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I. INTRODUCTION

The investigations of the niobium-thorium and the niobiume
vanadium binary alloy systems were undertaken primerily to establish
their phase diagrams.

Since both alloy systems contain refractory metals, the determi-
nation of the phase diagrams was expected to present considerable
experimental diificulties. To suggest an approach for the experie
mental determination of the phase diagrams and to later allow & come
parison of the predicted and the experimentally determined phasze diae
grams, a survey of the factors invelved in alloying w«s undertaken,

The parameters usually employed in such preliminary surveys are
the atomic radius, the elecironegativity of the metal, und the solu=-
bility parameter., The wvalues of these parameters for the elements
involved are listed in Table 1. Twe sets of values are listed for
both the electronegativity and the atomic radius. Pauling's (1)
values of the metallie radii are based upon the coordination number
of twelve since most metals have closest packed structures. The

values tabulated as atomic radil are one-half the distance of closest



approach of the atoms snd were calculated from the dimensions of the
particnler unit cell involved. One set of velues of the electronegs~
tivities wes celeulated using Pauling's (2) electronegstivity equation
Q T (23.068) (xg = %) (L
where Q is the heat of formstion for the resction snd x represents the
electronepgativity of the species involved. The other set of values wsas

tsken from a tabmletion mede by Oraini (3) using Gordy's (L) equation

X = 0,31(n=1)  0.50 (2)

Te
where n is the valence, r, the single bond covalent radius or, if this

is not avallable, the metsllic radius, and X is the electronegativity

of the metsal.

Table 1. Parameters Useful for the Prediction of Alloy Systems

Element Radius Electronegativity Hildebrand's
vetallle Atomic Pauling's Gordy's solubility
parsameter
v 1.338 1.32 1.8 1.891 119
b 1.L56 1.43 1.9 1.779 127
Th 1.795 1.82 1.3 1.364 125

The percentile difference between the electronegativities of two
elements is given by the equation

I = 100(x1 - xp) (3)
Xavg,




where X is the percentile difference of electronegativities, xj and
xp are the electronegativities of the elements, and xgyg., is the
arithmetic mesn of x3 and xp. The percenﬁile difference between the
atomic redii of two elements is given by the equation

R = 100(ry - rp) (L)
Tavg.

where ry and rp are the radii of the elements and R is the percentile
difference of the atomic radii. The values of R and X for the niobium=

thorium and the niobium-vanadium alloy systems sre listed in Teble 2.

Table 2. Difference of Atomic Hedii and Electronegativities

Alloy System R X
Hetallic Atomic Pauling's Gordy's

Nb=Th 20.85 2L 37.5 26.4
Nb-V 8.1& 8 Soh 601

It has been shown by Hume-Rothery (5) that if the difference in
atomic radii of two metals is less than 15 per cent and if the electro=-
negativities are similar i.e., the percentile difference is smell, that
complete solid solution may occur. Also, it has been shown (5) that if
8 complete solid solution is formed and the difference in atomic radii
is more than 8 per cent it is probsble thst a wminimum is formed in the
solidus curve.

It is apperent, on the basis of the data tabuleted in Table 2,



that complete solid solution may occur in the niobinme-vensdium alloy
system, and 1t is just as appsrent that complete solid solution should
not oceur in the niobiume-thorium alloy system. Since the difference
in electronegativities between niobium and thorium is quite lerge, the
formation of intermediste pheases might be expected, However, the exami-
nation of a large number of alloy systems tabulsted by Oraini (3) indi-
cetes that this system i3 a borderline case as fer ss the formation of
intermediate phases is concerned, There remgins then the possiblility
that the niobiumethorium elloy system might show liquid immiscibility.
Hildebrand (7) hses developed & method of relating properties of metsls
and liquid immlseibility. For liquid immiseibility to occur the fol=

lowing equation should hold:

(v + Vz)(:ﬁ-fz)a > 2RT. (5)
2

¥V is the atomic volume i.e,, the atomic welght divided by the density,
T is the sbsolute temperature, and R is the gas constent expressed in

calories per mole degree. c; has been defined by Hildebrand as

S = (AEVFJ% (6)

Y

where AE' is the energy of vaporization and'% is the moler volume of

the liquid. If the vapor is assumed to act as a perfect gas, equation

§ = (m—.....‘m" = RT)% (1)

%

(6) may be written

where AHY is the heat of vaporization of the liquid. If the value of



AHY is not readily aveileble it may be epproximeted using the relationw-
ship developed hy Scott (8)

AHY = 17T, + 0.009T, eeeeees (8)

Hildebrand (7) hes shown both theoretically snd experimentslly that for
metals & does not very epprecisbly with tempersture so that it is &
good approximstlon to use the value of ércalculated gt the boiling
point at any temperature. 3ince neither the boiling noint nor the heat
of vaporization is accurstely known for thoriwm, the value of d for
thorium that had been estimsted by Carlson (9) was used. This value
wss estimeted by & comperison of the melting points of metels and their
S values, and in at least one case, the thoriume~uranium system, &
calculation based on the astimated.cfvalue for thorium correctly pre-
dicted liquid immiscibility.

Using the 5.values listed in Table 1, & cslculation of the possi=-
bility of the occurrence of liquid immisecibility in the niobiwm-thorium
system at 1000°K. wes msde. PFor liguid immiscibility to occur the fol-

lowing equation should holds
Vi, + Vo 2
Nb Th - > 2RT, 9)
( 2 ) @'ﬁb J’l’h) (

Unon substituting numericel values we find

(10.95 + 19.83) (127 - 125)% < (2)(2)(1000) (10)

2
61.6 < L1000, (11)
Since the value of the right hand side of equation (11) is much larger

than the left hand side of the equation, liquid immiscibility should



not ocour.

The following predictions can now be made for the two slloy sys-
tems of interest:

1. The niobiume~thorium alloy system should be a eutectic type
gystem with little or no terminsl solid solubllity snd there is 2 poge
gibility that intermediate phases may be formed.

2. The niobiumevanadinm alloy system should form a complete

gseries of solid solutions and the solidus curve of this system may pass

through & minimam.



II. THE NIORIUMSTHORIUM ALLOY SYSTEM
A. Historical

The element niobium, formerly called columbium, was discove
ered in 1801 by Hatchett (10). Niobium metal was first prepered in
186l by Blomstrsnd (11) who reduced the chloride with hydrogen. The
principal minersl (12) of niobium is tantalite which is an impure
solid solution of tantslum and niobium pentoxides. The sepsration
of niobium and tentelum is & difficult snd expensive operstion due to
their similsr chemical properties. This, in conjunction with the
scarcity of tentelite, asccounts for the present high price, 85 to 150
dollars per pound, of niobium,

Niobium is a bright shiny metsl that is very mslleable and duc-
tile. Niobium hes an atomic weight of 92.12, sn atomic number of Ll,
and & density of 8.57 grams per cubic centimeter (13). It is a body-
centered cubic metal and has a lattice constant of 3.338 Angstroms
(). Melting points ranging from 1950 (15) to 2500°C. (16) have been
reported. The best value of the melting point is probably 2415°%C. (14).

The element thorium was discovered by Berzelius (17) in 1828.
The principal mineral of thorium is monazite (18). Thorium is a soft
gilver-white metal thet ternishes slowly upon exposure to air., It
hes en atomic welght of 232.12, an stomic number of 90, and a density
of &bout 1l.7 grams per cublc centimeter varying slightly depending
upon the method of prepsration and fabricstion (19), Melting points

renging from 1450 to 1842°C. heve been reported for thorium, The



best value of the melting point is probebly sbout 1695%c, (20). At
room tempereature the steble form of thorium is fece-centered cubic
with a lattice constant of 5.087 Angstroms (19). ©Small additions of

carbon have been shown to reaise the lattice constant of thorium sharply

Nrssca s ..

(21}, An allotropic form of thorium has recently been identified by
Chiotti (22) using a high tempersture X-ray diffrection method., The
high tempersture form exists asbove 1L00°C. end is body-centered cubic
having & lattice constant of 4.1l Angstroms.

A thorongh sesrch of voth classified and unclazssified literature
failed to reveal that any systematic study of the niobiumethorium alloy
system head been made. Severel investigators hsve studied the febri-
cation and mechanicel properties of niobiumethorium alloys conteining
less than 2 per cent niobium. Ooldhoff (23) reported that these alloys
gcould be forged or rolled at 700°C. and that they could be cold rolled.
He slso found thet the addition of 0.4 per cent niobium to thorium
ineressed the tensile strength of thorium slightly. Prye (2L) reported
that the sddition of less then L per cent niobium to thorium decreased
the hardness of the alloy. Rogers (25) reported thet the ultimate
tensile strength of & 2 per cent niobium alloy was 55,000 psi., and that
the ssme alloy had & Brinell hardness number of 95. Foote (26) reported

a entectic at 131508. in the thorium rich region of the alloy system.



B, Apperstus and Bxperimental Methods

1. Prepsration of alloys

Mogt of the alloys studied during the course of this investi-
gatlon were prepared from niobium powder obtained from the Fansteel
¥etallurgical Corporation and from thorium sponge prepsered for experie
mental purposes at this leboratory., A few elloys were made using
trimmings from niobium sheet that wes also obteined from Fansteel.

The mejor impurity in both thorium end niobium was carbon. Powdered
niobium contained asbout 1750 ppm. csrbon, sheet niobium conteined less
than 500 ppm. carbon, and the thorium contained less then L60 ppm.
carbon, Minor smounts of caleium, chromium, iron, megnesium, silicon,
titanium, venediuom, and zirconium were detected in the niobium by
spectrographic analysis. The thorium contained less than 100 ppm,

of iron, ealcium, zinc, or sluminum., No oxygen eanalyses were obteined
on either metal,

Thorium sponge wes prepared for melting by breaking it into small
lumps approximelely one-hslf inch in diameter. The niobium powder was
pressed into flat disks weighing one to ten grems. Enough metal was
prepared in this manner to meke &ll the slloys needed for this investi-
gation., By randomly selecting the metals needed for alloy preparation
from these smell pieces, the varistion of impurity content between
samples wes minimiged.

The alloys were prepared by melting the required amounts of

niobium end thorium together in an arc melting furnace designed for
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small scale experimental melting. The are melter was conventional

in design having & removeble copper melting crucible that served as
the positive electrode and & water cooled tungsten rod for the nege-
tive electrode. The arc melting cheamber was evacueted to & pressure
of less than 5 X 10~5 millimeters of mercury and filled with highly
purified helium, This process wes repeated three times. A pilece of
zirconium, perhaps 20 or 30 grams, wes then melted in the gas filled
cheamber to remove any remeining impurities in the helium. FEach alloy
was melted four times before removing it from the arc melting chamber.
Between each melting the alloy was turned over with the tungsten
electrode to insure good mixing. Alloys prepared from niobium sheet
were melted in the same menner.

Several of the slloys were reduced 50 to 75 per cent by cold
rolling and then anncaled in vacuo at 1000°C. for 48 hours. No change
in the microstructure of these alloys was observed, so that normally
only nop-homogeneous appesring slloys were given this homogenization

treatment.

