffraction Techniques

Throughout the investigations into the Cb-Hf-(O,N,C) systems
the identification of the phases observed in the microsections vas carried
out by the now classical Debye-Scherrer x-ray diffraction powder technique,
This technique was also used to determmine any changes produced in the
lattice parameters of the Cb-solid solution by the interstitial incore
poration of oxygen, nitrogen or carbon in the structure, and where possible,
the solid~solubility limits of these elements were determined with the
assistance of the parameter versus camposition curves.

In the present investigation, where wire-form specimens of about
11 =il dismeter were employed to a large extent, it was found quite
adequate to employ a 11k.6 mm diameter Debye-Scherrer powder camera
using copper K& radistion (A = 1.54051 R, Aa, = 1.54433 R) from a nigh
intensity rotating anode x-ray tube.(ae ) Some typical Debye-Scherrer
patterns of colunbium-base alloys are shown in Fig. 48.

Where specimens were nc' in the fom of a wire, the usual
methods of £1ling or crushing the lump samples, followed by sieving, were
employed to produce the necessary powder. This was heat treated to remove
cold work in either pure columbium or pure tungsten containers consisting
of w-out capped cylinders, about 5/8" in diameter and 5/8" high,
vith & vall thickness of 1/16", the heat treatment being carried out in

ancmnofcbmtlo’7-10'6tmmtbetmgstentubew.
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Despite the vacuum employed and the fact that the containers were dezassed
prior to use, traces of rxygen were invariably plcked up »y the columbiun-
rich powders on account of their hizh surface areafvolume ratio.

'Phis difficulty is avoided in the case of wire~-form specimens
wvhich can be fully degassed and annealed in the vell~jar or Sieverts
apraratus, but wire-form specimens nreosent 3 difficulty of their own,
namely the tendency to grain growth which causes the 3iffractisp lines o
become spotty. This can make the live-pasition measurement difficult for
accurate lattice parameter determinations, buz this Grawback can be overcome
in most cases by taking diffrsction patterns from positivas elong the wire
until a point is reached which yields sharp spots on the equator of the
film and by translating the wire specimen parallel 4o its axis ir addition
+o the usual rotation around it.

The columbiwm-rich 301id solution is tody cectered cubic and
yields excellent diffraction 1ipes at sufficiently high Bragg angles for
making good lattice-parameter determinations. In the present instance,
provided *he diffractien lines were smooth, a precision of about ). part in
30,000 to %0,00G covld be ottagned uxsing the well.knowvn plot of measured
parameter a versus the angwlar function f;_,i(cm2 8/g + cos? 8/sin 9),(39’h0)
but in the case of spoity lines, the precision fell to abcut I peart in
3,000.

The solid-solubility limit of a phase-field may be datermined
by plotting the lattice parameter of the single phase alioy as a function

of atomic or weight percent of one of the constituenta and observing

72
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where a discontinuity occurs on entering the two-phase field. The
sccuracy with which this discontinuity can be determined depends on the
slcpe of the perameter-composition curve. Thus, if the accuracy dafa
to which a parameter a can be detemined 1s 1/50,000, and dc is the
uncertainty in composition with which the boundary can be located by the

x-rey method, 1t can easily be shown that

a

d¢ = =5.556 (dajacy °*

the final accuracy dbeing set by the chemical analyses used to determine
the parameter-composition curve.
Using the data for the Cb-0 system obtained by Seybolt, by

vay of an exarple,
da 0.0110
& = o Km0

so taat the accuracy of determination of the ()2 solid~-solubility limit

in coluwdium will be given by

3.512
de =
50,000 (302%)

= 0.004 veight percent.
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Appendix IY

Metallography of Cb-Hf-C Alloys

The specimens vere mounted in " diareter molds in a polymethyl
methacrylase resin ("Kold-Mount®” and "Quick-Mount"). It takes this plastic

about 30 r:nutes to harden and no pressure or externnl hest is needed.

