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The Choics of the Proper Refractofy-for the Gasting of
High Melting Electropositive Metalso

(Report prepared June 23, 1950 for Battelle Institute)
AF 33{(038)=3736

By

Ieo Brewer

 >Asw€itaniam§ éifcdnium3 and other of the high melting electropositive
metals become more important, the problem of using zuitable refractory materials
for their casting becomes more important, This paper will discuss the method
of choosing and testing possible containér materials, To make theldiscussion
more specific, titanium will be used as an example,

As titanium melts at 2000£10°K.,, it is immediately clear that one is
restricted to refractory materials melting considerably above 2000°K, This
gfeatly limits the possible materials that might be considered,” The péssibility
§f uging any pure high melbting elément can be quickly eliminated as titanium
réacts guite vigorously with non-metals such as.carbon an@ due to its high
boiiing ﬁoint énd therefore high interﬁal pressure, one can predict that it
will dissolve even the most refractory metals, Examination ofvphase diagrams
éonfirms_that even metals suéh as tantalum, tungsteﬁ, and rhenium would not be
able to resist attack by titanium, |

One is thus limited to high melting compounds such as the oxides, sulfides,
nitrides, carbides, silicides, and borides, The first consideration is that,
if possibleglsne would use a compound which is thermodynamically stable in the
présence of tiﬁanium metal at 2000°K, Tltanlum should not be able to react
with the refractqry_to form a titaﬁium compound, Thus all compounds 1ess stable
than the titanimm compound which can exist in equilibrium with titanium metal

_ars excluded,
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If one copgiders possible oxides, first then any oxide used mnet be more
stable than Tibo For TiO, AH298 = =124 kilocals, Thus any oxide with a heat
of formatlon per. gram atom.of oxygen nob eon51derab1y more negative than &124
kl;ocalorles would not e sat:x.sfactory° The most stable ox1des and thelr heats
of formation at 298°K° are as follows: 1/2 ThO,, =155 xeals; 1/3 Ia,0 3, =152
kcalss Ca0, m-i'52' ké'sis'; Be"O;,- ~147 kealss M0, =144 keals; Li0, =142 keals,
Some of the other thlrd groups’ oxldes are almost as stable as 1&203 but will
reaet in a very sxmllar manner, One would not consider an oxide with a heat
of formation more‘pos;tlve than -141*kca1so since the reaction Ti(l) + MD(s) =
Tio{s) +'M(i)'would?heve a AH leSS positive than 17 kilocalories, Since ﬁhe
entropy chanée fbf;this reaction ﬁbuld'be small, the equilibrium constaﬁt at
2000°K, would be greeﬁer'than 1072, Eveﬁ if one assumes cbmplefe immiecibility
of the oxide'phéses, then one stili calculates a mole fraetion of Miin the
titanium melt of over 0001 taking Raoult“s Law for the liquid metals. Due to
the hlgh solublllty of TlO 1n tltanxum metal, the extent of reactlon would be
even nlgher, Of the ox1des 1lsted above9 L120 and MgO can be excluded because
7@f the hlgh volatllmtles of the metals at 2000°K, The reaction of the type
Ti(1) + MD(S) TlO(dTSSolved in' Ti) + M(g) would take pgace to a 1arge extent
&and wouid ﬁake‘thesefox1des unsurba,ble° Thus of all the p0551b1e oxides, only
ThO5, La 2 3(or other rare earth OX1deék Gaog and BeO Would even be serlously
eon51&ered as a eontalner for molten titanium, | ,
of: "bhe'se four metals, only Ca boils below 2000°K, Let us consider the
magnitude of the.reaction Ti(l) + GaO(s) Tlo(dlssolved in Ti) + Ca(g)e The
)

negesgsary thermodynamle data for the pure oxides is given by Brewer eAeept

2)

for the new heat of formatlon of TlO obtained by Keliey( b Brewer(B)-gives

(1) L, Brewer9 UGRIPJ.O& July 1948,
(2) K. K. Kelley9 Us S. Bureau of Mines, Berkeley, Prlvate Cbmmunlcatlon, 1950,
(3) Le Brewer, National Nuclear Energy Series, Vol, 19B, Paper 3(1_950)o
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the necessary data for the elements, For the reaction Ti(1) + Ca0(s) = TiO(s)