2. HMetsllogresphice procedure

Alloys conteining less than 90 per cent nlobium were prepared for
microscopic examinetion by rough grinding a flat surface on the sample
followed by grinding on silicon carbide grinding papers of succese
gively decreasing grit sizes, The final grinding operstion was carried
out on Tri-i-ite 600 A grinding peper. Since the surface of the speci-

men smeared badly during the srinding operstions it wes often helpful
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to electrolytically polish the specimen between grinding operations to
remove the worked metal,

The polishing operation that gave the best results was a combi=-
nation of mechanical and electrolytic polishing. Alloys were alternately
polished on a microcloth covered wheel using a soap suspension of 600
grit silicon cearbide powder as an abrasive and electrolytically polished
in a2 3 N nitric scid bath containing 1 per cent potessium fluoride.

The current density wes veried between one and four amperes per square
centimeter, and the polishing time was varied between fifteen and sixty
second depending upon the reactivity of the samples. Semples containe
ing 5 to 9 per cent niobium were the most rezctive and required lower
current densities and shorter polishing times. Alloy surfaces prepared
in this menner were free of scratches and worked metal.

The polished specimens were electrolyticelly etched in the elec-
trolyte used for polishing. The current density was varied bhetween 20
and 300 milliamperes per square centimeter, and the etching time was
varied between five and sixty seconds depending upon the reactivity of
the specimen in the same manner as in the polishing operation. Often
a thin film wes formed on the sample during the etching process. If
continvned etching failed to remove the film, it often could »e removed
by gently rubbing the surface of the specimen with Kleenex seturated
with aleohol.

Alloys containing over 95 per cent niobium generally needed no
mechanical or electrolytic polishing, After grinding through Tri-M-ite

600 A grit peper they were chemically polished and etched in one
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operstion by immersing the specimen in aqua regia containing 5 per
cent hydrofluoric ecid for & few seconds. It was noticed that alloys
mede from the sheet niobium, which had & low caerbon content, were very
difflenlt to chemicslly polish, Hormally some mechanical polishing was

necessary to prepare scratch free surfaces on these alloys.

3. X~ray apparatus and methods

A11 of the Xersy diffraction pstterns obtained during the course
of this investigstion were taken on a North Americen Philips water-
cooled X-ray diffraction unit using copper X elpha radistion. A
114.7 millimeter diameter Debye-Scherrer type powler camera, & 120
millimeter self-focusing back-reflection camera, and a high tempera-
ture attachment mounted on & Noreleo diffrectometer were nsed to
obtein the data reported in this paper.

Powdered specimens for use in the Debye-Scherrer and bhacik~reflecw
tion camerss were prepered by filing the appropriste alloys. After
screening the finely divided sample on & 150 mesh screen any iron
conteninetion introduced during the filing operestion was removed by
passing a strong peramenent megnet over the ssmple. A zirconium strip
and the filings were placed in opposite ends of & 3 millimeter disme
eter quertz tube and the tube wes sesled. By heating the end of the
tube containing the zirconium strip et eporoximately 1000°C. for 15
minntes while cooling the end of the tube containing the filings in
& beaker of cold water, & good vacwum was produced in the tube due to

the "getter" action of the zirconium. The tube containing the X-ray
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specimen was then annealed at 500 to 650°C. for 113 hours to remove
residual stresses in the specimen.

A major source of error in cameras employing film has been shown
to be film shrinkege (27). Since film does not always shrink uni-

formly, & correction should be made for both linear and nonlinear film

Fig. 1 Punch for Celibrating X-ray Film

shrinkage, A device to punch fiducial marks on the Xeray film was
eonstructed to allow & correction to be made for nonlinear as well as
linear film shrinkage. This punch, illustrated in Pigure 1, punched

small holes in the film at 2 * 0.003 centimeter intervals, By
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messuring the position of the holes after the film had been processed
it was possible to correct accurately for film shrinkage., The punch
was calibrated at regular intervels by measuring the position of the
holes punched in en unprocessed film. The punch was constructed
entirely of steinless steel, polished to & mirror finish, except for
the strip of teflon (G) in the bese (H) to protect the needle points.
The plate (B), which has a row of small holes (C) drilled in it so
that the needles may pass through the plate, has two purposes. It is
held away from the top (A) by springs so that the phonograph needles
used to make the holes are not protruding except when actually punche
ing the holes, It alsoc serves to push the film off the needles after
the holes have been punched. Small set screws, which cen be adjusted
from the holes (B), hold the needles in place, and also provide an
easy way to change needles if necessary. The film wes pushed firmly
sgainst the shoulder (D) of the bsse and the end plate (F). The top
of the punch was lowered until it made contact with the film, and then
the top was given a hsrd push downward to punch the holes.

Three curves have been plotted in Figure 2 illustrating the
types of film shrinksge that were experimentally observed. Curve (a)
is esseniially a straight line end indicates thet the shrinkage was
nesrly linesr, This particulsr film shrank over 0.3 centimeter during
processing. Shrinkage of the {ilms was recorded all the way from
0.025 to 0.5 centimeters. Curve (b) illustrates a rather unusual
case in that most of the shrinkage occurred in one-half of the film.

The curve (¢) illustretes a case of rather pronounced nonlinear film
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shrinksge. The factors influencing film shrinkesge sre not too well
understood but severasl conclusions ¢en be resched, The films that
urderwent very little film ghrinksge were measured the same day thst
they were developed, while most of those that shrank a grest deal were
stored for several days before being messured; so that, it appears that
drying time plays an important part in determining the extent of film
shrinkage. It wss also noticed in several, but not all cases, that
nonlinear shrinkage occurred near the large holes in the X-ray film.
High’temperature X-ray studles were cerried out using & specisal
attachment designed by Chiotti (22) of this laboratory on & Norelco
diffractometer. Briefly, the attachment consisted of a vacuum chamber
contalining & tantalum sheet resistance furnace and a thorium or csarbon
gpecimen holder, The vacuum chamber was provided with sn eluminum
foil window to 2llow passage of the X-ray beam, X-ray patterns could
be obtained at temperstures as high as 1500°C. and at pressures from
2 X 10~ to 5 X 105 millimeters of mercury using this equipment.
Specimens to be used for high tempersture ¥-ray studies were pre~
pared by milling slabs messuring 1/L X 1/16 X 3/4 inches from arc
melted alloys and polishing the semples in accordasnce with standerd
metallographic procedures, The polished specimen was mounted in the
furnace and heated to 8 specific temperature where a portion of the
front reflection region was scenned. The tempereture wes then raised
25 to 50°C. and the same portion of the front reflection region
regscanned. This process was repeated until the temperature of the

tranaforamation was located., After the trensformstion temperature had
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been determined, the front and back~reflection regions were normally
geanned at 2 temperature Just above and a2t a tewperature just below
the transformation tempersztwre. Unforiunately, very few pesks were

atrong enough to be messured in the back-reflection region.

Le Methods of solidus determination

Three independent methods were used to determine the shape of the
solidus curve. These methods involved cooling curves, melting-bar

techniques and high temperature resistance messurements,

(2) Cooling curves., Under favorable conditions cooling curves

have heen one of the moat useful tools employed by metellurpists for
the study of vhese diagrams. Although the study reported in this
inveﬁtigation’was an extremely unfavorable case, an attempt wes msde

to obtein as much thermal data as wes practicsl. Since thorium, due

to its low heat of fusion, does not exhibit a mezsurable thermal arrest
at its melting voint, a very sensitive method of thermael analysis was
necessary. Another complicating fector wes the lack of a relieble
thermocouple that would withstand temperetures ebove 1400°C., Platinum-
pletinum=-13 per cent rhodium thermocouples became brititle when heated
in a vacuum in the presence of carbon, so nioblum~tungsten thermo-
couples were used. Nioblum-tungsten thermocouples have several dige
advantages but heve the adventsge of a very high temperature range.
Tungsten wire becomes brittle upon heating and csnnot be handled; cone

sequently, & new thermocouple must be made each time the specimen is
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changed. Horeover, the calibration of the thermocouple varies meking
it necessary to calibrate the thermocouple during esch run. This was
done by checking the tempersture at regular intervels with a cali-
breted opticel pyrometer while the cooling curve was being recorded.

Differential cooling curves emploving a neutral body were selected
as the most promising type of cooling curve for this investigetion. A
niobium neutral body wes pleced sdjazcent to the elloy specimen and
both were heated or cooled st such & rete that the temperziure dif-
ference between them was essentislly constent. ®hen the specimen
underwent & trensformation, & sharp discontinuity was caused in the
temperature difference curve. The difference in tempersture between
the specimen and the niobium nentrasl body was recorded on the %> scale,
«1.,5 to + 1.5 millivolt range, of # Leeds and Northrup Speedomax X=X
recorder while the temperature of the speclmen wes recorded on the
X3 scele, 0 to 20 millivolts, of the seme instrument., A small poten-
tiometer, having an output of O to 7 millivolts, was connected in
series with the differential thermocouple to allow the millivoltsage
difference between the specimen and the neutral bhody to be adjusted
to zero at the start of the cooling period, This was necessery to pre=
vent the curve from ranning off scale during the exveriments. Thermal
effects of much less than 1°C. were esgily detected using this method
and equipment.

The samples were heated in a molybdenum, tantalum, or niobium
wire wound resistence furnsce or by induction heeting. The resistance

furnace core presented & problem since the more common refractories
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cannot be used at temperctures up to 1600°C. Cores mede of beryllium
oxide, which was grooved for the resisisnce wire, proved to be the

most satiasfactory. The grooves could be resdily cut in the surface

of the beryllis by wetting the beryllia with water before grinding.
Furnaces constructed using nlobium wire seemed to last longer than
those made of tentalum or molybdenum. Figure 3 is 8 drewing of the
furnece used to obtain much of the cooling curve data., Essentially the
apparstus canaiste& of the thermocouples (D), & resistance wire winde
ing (F) on a beryllia core (C), & 50 mesh porous grephite insulating
sleeve (B), & beryllia or thoria crucible (F) containing the speci-
men, end & beryllia tube (G) supporiing the neutral body and the
specinmen crucible agsembly. This entire unit wes supported on a stain-
less steel tripod (H) within s watercooled copper vacuum chember (A).
The thermocouples were brought out of the top or bottom of the vacuum
chember through small gless-to-metal seals. The electrical leads were
brought into the system through & rubber gasket sesl (I). Tempera~
tures as high as 1600°C. were obtained in this furnace.

4 similar setup was employed when inductiion heating was used. The
essential differences were that the furnace core wes repleced by &
graphite heeter, and the copper vacuum chamber wes replaced by a quarts
tube. In both cases the vacuum system consisted of a cold trap filled
with liguid nitrogen, & lerge diffusion pump, snd a mechanical pump
of sufficient capacity to handle the losd. Vacuume of the order of
£X 1076 to 1 X 1074 millimeters of mercury were maintained during

these experiments.
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& few cooling curves were obtained using a pletinume-platinum,
13 per cent rhodium thermocouple. The tube furnace described in cone
Jjunction with the determination of the liquidus (section II-B~5) was

uged 0o heat the samples.