A temperature of about 135°C is reached during the polymerization. The
1* diameter mounts were next loeded into a Buehler Automet polishing
attachment and. ground and polished in tiue following steps:
(1) Ground on 600 grit silicon carbide paper, water cocled, 160 rim,
Lo 1bs. pressure for 2 minutes.
(2) Rough-polisoaed on 6 micron diamond, white duck cloth lapping,
oil cooled, 160 rpm, L0 1bs. pressure for 5 minutes.
(3) Final-polished on Microcloth in two steps:
a. Attack-polished using Linde *B* abrasive (gamme alumina
0.03 micron size) and an etching solution of the rollowing
composition:
50 ml Lactic Acid

10ml mlo5

2-10 ml HP, depending on the composition of the alloy.
160 rpm, L0 lbs. pressure for 5 minutes ani X 1bs. pressure :
for 1 minute.
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b. After Mnsing sil the sbrasive off the cloth, the mounts are
etch-polished for L additional minute at 30 lbs. pressure

and 160 rma.

Next the mounts are removed fram the Buehler polishing attachment and
2tched to bring out the microstructure. If the structure is faictly
discernible when the sanple is remcved from the Automet, ithe above etching
solution will usually work. The sample is cotton-swabbed for 1 to €0
seconde to reveal the microstructure. If no structure is present vhen
the sasple is finish-polished or if the above solution does not vork,
the more severe Dupont columbium-etching resgent is used. Etching is
done by irmersion for 5 to 30 seconds. The following is the composition
of ‘che etching reagent:

50 ml wWater

o =l HNO5

i ml 50,

20 nl HF.
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Fig. 5 —Vacuum bell - jar and associated equipment for oxidizing Cb-alloy wires
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Fig. 14—Oxidized specimens of zone-refined Cb wire using the dynamic
leak method
2 A - Oxidized 2 hrs 150°C 1x 10™° torr 0, x~ray result, single phase Cb(0)
B -~ Oxidized I5 min 1725°C 7x 16 " torr 0, Cb(0) + C0
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Fig. 25 —Longitudinal section of 11 mil Colymbium wire
nitrided for 10 min at 1680 °C and 5x 10" torr N.. 200X

z
1.7Sat$Nz, 0.093t$02

Fig. 26 dransverse section of 11 mil Colu:Rbium wire
nitrided for 10 min at 1680 °C and 5 x107" torr N, 200X
1.75at'I»N2, 0.09at'lo0,2
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Fig. 27 -Longltudmal section of 11 mil golumbium wire
nitrided 10 min at 1680 °C and 5 x 10" *torr NZ‘ 200X

S.IOat%Nz, 0.09&%1»02

Fig. 28 -Transverse section of 11 mil Columbium wire
nitrided 10 min at 1680 °C and 5 x 10~ torr Nz. 200X
510at %N, 0.09at% Q.
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Curve 5)5406-8
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Fig. 44--Ph-tomicrograph of 94Cb 5+7 1C, 24 hrs
at 2000°C and quenched. aCir » (Ch, HIC 200X

Fig. 45—Photomicrograph of 94Cb 5Hf 1C, 10 min
at 2200°C and quenched. aCbh + (Cb, Hf) C 200X
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interstitially at 2200%C and 3 x 102 torx N>, the amcunt retain:d on quenching
drops to about 1 at, Z, the precise eucuni depending on the queuching rate, The
addition of only 2 at, 5 of Hf immediately reduces the amount of K> which can be
accosmoiated at high temperaturses to less than 0.5 at. I, the «Cb phase deing in
squilibrium wita fifN, In the Cb-Hf-C system, the -CbL primary solid solution
retsins, et most, 0,55 at. X C at 2000°C, the carbids in eqiflibrium with the b
phsse being essentially face-centered cubic (Si.-lIf), and got Cb.0 as might have
been expected,
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