(4)

+-Ca{g), one finds AF® = 16,5 kcals, Ehrlich reports that samples of Ti

2000
and TiO which’ are equilibrated at high temperature and then cooled to room
‘témperatUre'for x-ray examination show a. solid solubility of oxygen in the Ti

phase even beyond the composition TiO It is not known at what temperature

0.4°
equilibrium was frozen and the temperature coefficient of solubility is not
knovng but 1t will be assumed that the solubility of the TiO phase in Ti mstal
will be the same at 2000°K, as reported by Ehrlich for hls experiments, The

- phase in equilibrium with Ti metal has the composition Ti00°6. The variation

of the thermodynamic properties across the Ti0 homogeneity range are not known,
We shall use the data of Darken and Gurry(5) for the Fe(O homogeneity range as

‘a guide to reasonable estimates for the TiO phase., At 1873°K.,_the FeO activity
changes a. factor of almost 6 for a change in the molal ratié of oxygen to iron
from 1,012 to 1.37. The type of bonding would be different to some extent in
the vicinity of TiOO,é compared to Fe01°012_1°37, but we will aésume,a factor

of ten change in the Ti0 activity upon going from the composition Ti0 to TiQo.é.

It is very likely to be smaller than this, Taking this value, we obtain for

1,67 T1(1) + Gao(s) = 1,67 Ti0, 6(3) + Calg) or 2,5 Ti(1) + CaO(s) =
2;’ Ti0 1)+ ' AF© = 7 ‘ 0 i . Thle
5 Ti 0,4( ) + ca{g), FZOOO 7 keals, This would correspond to 0.24 atm

Cafg). One would expect very severe attack of Ca0 by molten titanium under
reduced pressures and very extensive attack even under the pressure of inert
gas if the fafe of approach to equilibrium is rapid thch will surely be the
‘case, It is clear that Cal would be expected to be quite unsatisfactory,

~ Let us now consider the remaining materials, ThO,, La203, and Beé; The

volatility'of the metal should be small for these compounds. There is. the

(4) P, Enrlich, Z, anorg, chem,, 259, 1 (1949).

(5} L. 8, Darken and Ro W, Gurry9 Jo Am, Chem, Soc., 68 ‘798 (1946)°

s 9
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. possibility of lower oxides like ThO and IaO, Reliable data are not available
,'for‘these compounds in the gaseous state, Gaydon(é) gives AH = 161 keals, for
Lao(g)'; La(g)'+_o(g)9 If this value is correct, reduction of La203 by Ti to
La0(g) should not be serious, There is no evidence that ThO is vefy volatile
‘vand its evolution as a gas should nét cause serious attack, ThO is very
difficult to form.even when Th metai is used to reduce ThO2 s0 it should not be
‘,formed:whgn Ti metal is the reducing agent unless it is not necessary to form
 é pure ThO phase, If ThO can dissolve,ér react with the TiO phase or fhe Ti
_metal,-then'its formatioﬂ can be important, The same would apply to the forma-
tion of LéOjin the condensed phase,

Neglecting this for the moment, let us calculate the extent of attack to
be expected if we assume that all products dissolve Qompleﬁely in the titanium
“metal, :';2;5Ti(1) + MO(s) = ';235‘T10004(1) . M(1) vhere M is Be, 2/3 la, or