{b) Melting bar method. Melting points were obtsined on & num=

ber of alloys using the method described by Pirani and Alterthum (28).
Esgentially the method congisted of hesting s bar of metal by passing
& high electrical current through it while observing the melting tem-
perature with sn optical pyrometer focused on & small hole thet had
been drilled in the har. The melting bars used in this investigsetion
were sections cut from arc melted alloy buttons and messured approxi-
mately 1/4 X 1/4 X 2 inches, 4 hole, 0,31 inches in diameter and over
0.15 inches deep, was drilled normal to the long axis of the bar. The
bar was notched by grinding to insure that the melting would first
ocour in the region of the hole. Temperature readings were taken with
& leeds and Northrup diseppearing type optical pyrometer by sighting
through a pyrex window in the melting chamber. A tempersture cor-
rection was made for absorption by the sightglsss using the relatione

ship
1l -1 .
7 §; = 0.0000046 (12)

developed by Foote (29) where Ty is the apparent temperature and T
is the true tempersture in degrees Centigreade,
The tempersture at which liguid first appeered was teken as an

indication of the solidus tempersture, Uccasionelly a film of oxide
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or nitride was formed eround the hole preventing the hole from filling
with metal, In these cases, since the hole still acted as & bleck body,
the sample was hezted until it melted in two, thus giving en indication
of the liquidus temperseture. FEven when the hole did not fill with
metal there was often an abrupt change, usually a derkening of the

bottom of the hole, thet indicated melting hed started.

Fig. 4 Vacuum Chamber of Melting Ber Purnace

The spperstus illustrated in Pigure L was used for these experi-
ments. The furnece consisted of a lerge water-jecketed vacuum chamber
containing two heevy wstercooled copper slectrodes. The specimen was
clamped between a pair of copper bars (Figure 5) that were clemped
to the electrodes. A hinged watercooled door was provided to allow

easy sccess to the melting chamber, To seal the vacuum chamber a



23

rubber zasket was placed between the door end the machined edge of
the vacuum chamber, and the door wes closed.

A vecuum ranging from 5 X 106 to 6 X 10=5 millimeters of mercury
was meintained &t sll times during the melting tempereture determi-

nations. The vacuum system was constructed of 6 inch diemeter iron

Fig. 5 Melting Bar Clemps in Place

pipe and included 2 cold trap filled with liquid nitrogen. A large
diffusion pump backed by & Kinney mechenical pump provided ample
capacity to ellow rapid heating to the melting tempereture range
without loging the vacuum.

Power for this high current furnace was supplied by a 10 KVA,
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watercooled step down trensformer obtained from the Banner Menuw
focturing Company. The secondsry of this trsnsformer was tapped at
8, 10, and 12 volts and the desired volitsge range could be selected
with a hesvy duty switch., The fine sdjusiment of the power to the
furnace was msde by adjusting a two ganged, 53 ampere, 220 volt

variac to the desired setting.

(¢) Resistence messurements. Resistivity messurements were made

on several alloys in the high thorium region of the alloy system using
the method snd equipment described by Chiotti (30). Essentially the
equipment consisted of a furnace much like the one shown in Figure L,
Two sdditional small electrodes were necesssry to allow messurement of
the potential drop across the center section of the specimen. Data
were recorded directly in ohms on & speclally adepted Brown Elektronic
recorder.

Alloys were prepsred for resistance messurements by swaging arc
melted bars into rods approximetely 1/L inch in diameter and l inches
long. The bars cracked slightly during the swaging process, but in
most cases 1t wes possible to select a section of the required length
conteining very few grscks. The center section of the ber was turned
down a few thousandths of an inech to insure that it would be the hot-
test section of the bar. Small holes were drilled for the tungsten
probes, and a hole wes drilled to provide black body conditions for

optical pyrometer temperature messurements.
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5. Liguidus determinations

The thorium rich side of the liguidus curve was determined by
messuring the solubility of nlobilum in thorium at high temperstures.
Cylinders of thorium, 1 inch in dismeter and 1 inch high, were pre-
pared by arc melting, and a hole 21/6L of an inch in dismeter and
11/6h of an inch deep was drilled into the crucible using a lathe.

It is importent to use & lathe rather than & drill press, as the

semple for chemical analysis must be taken from the seme hole by drille
ing and must not include any of the thorium crucible. Bars of a 7.7
per cent niobium~thorium alloy, prepared by arc melting, were swaged
into rods end driven into the thorium crucibles., The thorium

erucible was then plsced in 2 beryllia crucible and the assembly put

in a tantelum tube furnsce.

The tentalum tube furnsce, illustrated in Fisure 6, was con-
nected to the electrodes of the vacuum chember used for the melting
bar'exp@riments with & set of hesvy copper adsptors. One of the
adaptoreg is shown lying in front of the furnace in the photograph.
After the spperstus was assembled a beryllia 1lid with a 1/32 of an
ineh dismeter hole drilled through it wss placed over the sample
crucible to provide black body conditions for tempereture messurements.

The sample wes hested as rapidly as possible, while maintsining
& vacuum of less then 5 X 10~5 millimeters of mercury, to the desired
temperature end held at tempersture for thirty minutes. Since no

insuletion waes used in the furnace, the semple cooled quite rapidly
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when the power to the furnace was shut off at the end of the heating
period, Samples were obteined for chemicsl snalyses by drilling two

or three concentric holes into the region that had been liquid,

Fig. 6 High Temperature Tube Furnace

6. Chemicsl analysis

The chemlcal eanalyses of the nioblum-thorium alloys were per-
formed by the snalytical section., The separstion of niobium from
thorium was based upon the insolubility of niobium in concentrated

nitric acid containing sodium fluosilicate. Since niobium weas
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insoluble in this solution, the residue remzining after the thorium
had dissolved was collected on a filter paper, ignited to niobium
pentoxide, and weipghed. Thorium was determined by precipitating
thorium oxalate from the filirete et a pH of one by adding oxalic
acid, filtering, igniting the thorium oxelate to thorium dioxide,

and welghing,

Ce Presentation snd Interpretation of the Data

On the basis of deta obtained by wicroscopic exsminetions, thermal
enalyses, resistance meesurements, and X-ray diffraction studies, the
phase diagram shown in Figure 7 has been proposed for the niobium-

thorium elloy system.

1. Classificaetion of the alloy system

3ince the niobium~thorium alloy system waes expected to be a
eutectic system, with the possibility that intermediate phases might
be formed, the first experimental studies were designed to either cone

firm or to disprove this prediction.

(a) X-rsy evidence. X=-rays provide the most positive and one of

the simplest ways to determine the phases in an slloyj therefore, X-ray
diffraction patierns were taken of thorium, niobium, and & 52.2 per
cent niobium alloy. The phases present in esch of these specimens as
determined by Xwray methods sre listed in Table 3.

Since the predominant pheses in this 52.2 per cent niobium a2lloy
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correspond to niobium and thoriuwm, it eppears likely thet no stable
intermediste phases are present in the niobiumethorium alloy system.
Therefore, the slloy system should belong to the immiscible liquid,
to the eutectic, or to the eutectie with terminal solid solubility

classification,

Table 3. Phese Identification from X-rsy Data

Specimen Phase Lettice constant A°, Intensity

Are melted thorium

Thorium 5.089 Strong
Thorium dioxide Vieak
A few unidentified lines Very weak

Arc melted nioblum powder

Niobium 3.301 Strong
Niobium carbide or nitride Very weak
A few unidentified lines Very very wesk

Arc melted 52.2% niobium alloy

Niobium 3.301 Strong
Thorium 5.087 Strong
Thorium dioxide Very weak
1 unidentified line® Very very weak

®he unidentified line found in the K-ray diffraction pattern of
the 52,2 per cent nlobium alloy corresponds to one of the unidentified
lines found in the pattern of the thorium.

(b) Metallographic evidence. S3ince, on the besis of the pre-

dictions discussed in the introduction, it wes believed that a eutectic

was formed in the niobiumwthorium slloy system, the 52.2 per cent
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niobium alloy was microscopically examined. The arc melted alloy
(Figure 8) contains dendrites of niobium and & fine eutectic struce
ture. After undergoing an snnesling treatment at 1285°C. for 2 hours,
the same alloy (Figure 9) was unchsnged in sppearance except for &

slight coarsening of the eutectic structure.

,"‘X,,.' - ;‘b:. | A

38,49, v ,!P’;'

..,'v’,"‘:v.:; ""':..»vP ‘ =

. ml ."

L 3T

oy,

Fepe

ir « AR e
Fig. 8 52.2% Niobium. (As arc Fig. 9 52.27 Niobium. (Annealed
melted, White aress are niobium, 2 hours at 1385°C, FRutectic
dark sress are eutectic, Elecw- slightly coersened. Electrolytie
trolytic etch.® X250). etch. X250).

Microscoplc examinstion of severasl niobium-thorium alloys, that
had been melted in the melting bar furnace, furnished further evidence
that niobium and thorium do not form intermediste phases of any type.
Since the ends of the melting bar were in contact with a wetercooled
electrode clamp while the center of the bar was molten, a large tem=

perature gradient existed between the center and the ends of the bar.

8211 electrolytically etched niobium-thorium alloys were etched
in 2 electrolyte of 3 normal nitric acid containing 1 per cent potas-
sium flvoride.
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When the bhar melted in half, it cooled very rapidly snd wes essen=
tislly quenched., Therefore, the microstructure along the bar should
be representative of slloys quenched from varying temperatures up to
the melting point of the bar.

Figures 10, 11, 12, and 13 sre photomicrogrephs of a 3.9 per cent
niobium melting bar that had been melted in half. The aree of the
melting ber thet was not heated in this treetment i.e., that was in
contact with the clamp, contains a very fine eutectic structure
(Figure 10) that was not resolvable at 250 dismeters magnificetion and
erystals of primary thorium (the white aress). Figure 11 shows the
area of the bar & short distance from the clsmp, The eutectic has
sterted to spherocidize slightly., Neer the sres of the bar that had
been molten the spheroidization of the eutectic (Pigure 12) was essen=
tially complete. The ares of the bar that had been partially molten
contains a very fine eutectic structure (Figure 13) that is typical
of niobium-thorium alloys which have been spheroidized and then
quenched from sbove the liquid temperature. The structure of this
melting bar wes typicsl of all niobium-thorium slloys thet had under-
gone & similar trestment,

A mmber of niobium-thorium alloys were annealed for varying
periods of time (2 to 300 hours) at 1050, 1100, 1285, and 1350°C. and
either furnace cooled or quenched. The microstructures of these alloys
were very similsr to the microstructures of the melting-bars that hed
been melted, A 5.8 per cent niobium alloy that had been annealed 300
hours at 1100°C. and 2 hours at 1285°C, was heated to 1350°C., held



Pig. 10 3.9% Niobium. (Cold
end of melting ber. Thorium
(white crystals plus fine
eutectic, FElectrolytic etch,
X250).

Pig. 12 3.9% Wiobium. (Neer
molten end of melting ber.
Spheroidiged eutectic plus thor-
ijum. Electrolytic etch. X250).