1/2 Th, AF;OOO = 24, for 1/2 Th, 20 for 2/3 la, and 12 keals, for Be, If we
assume Henry's Law for the solution of oxide in Ti and Raoult's law for the
sblution;of the“mgta1 in Ti, we ¢alculate for thorium a molefraction of
0,005 and for26xygéﬁ'a molefraction of 0,01, For beryllium, we eaiculafe a-
Mﬁolefraétiqn(df O,lZ\for beryllium and oxygen. vLanthanum_falls in Eetwéen.,
These calcﬁlations tend to ihdicate more attack than-wiil.actually:takg-place
if the méﬁai,éoluﬁions have much of a: positive deviation.from Raoult's.Law.
In the‘caseé:of La and Th; one might well expect a posiﬁive deviation, 'It is
difficulf to predict the behavior of Be in Ti,

Thése é§lculations are very rough, but in any case it is ¢lear that even
with the most sﬁable oxide refractories available, we can expect contamination
at‘ieaét ofythé order of one mole percent, If tﬁe caséing is done quickly so

that equilibrium is not attained, it might be possible to lower these values,

19}

. 1 '
{6) A, G, Gaydon, Dissociation Energies, Chapman and Hall, London (1947).
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In the calculations, %t was assumed thatvla,OB, Th02, and BeOAwere the phéses
of narrow homogeneity range, Actually they must have appreciable ranges. The
abovevcalculations apply to the oxide ﬁhases.which have been reduced to the
metal high_end of their homogeneity range. The calculatioﬁs would not apply
to oxide refractory containers prepared by firing in air‘ Such containers would
~ give up oxygen quite readily to the titanium metal until they were reduced to
thellower end of their homogeneity range, |

Since oxide containers do nol appear highly promising, we might consider
whether other compounds might possibly be more satisfactory. If all elements
fell in the same order in regard to their electropositive character, regardless
of the type of solution or compound considered, then it is clear that the most
electropositive element would reduce compounds of all other elements and could
not be contained under conditiqns where approach to equilibrium is rapid,
Eortunately, the order of stability of compounds of the various elements vary
greatly with the type of compound, Tables I, II, III, and IV show how the
heats of formation per equivalent of iodides, fluorides, oxides, and-sulfides
vary_with position in the periodic table, Only elements of the left hand
side of the extended periodid system are considered because all compounds
further to the right are much less stable. The data in the tables were obtained
from Brewér9 Bromley, Gillés, and Lofgren(7), Brewer(l),-and Brewer, Bromley,
Gillés, and Lofgren(S),‘

Examination of Table I shows that the region of greatest stability for the

iodides is the lower left hand cormer of the periodic table at Cs aﬁd Ti is

(7) L, Brewer, L, A. Bromley, P, Gilles, and N, L. Lofgren, Nat., Nuclear Energy
Series, Vol, 19B, Paper 6 (1950).
(8) L, Brewer, L, A, Bromley, P, Gilles, and N, L, Lofgren, Nat. Nuclear Energy

Series, Vol, 1I9B, Paper 4 (1950).
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of formation .from 12(g) in kcals/gram,ajcomf i_odine",: .

g of formation in

'“1430

1/2 Bel,
2762

1/2 ¥gl,
’5009

1/2 Cal,
“7107 '

1/2 sr12
=755

1/2 Bal

""79 08 2

Table II

kcals/gram atom fluorine. -

1/2 BeF

-113,5 2

1/2 MgF

-131,5 2

1/2 CaF,,
~145,1

1/2 srF
”14405

1/2 BaF

2

p

1/3 BI
-17, 3

1/3 AlIy
-330

1/3 Sel
”500" 3

1/3 Y1,
~55, 2

1/3 Ials
63,

1/3 B, (g)

=91,

1/3 A1F3

-108,

1/3 ScF

1/3 Yy
-132.

1/3 LaF,
“1400 3
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1i.0 BeO
-1%2,3 U7,
Na,0 MgO
-162,9 - -L3.8
"K,0 : Gal
-86.2 ~151,7
Bb.O - 810
88,9 ~140,8
- Cs.0 Ba0
~83.1 ~133,

Table III

1/3B.0
~1012 3

1/3 A1.0
-133.,0° 2

1/3 Sex0
-147,

1/3 Y04
_15002 3

3

1/3 1a~0
-152, 2°3

Table IV

-1/2 Ti0

AH .8 of formation in kcalé/graﬂlatom oxygen.

1/2 3102

""104 ®

~112.8 ?

1/2 7r0,
~129,5

" 1/2 BfO

~135.8 @

1/2-Th02
-155,
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Ti0
-124 ‘2

'AHZ98 of formation from Sé(g) in kcals/gram atom sulfur. .

ReS
71,

' Ma,$ . Mgs
~165.3 ~99.9
KoS ~ CaS
-103.4 -128,9
RboS srs
Cs ' ' BaS
162, ~126.7

1/3 Ce. S

115,722

CeS:
ulBBdQ

1/2 SiS, .

""3205

1/2 ThS,
-85,

ThS
-120,



very far from the region of maximum stability, Thus Ti does not easily reduce the
most stable iodides, It will be noted that stability decreases ;s one moves
upward or to thé right in the periodic table,

Table II shows a much different behavior, The region of‘ma%imum stabi-
1ity is a ridge extending from Li tolcé to La and stability falls off on either
side of this line,. The behavior of the alkali compounds is espeéially striking,

\While the stability of the iodides increases from Lil to CsI, the reverse is
true fbr the fluorides, |

Table II1 fqr the oxides shows a behavior very similar to that of
Table TI. One has a ridge of maximm stability stretching from Li to Th.

Table IV also shoﬁs,sucﬁ a ridge for the sulfides, but it has been lowered
somevwhat, Also the third group elements form stable dipositive sulfides whereas
no such phases are stable in the oxide systems,

Thus in fluorid? and oxide systems, Ti is relatively a. more powerful
reducing agent‘ﬁhan it is in iodide or sulfide systemg, Our object then is to
find a series,of refractory compounds which has the region of maximum stability
as far away as'possibie from titaniuﬁl°

- Iet us examine the factors which determine the region of maximum
stability and attempt to predict the région of maximm stability for éafbides,
silicides;, nitridés, and borides, To properly understand.the variation of a
function as &omplicated as a heat of formation, it is usually most convenient
to divide if up into the various terms of the Born-Haber cycle as Brewer, .
Bromley, Gilles, and Lofgrén(7) have done in Appendix 1 of their paper. Their
paper apd the accompanying papers give all the necessary data required for the
Born;Haber cycle, :Léﬁ us now considef %he‘various terms which affect the
stability of alkali metal compounds, First there is the heat of sublimation

of the metal which decreases from lithium to cesium and therefore tends to make
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the stability of the compounds increase in the samé order, Also the ioniza-

tion potentials of the gaseous atoms decrease from lithium to cesium and

" therefore tend to make cesium compounds more stable than 1ithium compounds ¢

The cnly other term which varies when the alkali metal is varied is the lattice
energy‘of the compound, The lattice energy will vary roughly inversely with
the interionic distance or the distance from center to center of the ions,
Thus the ingrease in size ffom lithium to cesium decreases the lattice energy
and tends to make cesium compounds less stable than lithium compounds., Thus
the trend to be expected depends upon which shows the greatest variation from
1ithium to cesium - the lattice energy or the sum of the heats of sublimation
and ibnization, This depends upon the size of the anion., When the aqion is
large like iodide ion, then the fractional change in the interionie distance
in going from Lil to CsI is rather small compared to the fraction change in
the intsrionic distanéé_in going from LiF to CsF. Thus the variation of heats
of sublimation and ionization outweighs the lattice energy variation for the
iodides and the stability increases as one goes from 1ithium to cesium, In
the case of the fluorides, the lattice energy variation is largest and the
stability of the compounds decreases as one goes from lithium to cesium.. In
addition %o the fractional change in the interionic distance affeéting the
percent changs in the lattice energy, anohher‘important factor affecting the
lattice energy is the cation-anion radius ratio, When the cation-anion ratio
is quite small as in lithium iodide for example the lattice énerg} is reduced
due to the crowding of the large anions, The anion-anion repulsion prevents
the anions from approaching the cation as clesely as they might like and the
effective interioniec distance is greater than -he sum of the ionie radii,
Thus the lattice energy does not increase as rapidly as one might expect as
one redases the cation size., A large reduction in the cation-anion ratio will
ultimately lead to a reduction in coordination number which will also fesult.