Pig. 11 3.9% Niobium (Neer cold
end of melting ber, Partially

spheroidized eutectic plus thore
ium. Electrolytic etch. X250).

&

Fig. 13 3.9% Niobium (Partially
molten area of melting bar. Thore
ism plus fine eutectic and some
spheroidized niobium. FElectro-
lytic etch. X2%0).
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there & few minutes, and quenched., The structure of this alloy (Figure
1) shows primsry thorium (the white sreas) and spheroidized eutectic.
Figure 15 ghows a 5.3 per cent niobium alloy that had been subjected

to the 1100 end 1285°C, ennealing trestments., Agein, the picture

shows thorium #nd spheroidized eutectic. A 9.4 per cent niobium

elloy (Figure 16) that hed been annealed at 1100°C, for 300 hours

has & structure that is essentially spheroidized eutectic containing

& few nioblum dendrites (the long white needles). The 25.5 per cent
niobium alloy, also snnesled at 1100°C., contsins niobium dendrites

and partially spheroidized eutectic.

The contention thet a rather complete story of the behavior of
the alloys at various temperstures could be resd from the microstruc—
tures of the melting~bars is upheld by & comparison of the micro-
structures of the mnnealed and gquenched alloys (Figures 1, 15, 16,
and 17) end the microstructures of the meliing-bers (Figures 10, 11,
12, and 13). i

Since the evidence obtained from X-ray diffrsction patterns and
metsllographic exsminetion of the alloys was compstible only with s
eutectic type system, it has been concluded that niobium snd thorium
form a eutectic, Furthermore, since the lsttice constants of niobium
end thorium ere essentielly unchenged in the 52.2 per cent niobium
elloy, only very limited terminal solid solublility is possible.

Once the elloy system had been clessified, there remsined the
problems of loceting the eutectic, determining the eutectic tempere~

ture, determining the shape of the liguidus curve, checking the extent



Fig., 14 5.8% Niobium., (Sphe= Fig. 15 6.3% Niobium. (Sphe-
roidized, heated to 1350°C,, and roidized st 1285°C, and furnace
quenched, Spheriodized eutecw cooled, Thorium plus sphe~

tic plus thorium, Electrolytic roidized eutectic. Electrow
etch. X250). 1ytie etch. X250).

Pig. 16 9.4% Niobium., (Annealed  Fig. 17 25.5% Niobium (Annealed
at 11009C., furnace cooled. at 1285°C,, furnace cooled.
Niobium dendrites (white needles) Niobium plus eutectic. Electro-
plus spheroidized eutectic., Elec- lytic etch., X250).

trolytic eteh., X250).
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of solid solubility, and exemining the effect of niobium on the
transformation of thorium. These problems sre taken up in order in

the remsinder of this section,

2., Butectic composition

The eutectic composition, sbout 8 per cent niobium, wes deter-
mined primarily by the microscopic examination of nioblum~thorium
eglloys over & wide reange of composition. Figure 18 is 2 photomicroe
graph of the thorium used in this investigstion. The black srecas have
been identified es thorium dioxide on the besis of previous work and
X-ray date, Figures 19, 20, and 21 are photomicrographs of alloys on
the thorium rich side of the eutectic., As the niobium content of the
alloys incresses, the amount of thorium present as primary crystals
decresses until at 7.7 per cent niobium (Figure 22) the microstruc-
ture is almost completely eutectie. This alloy eppears to be just on
the thorium side of the eutectic., The 8 per cent niobium alloy (Figure
23) shows an essentially 100 per cent eutectic structure; therefore,

8 per cent niobium is believed to be very nesr the eutectic compo-
sition.

The 9 per cent niobium alloy (Figure 2L) is just on the niobium
gide of the sutectic, Two small dendrites of niobium surrounded by
spheroidized eutectic are visible in the photomicrograph. The 12.6
per cent niobium alloy (Pigure 25) contains several dendrites of

niobium in & matrix of partially spheroidized eutectic. Figures 26,

27, 28, and 29 sre photomierographs of alloys of progressively
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Fig. 18 Thorium., (As arc Fig. 19 1.4% Niobium. (As arc
melted. Black areas are thore melted., Hutectic in grain bounde
ium dioxide. Unetched. X250), aries, Flectrolytic etch. X250),

Pig. 20 3.9% Niobium., (Repidly Fig. 21 5.8% Riobium. (As arc
cooled from liquid stete. Thor- melted. Thorium plus eutectic.
ium (white) plus eutectic, Electrolytic etech. X250).
Electrolytic etech., X250).
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Pig. 22 7.7% Niobium. {(As are Fig. 23 8.0% (Annealed 8 hours

melted. Nearly all eutectic. at 1100°C, Essentially all

Blectrolytic eteh, X500). ante;tic. Electrolytic etch. -
X500),

A ¢4 5
S » ¥, 79

Fig. 24 9.0% Niobium. ~ Pig. 25 12.6% Nicbium. (Annealed
in melting bar furnece, Niobium in melting bar furnace. Niobium
{white needles) plus sphe- dendrites plus partislly sphe~
roidized entectic. Electrolytic roidized eutectic, Electrolytic
etﬂh'a XEEO) . @teh; X?SQ) .



Fig. 26 25,57 Niobium. (As are
melted., Niobium dendrites plus
eutectic. Electrolytic etch.
£100).
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FPig. 27 59.8% Niobium. (As arc
melted, Niobium dendrites plus
eutectic., Electrolytic etch.
X100).

Fig. 28 72% Wiobium. (As arc
melted. WHioblum dendrites and
entectic. Electrolytic etch,
X100).

Fig. 29 95% Niobium,
melted. Niobium crystels plus
entectiec in grain boundaries.
hque regia plus 5% HF etch.
X250).

(As arc
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ineressing niobium content. All of the alloys contain niobium den-
dritez plus eutectic. The eutectic sitructure is masked hy the impuriw
ties in the 99 per ceat niobium alloy (Figure 30). Since the eutec-

tic is about 8 per cent niobium, the ratio of eutectic to niobium
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Fig. 30 997 Niobium, (As arc Fige 31 Niobium, (As erc melted.
melted. BEutectic on the grein Grain boundary material and needles
bounderies is masked by impurie sre impurities. Aque regia plus
ties., Aqua regia plus 5% HF 54 HF etch. X250).

etch. X250).
dendrites in the 99 per cent niobium alloy should be sbout one to
ninety assuming no solid solubility. Therefore, in view of the large
amount of impurities in the niobium metel (Figure 31) it is impossible
to definitely identify eutectic structure in the 99 per cent niobium
alloy.

As will bve shown later, further evidence thst the eutectic com-
position is about 8 per cent niobium was obiained by extrapolating

the experimentally determined liquidus curve to the eutectic horizontal,
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3., FRutectic tempereture

Three independent methods were employed to determine the eutectic
temperature. On the basis of the data obtained from thermal analyses,
melting temperature determinstions, and resistance messurements, the
entectic temperature has been placed at 1435°C, These data are

plotted in Figure 32,

(a) Cooling curve methods. The use of cooling curves presented

many experimental difficulties which were discussed in the niobium-
thorium experimental section (II-B-L) &nd, as & result, there is some
doubt as to the validity of some of the cooling curve date. The cool=-
ing ourves were obtained with 8 niobium-tungsten thermocouple using
the wire wound resistence furnace or the induction furnsce to heat the
specimens which were in & beryllia crucible. The cooling curves had a
very jegged appesrance. This Jegged appesrance mede it very difficult
to distinguish the thermal srrests from the remainder of the curve,
The jezged eppesrence of the curves was thought to be due to the pick
up of en slternating voltage which wss superimposed on the millivoltage
of the thermocouple, All attempts st shielding or filtering out this
alternating component of voltasge met with feilure. The bresks in the
cooling curves were detected with & niobium~tungsten thermocouple, but
the temperature values were resi &t the time on en opiical pyrometer.
A very small thermsl arrest occurring in the viecinity of 1350°C.
was observed in most of the first series of cooling curves., Since the

eutectic temperature reported in the litersture wss 1315°C, (26), the
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thermal arrest at 13509C. was at first thought to be due to the eutec=
tic, However, & close examinstion of alloys upon which cooling curves
had been run falled to revesl any sign of melting even when the alloys
had been heated as much as 100°C., above the reported eutectic tempera~
ture. A few cooling curves were obtained heving 2 thermsl arrest
ranging between 1440 and 1535°C, which was attributed to the eutectic.
The inherent errors in the method prevented sn accurste deteraination
of the eutectic tempersture. The significence of the 1350°C, thermal
srrest is discussed in conjunction with the effects of niobium on the
trensformation of thorium (section IT-C~6).

3ome dats were obitalned with a platinum-platinum, 13 per cent
rhodium thermocouple using the tantslum tube furnsce to heet the speci-
mens. Since there was some evidence that a resction had occurred
between the bheryllis crucibles and the alloys in the above described
experiments, the alloys used in these experiments were melted in thoria
crucibles. The results were very satisfactory. Seven seperste coole
ing curves were obtained on & 7.3 per cent niobimm alloy and in ell
seven curves the thermsl arrest thought to be due to the eutectic came
at 1434  8%°C. on both heating end cooling. On the basis of these
tests 1t appears thet a value of about 14359C. for the eutectic

temperature represents the best thermocouple data,

(b) Melting bar methods. Helting temperatures were measured on

niobium metal, on thorium metal, and on niobiumethorium alloys in the

eutectic region uging the meliing bar method. As 2 whole the dsta
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obtained by this method were quite consistent. Melting temperstures
taken of alloys near the eutectic veried between 1L3k and 1465°C., The
average value was 14L8°C, The aversge value of ell of the melting bar
date was 1456°C. Since all of the slloys except the eutectic melt
over a range, the velues obtained by the melting ber method have a
tendency to be high., Table 4 contains a summery of the melting
temperstures determined for the niobium~thorium slloy system., The
sctual velue of the eutectic tempersture is thought to be slightly less

than 1iL48°C. on the basis of & considerztion of the melting bhar data.

{e) Resistance methods, Melting temperetures of seversl slloys

onn the thorium rich side of the eutectic were determined Ly measuring
the electrical resistivity of the alloys as a function of temperature.
Table 5 contains & summsry of the bresks in the resistivity versus
temperature curves. In all but one case the resistivity curve (a
typical curve is shown in Figure 33) pessed through & maximum at 1430
to 1435°C, The resistence measurements were made on swaged rods of
niobiuwm-thorium alloys, and smsll cracks were noted in all of the rods
except the 5.15 per cent niobium elloy., It is thought that the mexi-
mam in the resistence curves is due to the hesling of the creeks in
the sweged rods. This would effectively increase the cross sectional
area of the rods thereby reducing the resistance. Since the slloys
were heated gquite ravidly, it is possible that the healing of the
cracks occurred as the first liquid was formed, This would explsin

why the maximum occurred at the ssme temperature in all cases since
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Table L. Melting Temperstures Determined by Melting-bar Method

Alloy composition First sppesrance Bar melted
4 Rb % Th of ligquid, 9C, in two, °C,
1 99 bl
W7h 1668

W81

3.6 95.93 ks
1Lsh

ks

6.6L 91.9 ksl
43k

Lk

8.97 91.04 1465
w768

14,07 85.5 1469
W7h
26,39 7h.38 L6, 1880

hhlh

0.00 100 1693
1703

1708

100 0.00 2h21

8The bar melted while not being observed.
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the first formation of liguid would occur at a constant temperature
in 8 eutectic system. The sherp increzse in resistence following the
hump in the curve would then be due to the continued formation of

liquid metel which has & higher resistsance than solid metsl,

Teble 5. Resistence Curve Discontinuities

Alloy composition Transformation Temperature of Bar melted
£ Nb 4 Th temperature, °C. the meximum in  in two, °C.
the curve, °C,

1.h6  95.5 1335 1h38 1690
3.7 95,22 1337 1030 1535
5.15  93.24 1287 U15°
7.7 92,5k 1370 132 1515
7.7 92,54 1385 1435 1490

%Results low, probably due to film on sight glass.