in a lowsr lattice energy. The radius ratio effect supports the normal
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trend in the case of the iodides which results in a higher stability for CsI
relgﬁive to the elements than for 1il. In the case of the fluorides, the anion
repulsion. effect is not important due to the small size of fluoride iqno

Thug whenever the anion is large compared to the catibn, we will expect
the heats of sublimatior and ionization to fix the trend in stability of the
compounds which will normally result in an increase in stability as one descends
in the periodic table or as one moves to the left, When the anion is not much
larger than the cation, then one would expect a reversal,  One can expect to
find a critical ratio for which small cations would show the normal trend in
stability while larger cations would show the somealled abnormal decrease in
stability as one descends in the periodic table,

If one carries the above reasoning over to analysis of the data for the
halides, oxides, and sulfides of the alkali metals, alkaline earth metalé,
ete,, oﬁe can find a ready explanation for the trends in the heats of formation
which are noted in Tables I, II, III, and IV, Thus if we examine column two
of Table II, we find the normal increase in stability as one descends in the
periodic table from Be to Ca where one reaches a maximum and then the stability
maécreases from Ca to Be, There is enough anion repulsion for cations smller
than Ca to produce the normal trend, For larger cations, the decrease in
lattice energy outweighs the change in ionization potential,

As the size of the cation decreases with increase in charge, one would
expect the change from normal trend to abnormal trend to occur lower and lower
in the table as one increases the charge of the cation., Thus in ’I‘able.II,7
we see that even at Li, the qation is not small enough to have given us a.
reversal in the trend, With the dipositive ions, the maximum is reached at
Ca.'and with the tripositive ions, the maximum is reached at lanthanum or lower,

The tetrapositive compounds show the normal continuocus inecrease in stability
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as the size of the cation is increased, The same is observed for the oxides
where the anion is also small, Thus we see the explanation for the ridge
of maximum stability extending from Li to Ca to Ia to Th for the fluorides
and -oxides, whefeas‘ﬁhe large halides have their region of maximum stabilit&
in the lower left hand cormer of the periodic table,

It ig of interest to note the effect of replacing oxide ion by the
larger sulfide ion. In going from sodium to cesium, the oxide stability
decreased by 21 kilocals, The sulfide stability decreased only by 3 kilocals,
The larger sulfide ion has almost wiped out the abnormal decrease in -stabi~
1ity as one dsscends in the periodic table, One would predict that the
selenides will show én increase in stability from lithium to cesium, In the
alkaline earth column, the effect of anion repulsion is seen c¢learly in
comparing thetrend from berylliium to calcium for both the oxides and sulfides.
The maximum for the sulfides is between calcium and strontium,

If we now consider the series F,'O, N, G, and B, we would expeet if :.
the bonding remained largely ionic that the ridge observed for the fluorides -
"~ and oxides wbuld remain in roughly the same position, If‘general arrangement
and sizes remained the same, there would be no change in the lattice energy .
uvpon replacing the singly charge F= ions by half as many doubly charged 0%
ionge -The sizes should not .vary greatly as long as one remains in the same
horizontal row of the periodic tabie. However, it is clear from many -
indications that the bonding does not remain so largely ionic when one has "
reached the carbides and borides as one moves to the left in the table from
fluorine and oxygeno' It is clear that the extra "d" electrons are partici-
pating in bending of the carbides and thus there tends to be an inereasing
gtability of the lattice due to increasing contribution of metallic bonding

as’ one moves from the extreme left of the table toward the nlatinum metals,
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This tends to move the ridge of maximum stability to the right., The theory
of the bonding in carbides is not well enough advanced to predict the exact
1ocatioh of the region of maximum gtability, However, we may examine the
available data on the heats of formation of nitrides and carbiaes as given
by Brewer, Bromley, Gilles, and Lofgren(g)° The datsa are rathervincomplete
and not too reliable, The nitrides show a ridge of maximum stability some-
what similar to the oxides but moved upward and to the right, It extends .
from Be to La to Zr to U, I# is at least clear from the rapidity i th which
the heats of formation are falling off as one moves away from the ridge of
maximum stability that one is ﬁot likely to f£ind any useful refractories
outside of this narrow region of maximum stability, A detailed analeis of
the lattice energies of the nitrides indicates that the bonding is largely
ionic for thé first three groups; so one might venture to prediet that ﬁhe »
phosphide will have their region of maximum stability lower in the table, |
It is clear that the nitrides would not be suitable as containers for fitanium
since titanium falls so close to the region of maximum stability, The
gﬁosphides wouid be more pgaetical than the nitrides just as the sulfides
would be more practical than the oxides since the region of maximum stability '
is farther removed from titanium, |
The data for the carbides are even more incomplete, but the region of
maximum stability appears to be iﬁ the neighborhood of Ta., The value given "
for TiC appears out of line and it is likely that the values for Zr and Th
should indicéﬁe much gregter stability,
No_quantitaﬁive data for the borides or siliecides exis£9 but the quali-
tative éatalavailable give every indication that a similar region of maximum
stability exists and 6nly the compounds from a very limited area of the

periodic table would fall within this region, It is not possible to predict
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whether titanium would be fqrther away from the region of maximum stability
of thé_borides;and silieid§§ thag‘iyﬂ;s ?:om_ﬁhe régiohs of maximum stabiiity
bf the sulfides and carbides, However, it is élearvthét the oxides and
nitrides Qéula not be expeqtéd tduprpvidé‘satisfaétory materials, One would
hope tq find thevmpst_satisch?grywcogtaingr materials from the regions of
maximum stability of the borides, silicides, carbides, and sulfides, From
the‘work of Brewer, Searcy, Templeton, and Dauben(g).on the silicides, the

(10)

work of Brewer, Sawyer, Templeton, and Dauben on the borides, and the

work of Eastman, Brewer, Bromley, Gilles, and Lofgren(ll) on the sulfides;
. this would limit one to the following compounds: ‘Ta5Si1iO°2, MbBSi, TaB,

ZrB,, UBy, GeBA, GeS, ThS,; TaC or compounds of elements very close

0:8-1,6--"
by in the periodic table, although further considerations are necessary be-

fore they can'be recopmgnded, ,

let us consider possible reactions of titanium metal with the above
compounds, The above discussion abqu@<?glaﬁive stabilities of compoﬁnds_was

based on heats of formation from the s01id metals, The order of stability

would be greatly changgd if.bhe_gta§ilitiesuw¢;e considered from the gaseous
metals, However, all of the above refractories are compounds of relatively

nonnvolatile metals; so werdo no# have to consider the possibility of

~ reduction by titanium to form the volatile metallic element as we had to in

(9) L, Brewer, A, Searcy, D, H. Templeton, and C, H, Dauben, paper accepted
by J. Amer, Ceramic Soc,, 1950,

(10) L, Brewer, D, L. Sawyer, D, H, Templeton, and C. H. Dauben, paper
submitted to J, Amer, Ceramic Soc., 1950, ’