On this basis the eutectic temperature, as determined by elecw
trical resistivity messurements, is between 1430 end 1435°C, This is
in good agreement with the velue (1LL8°C.) obtained using the melting
bar method and is in excellent agreement with the tempersture (1L34°C.)
obtained by the cooling curve method employing & platinumeplatinum, 13

per cent rhodium thermocouple.
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L. Liguidus curve

The liquidus curve on the thorium side of the entectic was deter-
mined primerily from data obtained by high temperature solubility
studies. The composition, as determined by chemicel analysis, of the
liquid phases that were in eguilibrium with solid thorium at tempera
tures ranging from 1500 to above 1625°C. sre given in Tsble 6 and

shown graphicaelly in Figure 32.

Table 6. Liquidus Compositions

Temperature, Anelytical composition

°c Rim Widdle Core
Z¥6 % Th £8b % Th 280 % Th

1505 6.78 87 6.94  90.95  7.01  91.18

1530 5.32 95.18 S.46  90.75 ST 92.1

1555 b7 9L.59 | L.23  93.55

1565 L7 93.k2 3.88  9h.65

1580 3.58  93.h2 3.37  93.95

16258 1.56  99.37

8he entire sample melted during the study at 1625°C, and a film
was formed on the sight glass., As & result both the temperature and
composition are in error.

To insure that the liquid was homogeneous, two or three seperate
samples for chemical anslyses were removed by drilling concentric holes

into the region of the specimen that had been ligquid. In these experi~
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ments an alloy of essentially eutectic composition was held at the
gpacified temperature in the molien condition in & thorium crucible.

The data of the shove described experiments were supplemented by
observations mede during the melting bar studies and during the resis-
tivity measurements. When it was possible to messure the temperature
of the specimen bar, after the eutectic hsd been resched, the bers
wers heated until they fell spart. These temperatures are plotted on
Figure 32. These points were expecied to be low since, due to the
rather lsrge difference between the eutectic temperature and the
liquidus temperatures, enough liquid would be present to cause the bar
to fell apart before it wes completely molten. However, often an
oxide film formed around the bar and held it together until it was
essentially all liquid. Data of this nature is normally useful only
as en indicetion of the true points on the liguidus ocurve unleésAthe
temperature difference between the solidus and ligquidus happens to be
small. The plot (Figure 32) shows fairly good sgreement between the
three different experimental methods, The liquidus has been sketched
as a streight line.

The determination of the liguidus curve also furnished further
evidence as to the eutectic composition. The point of intersection of
the liquidus curve snd the eutectic horizontel is in good agreement
with the microscopic evidence 83 to the location of the entectic

point.
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5. Terminal solid solubility

The lattice constant of the niobium used in this investization
was found to be 3.301 Angstroms snd the lattice constant of the niobium
phese of a 52,2 per cent niobium s#lloy was slso found to be 3.301
Angstroms. Since there was no change in the lgttice congtent, the
solid solubility of thorium in niobium should be insignificant.

3ince the lattice constant of thorium chenged from 5.089 to
5.087 hngstroms upon the sddition of 52,2 per cent niobium, there was
& possibility that there might be limited solid solublility of niobium
in thorium. Eutectic structure could still be recognized in & 1 per
cent niobium slloy; therefore, the solubility of niobium in thorium
mst be less then 1 per cent,

Back-reflection X-ray diffrsction patierns were taken of & series
of alloys containing less than 1 per cent niobium. A correction was
made for film shrinkage using the method outlined in section II-B=3
and the lattice constants were calculated using the method of extra-
polation suggested by Nelson and Riley (31). Figure 3L shows a typical
extrapolation curve constructed using the dzte (in this cese for
thorium) celculsted from an X-ray diffraction psttern.

Figure 35 is & plot of the lattice constant of thorium against
weight per cent niobium. From this curve it appears that the solubility
of niobium in thorium is less than 0,1 per cent., However, small changes
in the impurity content of thorium might &lso be responsible for this

small change. It has been shown (21) that carbon incresses the lattice



LATTICE CONSTANT .  ANGSTROMS

5.090

5085

50800

50

@M,ﬂm ....... (/[_D o

f—

|
.05 A0 A5

c0s2é + Cg§29
%(mna ]

Fig. 34 Typical X-ray BExtrapolation
Curve Using Nelson and Riley Function.




THORIUM LATTICE CONSTANT, Ang.

51

5.090L.
5.089}
5.088
5.087
5.086
5.085 |-
5084 |-
5083
5.082.
5.081 L
5.080

|

| I

O Ol 02 03 04 05 06 07 08 09 10 I
WEIGHT PERCENT NIOBIUM

Fig. 35 Cheange in Lattice Constent of
Thorium Upon the Addition of Niobium,

2 13 14

.5



52

conatant of thorium. On the basig thet niobium ties up the csr-
bon in thorium, it has been celeulated thet 0.2 per cent niobium
would be necessary to lower the latitice constant of this thorium by
0,002 Angstroms. Since the addition of only 0.1 per cent niobium
lowered the lattice constent 0,002 Angstroms, this lowering cannot
be completely explained hy sssuming thelb it 1s due to the niobium
tying up the carbon that was in the thorium., Therefare, it seems
reasongble to believe that there is very limited, less then 0.1 per
cent, solid solubllity of niobium in thorium at room temperature.

The solubility of niobium in (3 thorium is thought to be much
less then 1 per cent at the eutectic tempersture, since a euntectic
melting point was observed on the 1 per cent niobium alloy. Eutectie
structure waes also obgerved in the grain boundaries of the 1 per
cent alloy. The lattice constent of (3 thorium hzs been reported as
L.116 Angstroms at 1405°C. The value of the lattice constant of the
solid f thorium phese of & 1 per cent niobium #lloy was found to be
4,119 at 1455°C. All of these values may be somewhst in error since
they are based upon only front reflection pesks, However, since no
sppreciable change occurred in the lsttice constant of @thorium upon
the addition of small amounts of niobium, it has been concluded that

the solubility of niobium in (3 thorium 1s very limlted,

6. Effect of niobium on the X~ 3 transformation of thorium

Chiotti (22) hes recently identified an allotropic form of thorium

thet exists above 1400 T 25°C. The high temperature form is body~
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centered cubic and has a lattice constant of about L.116 Angstroms
at 1400°C, The effects of impurities on the transformation is only
partially knownj however, csrbon has been shown to raise the trsns—
formation tempersture dresticelly. Since the actusl temperature at
which the trensformstion occurs in high purity thorium is not accuw-
rately known, it is very difficult to establisgh with sny degree of
certeinty the effects of nlobium on the transformation,

Besistivity versus temperature curves were obteined upon several
thorium rich elloys 2nd in every case a bresk that wes due to the
transformetion of thorium was detected., The temperatures at which
this break occurred were badly scettered between 1335 and 1386°C,
(Table 5). This rather large variation in the trsnsformstion tempera=
ture was not unexpected gince the bresk sterts over a rather lerge
temperature range in thorium. However, the resistivity break observed
in the niobium~thorinm slloys ceme &t & somewhat lower temperzture
thaen that observed for thorium.

During the cooling curve studies employing a niobiumetungsten
thermocouple, & small thermel arrest was observed anywhere from 1275
to 1400°C, Once it had been established that this bresk wes not due
to the entectic, it wss thought that it wes due to the transformation
in thorinm,., 3ince there wss such a sericus scatiering of temperatures
st which the bresgk occurred, seversl cooling curvez were cbtained using
2 platinum-platinum, 13 per cent rhodium thermocouple. In no csase
was & break that could be attributed to the transformation observed.

Consequently, it is thought that the thermal srrests obtained with
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niobium~tungsten thermocouples sre due to some other factor than the
trensformation of thorium. It appesrs that the heat of transforme-
tion for the X - 3 trensition of thorium is very smell. This is not

too surprising since the heat of fusion of thorium is known to be

very small.
Table 7. High Temperature X-Rey Results
Alloy composition Transformation temperatures
‘ Heating Cooli
Started Finished Sterted Fénished
0.1 1370 115 1355 1335
1 1390 s 1385 1335
1345
1328 1390 1345 1320
1375 1370
3 1388 105 1370 1355
58 1325 1325
Th o0 25

e furnace shorted out and destroyed the sample during the
experiment,

High tempersture X-rey deta were slso obtained on several thorium
rich alloys. These data are listed in Table 7. Again, there is a
large scettering in the values observed for the transformation tempera-

ture. Such a scattering has also been obsgerved for the trensformation
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in thorium thet contains no niobiumg in fact, the trensformation tem-
perature has been observed from about 1325 to over 1550°C. in thorium
with verying minor impurities.

The evidence obtained from both the resistance dsta and the L-ray
date indicate that the addition of niobium to thorium lowers the transe
formation tempersture ofkthorium slightly. Since there sppeears to be
very limited solid solubility, if any, of niobium in ( thorium, this
lowering mey be due to the effect of niobium on the impurities in
thorium, However, since there is some evidence that there may be
very limited solid solubility of niobium in égthorium, this lowering
might be due to the formstion of & eutectoid in the very high thorium
region of the phese disgram. Seversl alloys conteining less then 1 per
cent nioblum were microscopically exemined, but no evidence of euntectold
structure wes found. Since, even relstively pure thorium contains a
congiderable amount of & precipitation within the grains, it is diffi-
cult to draw a definite conclusion as to the possibility of a

entectoid formastion from microscopic evidence,
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11X, THE NIOBLUM-VANADIUM ALLOY SYSTEM

Niobium-vanadium alloys were investigated with the intention of
proposing & phase disgram for the niobium-vanadium alloy system. The
worikebility and corrosion resisteance of the elloys were also investi-

gated,
&, Historical

The element vanadium wes discovered in an iron ore from Smaland
in 1831 by Sefstrom (32). The first fairly pure venadium metsl was
produced in 1869 by Roscoe (33) who reduced venadium dichloride with
hydrogen. The principal sources of vanadium are hydrous caleium vana-
dates and vanadium sulphides, such as those mined at Minasrsge, Peru,
The main venedium ores found in this country ere roscoelite and
carnotite (3L).

Vansdium is & hard,‘corrosian resigtant metal that is used extenw
gively in the production of alloy steels., It has en atomic number of
23, an atomic weight of 50.95, and & density of 5.96 grems per cubic
centimeter (13)., Values of the melting point thet heve been reported
renge from 1700 to 1900°C. The correct value is probably neer 1860°C.
(35), The only reported form of vensdium is body-centered cubic with
a latiice constant of 3.039 Angstroms.

A brief description of niobium was presented in section II-A

(Historical) in conjunction with the investigation of the niobium=
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thorium system, The most commonly accepted velues of the physical

properties of nioblum are as follows:

Melting point 2h15%c,
Density 8.57 grams per cubic centimeter
S8tructure body-centered cubic, a° ® 3,008 Angstroms

A sesrch of both clessified end unclessified literature revealed
no revorts of any investigetions of the niobium-vanadium slloy system.
Many investigators have reported methods of prepsring venadium metal.
HcKechnie snd Sebolt (36) vrepered messive vensdium in & bomb by reduce~
ing vanedium pentoxide with celcelium using iodine ss 8 temperature
booster., Long (37) prepared sn extensive survey of the literature on

vanadium production.

B. Apperatus snd Experimental Methods

Meny of the methods and much of the apperstus described in conw
nection with & similar section on the niobium-thorium eslloy system
(section 11-B) were found to be equally applicable to the study of the
niobium-vansdium alloy system. Therefore, only the methods, tech-
niques, and epperatus thet differ from those described esrlier sre pre-~

gsented in this gection.

1. Preparstion of venedium metal

No source of ductile venadium was commercially avellable to the
guthor at the start of this investigetionj consequently, it wss necw
essary to prepare all of the vanadium used for this study from high

purity venadium pentoxide. The reduction of vansdium pentoxide to
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vanadium metel wes mede in 2 seeled iron reaction vessel commonly
called a bomb. The bomb was congtructed from & 15 inch section of 4
inch diameter pipe by welding an iron plate over one end (the bottom)
snd a companion flsnge on the top. A blind flange, masde of one-half
inch steel plate, served as a 1lid and could be bolted in place. A
spark plug was screwed into a threaded hole nesr the top of the bomb
to serve as an insulated electrical terminel, end a coil of nioblum
wire wes connected between the bomb wall and the center electrode of
the spark plug sfter introducing the charge. A liner of electrically
fuged dolomitic oxide was Jolt packed in the bomb to prevent the
oceurrence of & resction hetween the pipe well snd the charge. The
bomb wes sealed by inserting a soft copper gasket bhetween the flenge
on the bomb and the 1id, The reaction wes initisted by passing an
electrical current through the coil of niobium wire, The current was
incressed slowly by meens of a Variec, at & safe distance, until the
charge in the neighborhood of the coll was hested to ignition,

The reactants, their sources, their purities, snd the smounts used
for & cherge are listed in Teble 8., The dried reactents were weighed
rapidly placed in an ergon filled mason jsr, and then tumbled for a
minimum of ten minmutes to insure thorough mixing. A streem of argon
wes played over the reactents while they were heing transferred to the
bombs The purpose of uvging an inert atmosphere was twofold. The air
was displaced, thereby reducing the amount of gaseous contamination
during the reduction snd, perhaps even more important, the reactants

were kept dry. A number of explosions have occurred at this lsborae
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tory while experimentslly preparing vansdium in bombs in which the
reaction was initiated by external heating. No explosions hsve yet
occurred while preparing vensdium using the method just described in

which 2 hot wire is employed to initiste the resction.

Table 8. Typical Cherge for Vanasdium Reduction

Reactents Source Purity TWeight used
grams

V20g Venadium Corporation of America 99,92 180

Iz Hellinekrodt 99 2ko

Ca Ames Leboratory of the 99.9 200

Atomic Energy Commlission

Massive, but unevenly sheped biscuits of vanadium were produced
in the bombs. The slag remeining on the metal, after a biscuit was
taken out of a bomb, was removed by leaching first in water snd finally
in dilute hydrochloric szcid. Yields renged from 70 to 80 per cent of
the theoretical,

After the metal had been clesmned, it wes a&rc melted into 75 to 100
gram buttons, cold rolled into 10 mil sheet, cut into one-~half inch
squares, &nd stored in & desiccator until needed for alloy preparstim.
Very minor amounts of calclum, iron, mangsnese, silicon, zirconium,
chromium, and possibly niobium were detected in the bomb reduced

venadivm by quallitetive spectrographic analysis,



2. Prepsration of slloys

The majority of the elloys of the nioblum~vanedium system were
prepsred, as described esrlier for the niobium-thorium elloys, by arc
melting topgether pressed pills of Fensteel niobium powder and the
amall pleces of sheet vanadium. Seversl alloys were made from trim—
mings off niobium sheet snd the sheet vanadium., After the alloys had
been src melted they were cut in half on a silicon carbvide cuteoff
wheel. The alloys were extremely difficult to cut, and it often took
28 long as 50 minutes to meke one cut through an alloy disc % inch
thick by 1% inch dismeter, This was perticulerly true for slloys cone

taining over 30 per cent of the powdered niobium metal.

3, Determination of approximate melting temperatures

The niobiumevensdium alloys were extremely brittle and could not
be cold worked; therefore, to homogenize the alloys it wes desirsble
to anneal the alloys st as high a temperature as possible without melt-
ing. This, of course made it necessary to obtain the spproximete
melting temperstures of several of the alloys.

VYery small sections of the alloys were melted in an induction
furnece and the melting observed with an optical pyrometer. The meltw
ing temperatures determined for these alloys are listed in Table 9.

To allow the temperature measurements to be made under black body con-

ditions, the furnace shown in Figure 36 was constructed.
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Two concentric porous graphite sleeves (C), which were held in
place by porous graphite caps (B) over their ends, were supported
on & stainless steel tripod (J) within s quertz tube vacuum chamber

(A)s The ennulus between the porous grsphite sleeves was filled

Table 9. Approximate Melting Temperaztures of Niobium-Venadium Alloys

Alloy composition Melting temperatures®
% Nb oc,
10 1608
20 1600
Lo 1602
70 1800

8pvidence presented in & leter section (III-C~2) will show that
these values ere considerably low,

with Norblack insulastion. A graphite heater (¥), which had a one=-
half inch hole drilled through its bottom, was supported inside the
sleeves by & hollow, porous graphite rod (I). A slot was cut
through the bottom of a small graphite crucible (H) and the crucible
was inverted and placed inside the heater. The sample (G) was then
placed on the inverted crucible in such a menner that part of the
sample protruded over the slot. Since the bottom of the furnace wss
several hundred degrees cooler than the sample, the sample could

be seen clearly sgeinst the bleck backpground of the slot. Therefore,

by using 8 1id with 8 small hole drilled through it, temperatures
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could be resd with an opticsl pyrometer under black body conditions
while still observing the sample.

Approximate melting temperatures were determined on 10, 20, LO,
and 70 per cent nioblum-vanadium alloys. The samples were heated
slowly by incressing the power output of the high frequency convere
tor until the sample wss visuslly observed to meli, These tempers—
tures were teken #s gn indicabion of the solidus curve of the phase
diagram, and were considered to he fairly accurate at the time the

approximete melting temperatures were taken.

L. Annesling trestment

After the spproximste melting temperstures of the slloys had been
determined, one-half of each arc melted specimen wes annesled for L
hours just below the melting tempersture. This tresztment was designed
to homogenize the alloys; however, several of the alloys picked up
carbon during the ennezling tresztment and s eutectic was formed with
the carbide impurity. Since this additional carbon content mede the
study of the alloys very difficult, the remeining helf of each alloy
wes not given this high temperesture snneel. A portion of the unsn-
nealed half of each of the alloys was later snnesled for L8 hours at
1075°C. in a resistence wire furnace.

When the furnsce that wes used in the approximete melting teme
peratures and snnealing experiments wes designed, an attempt was made
to make 1t as versatile as possible. As shown in Figure 35 the hester

and insulation hss been built as a unit such that it may easily be
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replaced if desired, [, rather novel watercooled vacuum head (Fig-
ure 37) was used to seal the top end of the quarts tube of this equip-
ment. An suxillary sight glass (@) to prevent fogging of the sight
glass (C) by metal vepors wes hinged to the top of the vscuum head,
When the sysiem was under vacuum, the force of the external pres-
sure compressed the copper bellows (B) and the rod extending through
the bellows forced the auxillary sight glsss against the top of the
vacuum heed as shown in position (X). When & tempersture reeding was
taken the rod extending through the bellows wes pulled, causing the
bellows Lo extend snd dropping the auxillery sight gless to position
(¥). The suxillery sight glass could be kept in position (¥) by
placing one end of the lever (H) sgsinst the outside of the vacuum
hesd, Four small gless-to-metel seals (J) were soldered into the
vecuum heed 8o thet electrical or thermocouple connections could be
mede in the vacuum system. A needle valve (I) was provided to allow
the system to be flushed with an inert gss when desired. The sight
glass (C) was held between two YO' rings by e knurled cap (A) thet
wes screwed on to a short section of a pipe welded to the top of the

vacuun heed.

%. Metallogrephic examination

It was very difficult to obtain satisfactory metallographic surw
faces on the nioblum-veanadium slloys. VWhile the slloys were not
exceptionslly hard, it wss necessary to use several sheets of dry

grinding paper of esch grit sime to prepsre a good surface on the
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alloy specimen, To overcome this difficulty, the rough grinding

was carried out on & belt grinder using kerosene as a lubricant,

end the final grinding operstions were done on silicon carbide paper
using water as & lubricent, The use of the wet grinding methods pro-
duced fairly good surfeces., The alloys were wet polished on &
billaerd cloth covered wheel using &ss an sbrasive & paste made of
soap snd Linde "“AY,

Due to the high resistence to chemicel attack of niobiume
vensdium elloys a considerable amount af difficulty was encountered in
trying to eteh the specimens., The only satisfactory etching solution
found wes a mixture of two parts nitric acid, one part sulfuric scid,
one part L8 per cent hydrofluoric acid, snd one part water. This
etchant revesled macro as well as micro structure., All the specimens
were etched by immersing them in the etching solution for about thirty

seconds.,
C. Presentation end Interpretsztion of the Data

On the basis of evidence obteined Ly microscopic examination,
melting determinations, and X-ray measurements & phase diagram
(Figure 38) has been proposed for the niobiume-vansdium slloy system.

Niobium forms & complebe series of solid solutions with vansdium,

1. (lassificetion of the phese diagram

(8) Identificestion of impurities. Figures 39 and LO ere photo-
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anlcerographs of src melted niobium powder and niobium sheet respec-
tively. The arc melted niobium powder (Figure 39) contains a conw
sidersble smount of a second phese that has been tentatively iden-
tifled a8 mainly niobium carbide plus, perhaps, some niobium nitride
snd oxide, while the arc melted niobium sheet (Figure LO) is very
nesrly completely one phase. Seversl spurious lines were found on
the X-ray pettern of the powdered niobium. One of these lines could
be accounted for as due to niobium carbide or nitride (their lattice
constents sre almost identical) and the other line, while not due to
niobium cerbide, appesred in sn X-ray diffraction pettern taken of
nioblum carbide, Since only one line wes present for niobium carblde
and this was in the front reflection region, no positive identifi-
cation could be made of the impurity phase on the basis of X-ray
evidence alone.

b chemical enslysis of the niobium powder indiceted that it con-
tained epproximately 1760 ppm. of carbon. 7Two specimens, one con-
taining 0.2 per cent oxygen snd the other 0,2 per cent carbon were
prepared by adding niobium pentoxide or niobium carbide to high purity
sheet niobium and arc melting. Figure L1 is 2 photomicrogreph of the
oxide conteminated niobium end Figure L2 is a photomicrograph of the
carbide conteminated nioblum. 3ince the second phese in the niobium
powder somewhai resembles the second phaese in the carbide conteminated
niobium but does not resemble the oxide conteminsted niobium, it
hes been concluded thst the impurity in the niobium powder is mainly

a nioblum carbide and possibly niobivm nitride. One other point
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Fig. 39 Niobium Powder. (As arc  Fig, LO Niobium Sheet. (As arc
melted, Second phese is impuri- melted. Etching pits within
ties. Aqua regis plus 5% HF grains, Aqua regia plus 5%
atch, 1250). HF etch. 1250).
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Fig. 41 Niobium Sheet Plus 0.2% Fig. L2 Niobium Sheet Plus 0.2%
Oxygzen. (As src melted. Aqua Carbon. (As arc melted. Aqua
regis plus 5% HF etch. X250). regia plus 5% HF eteh. X250).
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might be made in support of the evidence that the second phase in
the metel mede with nloblum powder is not oxide. Niobium oxlde and
niobium cerbide have been shown to react at eleveted temperatures
forming nioblium meteal; ﬁherefore, ginece cerbon is present in the
arc melted niobium powder it is unlikely thet much oxide can be
present.

Figures L3 and Ll are photomicrogrephs of the bomb reduced vane-
dium that hes been arc melted twice and in one csse (Figure LbL) has
been annealed, The speckled areas within the grains sre an impurity
vhase that is present in all venedium that the author has seen. The
lerger spots in the grains of Figure Uli are impurities thet were

either picked up or sgglomerated while annealing the specimen.

{(b) Metellographic evidence. Figures 45 through 53 are photo-

micrographs of niobiumevanedium alloys spaced at 10 weight per cent
intervels across the phese disgram sterting at the vanadium rich end.
The derk splotches that sppeer within the greins sre etching pits and
ere quite common in venadium, niobium, and their slloys. Figure LO,
pure niobium, shows the etching pits very nicely, but in order to obtain
sufficient contrast between the grains end grain boundaries it wss
necessary to etch the alloys go drastically thet not only were etching
pitg formed but they are usuelly badly over etched before the grain
bowmdaries appesred. All of these glloys contein only one phease

except the 90 per cent niobium alloy (Figure 53) which contains a

small amount of an impurity phsse in the grain bounderies., This alloy
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Fig. 43 Venedium., (As arc melted, ¥Fig. L4 Vanadium. (Anneeled LO
21131112 4HNO5 30,80, sHFsH,0 etch. hours at 1075°C, Seme etch.
X¥250). X250).

B VRt

Fige L5 10% Niobium. (As arc Fig. 46 20% Niobium. {As are
melbed. HMade with niobium poww melted., Made with niobium powder,
der. Same etch, X%250). 3ame etch., X250).
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Fig. 47 30% Niobium, (As erc melted. Fig, L8 LO% Niobium. (As arc
Mede with niobium powder., 211:lslss melted. Msde with nicbium
HNO, $H,30) sHF 1,0 eteh. X250). powder. Seme etch. X250).

Fig. 49 507 Niobium. (As arc Fig. 50 60% Niobium. (As are
melted, Made with niobium pows melted. Mede with niobium pow-
der., Ssme eteh. X250). der. Same etch. X250).
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was made with powdered niobium and annealed L hours at 1600°C. end is
typical of the appesrsance of alloys made with the powdered nioblum
and annesled at high temperatures,

Pigures 5L through 58 are photomicrographs of seversl slloys mede
with elther niobium sheet or niobium powder, These alloys have under-
gone several different annesling trestments. The alloys made with
the niobium sheet (Figures 54, 55, and 56) have & much clezner sppeear—
ence than the alloys made with the niobium powder (Figures 57 and 58)
that have undergone the seme treatment. The small triengles in the
gireing of Figure 57 are agein etching pits while the long black
needles are an impurity phase that is quite common in the high vena-
dium alloys that were meéde using the niobium powder. It is Intereste
ing to note that the impurities shown in both Figures 57 and 58 are
lined up along crystellographic planes. Since ell of the slloys
examined in this investigation conteined only one metallic phese,
photomicrographs have been presented for only a representative group.
The snnesling trestments end the eppesrsnces of all of the slloys

investigated heove been summarized in Table 10.

(e) X-ray evidence. From the results of microscopic exami-
netion of the slloys, it wes quite certain thet the niobium-venedium
elloy gystem wes a complete series of scolid solutions. To confirm
this and to investigate the possibility of superlstiice formation &
gseries of %~ray diffrsction patterns was taken of alloys separated

by approximately 10 per cent increments scross the phase disgram.
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Pig, 51 70% Riobium, (As are Fig., 52 B0L Niobium. (As arc
melted. Made with nioblum sheet. melted, Made with niobium sheet.
231:}:1::HNQBxHQSthﬁFaﬁeﬁ etch, Same etch. X250).

X250).

Flg., 53 90% Niobium. (Annealed Fig. 54 80% Niobium. (Annesled

i hours et 1500°C. Made with LO hours st 1075°C. Made with
niobium powder. Impurities in niobium sheet. Same etch.
grain bounderies., Seme etch. X250).

%250).
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Fig, 55 507 Niobium. (Annealed
4O hours et 10759C. Made with
nioblum sheet. 23ltlsl: z}m%z

ﬁgs%sﬁ?‘zﬂzﬁ eteh, X250).

¢
. B
'
s
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Fig. 57 10% Riobium. (Annesled
L hours at 1500°C. Made with
niobium powder. HNeedles of
impurities within greins.
eteh, XQSG)Q

Seme
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Fig. 56 307 Niobium. (Annealed
L0 hours et 10759C. Made with
niobium sheet. Same etch,
X250).

Fig. 58 30% Niobium, (Annesled
LO hours at 1075°C. Made with
niobium powder. Impurity needles
within grains. Same etch. X250)
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Table 10, Results of Microscopic Exsminstion

Composition BSource of Irestment of the elloy
% Nb nioblium As arc Annealed Annealed Annealed

Powder Oheet melted L0 hrs., 4 hrs., L hrs.,
1075°C. 1500%,  14600%C.

0 1 1l
g x 1
10 x 1 2
10 x 1 2 2
20 x 1 2
20 x 1 2 2
30 X 1 1l
30 x 1 2 1
Lo x 1 1
Lo x 1 2 3
50 X 1 1
50 X 1 2 2
60 x 1 1l
50 x 1 3 1
70 x 1 1
70 x 1 3 1
80 x 1l 1
80 x 1l 3 3
90 X 1 3 3

1me alloy is one phase and clean in sppesrsnce, much like Figure
Lk,

27ne slloy is one phase but contsins impurities within the grains,
much like Figure 56,

Ihe glloy is one phage buit contains considerable zmounts of impurie
ties both in the grains end in the grain boundaries, much like Figure
37.
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8ince it was impossible to obtein good resolution in the back=-
reflection region on any of the slloys, which had been snnesled 113
hours 8t 600°C., the X-ray pictures were teken on a.Débye-Scherrer
type CsHers.

Data (Teble 11) obtained from X-rsy measurements furnished fure

ther evidence supporting the contention thst niobium forms & complete

Table 1ll. Lattice Constants of Niobium~Vansdium Alloys

Wt., T HNb At, % Nb Lattice constent, A°.

0,00 0.00 3.0288
10 5. 54 3.045L
3.0437
20 12.08 3,069
30 19.03 3.0836
Lo 26.77 3.1129
50 35.42 3.138
60 L5.13 3.177
70 56,13 3,206
80 68,69 3.2L1
90 83.15 3.271
100 100 3.3079

series of solid solutions with venadium., The data was corrected for
film shrinksge using the method described in section II-B-3 of this
report. The lattice constents were determined by extrapolsting &°

sgainst {the function

:0820 % ,
3 (gﬁ...é. " sng:w) (13)

which was arrived at experimentally by Nelson and Riley (31) and later

pul on & theoretical besis by Taylor and Sinclair (38). This extra-
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polation has an advantsge over the other extrepoletions in general
ugse in that it is linesr over the range, & = 10 to 90°, This
allows the use of the low angle [ront reflections &s well s the high
engle reflections in the caleulations of lattice constents end makes
it feasible to obtain aceurste lattice constsnts using Debye-Scherrer
type camerss.

According to Vegerd's lsw the lattice constent is & lineesr funce
tion of the atomic per cent in a binary solid solution. Consequently,
if comwplete solid solubility exists in the niobium~venadium elloy
system, the plot (Figure 59) of the experimentally determined lattice
constents sgeinst the stomiec per cent niobium should be & straight
line. This curve deviates slightly in the positive direction from the
theoretical curve, Actuelly, this is not surprising as, in practice,
very few solid solutions have been shown to exsctly obey Vegerd's law
(39). However, since the curve is smooth and has no discontinuities,
it is evident thabt no two phase region exists., If 2 two phase region
did exist, & rether lerge discontinuilty would be expected since the
difference in stomic dismeters between niobium and vensdium is sig-
nificent, 8.5 per cent on the basis of Psuling's values of the atomic
radii.

If a superlettice were formed, the X-ray pstterns would be
expected to contein extrs lines corresponding to the superlatitlce
strocture. Since no exira lines were observed, it is probsble thet

no ordering occurs in this alloy system.
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LATTICE CONSTANT, A°

O 10 20 30 40 50 60 70 80 90 100

v Nb
ATOMIC PERCENT NIOBIUM

Fig. 59 latilce Constant Versus Atomic Per Cent Wiobiums
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2. Determinstion of the solidus

The solidus curve for the niobium-vsnadium elloy system has a
long, nearly flet region extending from 10 to 50 per cent niobium,
The minimum point is &t about 30 per cent niobium and the minimm

tempersture is shout 1805°C,

(2) Determinetion of spproximete melting temperatures. Melting

behaviors were observed on several of the alloys employing the method
that wes described in section III«B-3 of this report. It may be
recalled that the gsmple wes resting on an inverted grephite crucible
while its melting was belng observed, F¥vidently reactions occurred
between the samples and the graphite forming some eutectic., In an
sbttempt to prevent thls resction, a piece of niobium sheet was placed
between the semple end the grephite. However, the graphite rescted
with the niobium sheet which in turn rescted with the alloy and again
a entectic wes formed between the alloy snd the grephite, Figure 60
is @& photomierogrsph of the 20 per cent niobium alloy efter it had
been melted in contect with graphite and shows the eutectic that wes
formed.

An Xerey diffraction peattern was taken of this 20 per cent nioblum
glloy end ell of the lines belonging to the original elloy were ldenti=-
fied. In addition & series of lines belonging to & second phase, pre-

sumably the cerbide, wses present in the petiern.
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(b) Melting ber method. The solidus curve (Figure 61) was

esteblished for the niobium-venadium slloy system by determining melt-
ing temperatures of the alloys using the melting ber method, Most of

the melting temperatures, obtezined by this method, were taken on alloys

Fig. 60 20 % Niobium Melted in

Contact with Graphite. (Butectie

structure. 2:1:131&:3&03¢3289b3

HFiH,0 eteh. X250).
prepsred from sheet niobium since alloys mede using the niobium powe
der could not be drilled if they contained more than 20 per cent
nioblum,

Vanadium hes & vepor pressure of epproximately 10 microns st 1800°C,
according to Brewer (LO). As e result of this vepor pressure, vane~-
dium would distill from the slloys when they were held in the molten
stete for any length of time, and deposit ss & film on the sight glass,
Normally this film was very thin and had essentially no effect on the

temperature readings, bult occasionally, especislly if the heating was
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Fig. 61 Thermal Data, Niobium-Vanadium System,
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continued after the alloy hed sterted to melt, & hesvy film was
formed. Whenever a film was present on the sight gless after & melt-
ing temperature had been determined, & correction wes mede in the
reading. The per cent transmission of the sight glass to light of
0.65 microns, the wave length of light for the opticsl pyrometer,
was messured on & spectrophotometer. The temperature correction was
then calculeted for the absorption of light by the sight glass using
the relationship
/T - 1/Tg = Alogh, feploge (L)

where A is 0,65 microns, ¢y is 2 constant having & velue of 14,320
to 14,360, A) is the per cent trensmission of the sight gless, T is
the true absolute tempersture, and Ty is the observed absolute tem=
perature.,

The reproducibility of the solidus melting points weas very good
and often the veriation in solidus temperature wes less than 5°C. on
elloys of the seme composition. Table 12 contsins a summery of the

solidus values that were determined by the melting bar method,

1. Determinstion of the liquidus curve

Several points on the liquidus curve of the niocbium-venadium
alloy system were obtained incidental to the determinetion of the soli-
dus points. In those instances where the hole in the wmeliing bar did
not £111 immediately st the solidus point, the tempersture of the
specimen was slowly increamsed until the bar melted in two or the hole
filled sufficiently to destroy the bleck body conditions. The tem-
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Table 12. Solidus and Ligquidus Temperatures

Alloy Tempersture liquid Temperature the Source of
composition first appesred, °C, bar melted in niobium used
% Nb two, °C.
0 1858
1861
10 17658 Powder
1824 Powder
1838 Sheet
20 17642 Powder
1813 Powder
1819 Sheet
1821 1840 Sheet
30 1811 Sheet
1820 Sheet
Lo 1807 1812 Sheet
50 1821 Sheet
182hb Sheet
1850 Sheet
60 1859 : Sheet
186L 1874 Sheet
70 1928 1928° Sheet
1929 1980 Sheet
80 2090 2140 Sheet
100 2421 Powder

8the bar melted out of the holej reading is low.
bPhe melting wes not observed when it started; resding is high.

Cfhe bar broke rather thsn melted in two.
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perature at which the ber melted in two wes tzken as an indicstion

of the liquidus tempersiure, and in no case wes the temperature at
which liquid first sppesred sepsrated from this tempersture by more
than 50°C. In the nearly flet region of the solidus curve essentially
no difference in temperature was noticed between the first sppesreance
of liquid and the point st which the bar melted in two, However, since
the bars melted in two so rapidly, the liquidus probably lies very
little ebove the solidus throughout meost of the flat region of the
golidus cruve, The sctual liguidus points obteined have been listed
in Table 12 and both solidus end ligquidus points heve been plotted on

the drawing of the phase diagram shown in Figure 61.

L. Physical properties of niobium-vensdium alloys

As may have been gethered from the preceding discussions, the
type of niocblum used for alloy preperation has & tremendous effect on
the physical properties of nioblumwvensdium alloys. Alloys mede with
the niobium powder that contain over 10 per cent nioblum are very
brittle snd difficult to machine, drill, or deform without fracturing,
The 10 per cent niobium alloy could be hammered without fracturing,
but it could not be cold rolled more than & few per cent without
shattering.

On the other hand slloys mede from niobium sheet were very
mellesble snd essy to machine., All of the melting bsrs were drilled
with & number 63 drill with no difficulty and elloys were sampled for

chemical snalysis by milling the surfaces of the alloys. Arc melted
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alloys containing 5, 10, end 4O per cent niobium (sheet) were suc~
cessfully cold rolled to 10 mil sheet, over a %0 ver cent reduction,
without serious edge crecking and with no snnesling,

Hardness values were measured on most of the alloys, both as arc
melted and efter asnnealing, using & Rockwell herdness tester with a
#Brale" indentor and a 60 kilogrem load. The Rockwell "A" hardness
numbers versus the composition in weight per cent niobium heve been
plotted in Figure 62. In &ll csses the curves have & flst meximum
and the alloys mede with powdered niobium were considersbly hsrder
than those made from niobium sheet, especially in the high niobium
region. Annealing seemed to cause very little chenge in the hsrdness
in most csses.

8ince both niobium and veanadium ere corrosion resistant metals,
severel corrosion teats were made on nioblum~vanadium &lloys. All of
the corrosion tests were made in a sealed stainless steel bomb, The
alloys were wrapped separstely in stainless steel screen, placed in
the bomb and covered with distilled water; the bomb waes then sealed
by mesns of a metal gasket and screw cap.

The first test wes made at 178°C. for 125 hours, Venadium and
8lloys containing 5, 10, and LO per cent niobium were included in
thiae test. The appesrsncesof the corrosion specimens were slmost the
same after the test as before the test. Since there was so little
chenge, the alloys were put back in the bomb and the test at 178°C,
was conbinued for sn sdditionsl 250 hours. Outside of & slight

greyish surfece film, there was no apperent change in the appesrance
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Fig., 62 Hardnese Values, Wiobium~Vanadium System,
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of the specimens after this test. The weight chenges of the specimens
were within the experimental error of weighing (0,0003 grams).

After the test at 178%C, the film on the specimens wes removed by
fine grinding. These alloya slong with two samples of niobium were
plsced in the bomb snd hested at 250°C, for 50 hours. Except for the
venadium specimen, which wes covered with 8 very black film, the slloys
were covered with & thin, tightly edhering film that wes greyish
colored., The LO per cent niobium elloy was still shiny in svpesrence
in certain areas end had an insignificant change in weight,

The film was agein removed from the specimens by grinding end
the specimens returned to the bomb, They were heated at 330°C. for 60
hours, A1l of the specimens were covered with a black film upon the
conclusion of this test. The film on the vansdium specimen and the
5 per cent alloy had sterted to powder slightly, while the films on
the other allouys were still quite intact.

On the basis of these tests, it has been concluded thet niobium-
vanedium slloys have & slow corrosion rete in hot distilled water, It
sppesrs that the addition of niobium to vanedium definitely increases

the weter corrosion resistence of venadium at temperatures up to 330°9C.
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IV, SUMMARY

The niobium~thorium alloys have been shown to belong to &
eutectic type system heving no intermediste phases., The eutectic
formed between niobium and thorium iz at about 8 weight per cent
"niobium. The composition of the eutectic wes sssigned on the besis
of metallographic evidence. Further evidence supporting this eutectic
composition was obteined by extrapolating the experimentally determined
thorium rich liquidus curve to the eutectic horizontal. On the basis
of melting bar studies, thermal snalysis, and resistence measurements,
the eutectic temperature has been found to be about 1435°C,

Since no chenge in the lattice parameter of niobium was observed
upon the addition of thorium, the solubility of thorium in solid
niobium is considered negligible. On the basis of precision X-ray
data, the solubility of niobium in @ thorium is less than 0.1 per cent,
The extent of solid solubility of niobium in { thorium is believed to
be less than 1 per cent. Metellogravhic examinetion end the fect that
2 eutectic melting temperature was observed on a 1 per cent niobium
alloy support this latter contention.

Niobium lowers the reported- (3 transformetion temperature
1408°C, of thorium slightly. This lowering might be associated with
a scavenging effect of niobilum or the formetion of a eutectoid in that
region of the phase diagram involving less thean 1 per cent niobium.

Al though no microscopic evidence of a8 eutectoid structure could be
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retsined in these alloys the possibility of & eutectoid is not ruled
out,

Niobium and venadium have been shown, by mezns of metaellographic
examination and Xerey studies, to form a complete series of solid
solutions. The solidus curve of the niobium~vensdium alloy system
has » long, nearly flat, section extending from zbout 10 to 50 per
cent niobium. The curve passes through a minimum at sbout 35 weight
per cent niobium end the minimum temperature is approximately 1805°C.
The liquidus curve lies very close to the solidus curve throughout
the entire slloy system. In no inatance was a temperature difference
of more then 50°C, observed between the solidus and the liquidus for
the seme alloy. In the region of the minimum the liquidus curve
gppesrs to be almost identical with the solidus curve.

Niobium-venadium alloys prepered using the niobium powler were
brittle snd very difficult to machine. These 2lloys could be drilled
only if they contsined less than about 30 per cent of this niobium,
All attempts at cold rolling these slloys resulted in the almost imnew
diate fracture of the gpecimen. On the other hand, niobium-vanadium
elloys made using niobium sheet were very easy to machine., Holes as
smell as 0.031 of en inch were readily drilled into these slloys.

The alloys mede with the sheel niobium could be cold rolled to thin
sheet withoul annealing end without serious edge cracking, Reductions
of over 90 per cent in thickness were reesdily obteinsble on the nioblume

vanadium alloys made with niobium sheet.
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Niobium, venadium end the alloys containing 5, 10, and LO
per cent niobium withstood corrosion tests of 375 hours at 178°C.,

50 hours &t 250°C., end 60 hours at 330°C. without being seriously
attacked. Only after the test at 330°C. were sny of the specimens
covered with & heevy film. The 5 per cent niobium elloy was coated
with & black film that had sterted to powder slightly. The vanadium
specimen in this test had been attacked to sbout the same extent as
the 5 per cent niobium alloy. The remsinder of the specimens were
covered with a tightly sdhering, black film,

Bafore the experimental work was started on the niobiumethorium
and the nioblum-venadium elloy systems, predictions were mede on the
vesis of the Hume-Rothery rules as to the types of phase diagrams to
be expected for these alloy systems. The niobiumethorium alloy
system was expected to be a eutectic system with very limited solid
solubility with a possibility of intermedieste phase formation. The
niobiumevanadium system was expected to be a complete series of solid
golutiona. The solidus curve of the niobium-venadium alloy system was
expected to psss through & minimum., A comparison of the predicted
disgrems and the experimentally determined diagrams revealed that both

alloy systems came definitely within the scope of the predictions.
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