(11) E. D. Eastman, L. Brewer, L, A, Bromley, P. W. Gilles, and N. L, Lofgren,
Jo Am, Chem, Soc., 72, 2248 (1950); additional paper on thériuh sulfides
accepted by J; fm, Chem, Soc, (1950); and paper on sulfide crucibles’
submitted to J. Amer, Ceramic Soc, (1950).
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>jthé cases of alkali and alkaline earth oxides, Also for all of these com-
Appundé; it is believed that sgtable gaseous molecules are of no iﬁportance;
sé thé;e can be no redﬁction to volatile compounds of lower oxidation state
és was.possible with some of the oxides, Therefore there are two main”
reactions we williwant to consider, Titanium might reduce these compoﬁndﬁ
to s§1id fhases of lower oxidation number or it might-disproporﬁionate these
compoundS'tp remove some of the metal and form a‘coﬁpound bf higher oxidation
number., These two reactions are illustrated by known reactions in other
systems,. Thus 2Pt + 4CeS = GePt + CPBSL and GeB 4L + Ba = BaS + 3CeS,

_ S@arting with'the sulfidesg we might congider the possibility of this
type‘of reaction with titanium, There is no indication in the literature
of any very stable in%érmetallic compound formed between Ti énd Ge or The
Therefore, it is not likely that Ti will cause}any'appreciable dispropor—
tionatiéno No phaser of lower oxidation number are known in'the sﬁlfide
systems; so no reduction would be eﬁpec%edo

 In the Te-C system, there is a lower phase, TasC, and one might expebt
reduction of TaC to rpaQC'by Ti, However, the TaC forms a solid solutlon
.w1th TiC which would stabilize TaC with respect to Tazco TaZC is Just
barely stable with respect to TaC and it does decompose at hlgh temperatures
peritectically, Therefore, in the presence of Ti, one would expect Tazc to -
be unstablelby disproportionation, but TaC should be stable and is therefore
the phase to use, This could be easily checked by heating TasG with Ti
and TaC With Tie |

Sinee TagSly,q 5 ¥ the silicide of lowest oxidation number in the

" Ta=Si system, it should not be reduced by Ti to a lower phaseo There is no
I'indicaﬁion'fh%t it'dl proportlonatee easily, but there is the possibility

that Ti could cause 1ts dlspropormona,honc Thlb could be eas11y determined
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by mixing Ti powder with the powdered silicide, If it does disproportionate,

then Ta4812+0 5 would be the phase to use as a container, MOBSi appears to -

be in the same position as Ta,Si
. . ~

1£0,2°
Among the borides suggested above, CeBA, ZrBé, and UB, are the phases

of lowest oxidation state known fbr the system, There is no indication of
readytdisproportiénation; so they should not undergo either of the reactions
,being‘considered. TaB is not the 1owest‘boride qf the tantalum system, but
the lower borides all disproportionate réadily and should be unstable in
the'presence of titaniuvm metal,

Afber having £ested the stability of the phase to be used as a con-
tainer, one rmist be sure that there is not partial reduction with no phase
change, Thus if Tal were used as a container, one could be sure that titanium
would react with it to reduce the carbon to metal ratio since there is a
homogeneity range from.TaGO.S to Tacl.O’ Thérefore, each of the phases
svggested above should be at the lower end of‘its hémogeneity range in order
to minimize reduction, Also there may be some solubility of titanium car-
bide,. sulfide, etc° in thko corresponding container material, This would
?roduce a tendency of the titanium to react to overcome the unsaturatioﬁ,
This would have to be prevented by inecluding enough titanium in the container
material to saturate it, The simplest way to insure that the container
material is at the lower end of its homogeneity range and:is saturated with
titénium is to heat the finely divided refractory material intimately mixed
with titanivm powder and to determine by x-ray examination the compositidn
of the phase in equilibrium with titanium liquid, This would be done_
comparison of the observed lattice constant after treatment with the;lattiéé
constant of_phasesvof khowﬁ composition, |

If the fellowing procedures were followed, then one would have boride,
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silicide, carbide, and sulfide container materials which wuld be in
‘équilibfium with titanium liéuid and which would not take wp any titanium,
Undér those-ccnditions the only limitation to their success woqld be the
solubility of the refractory in the titanium metal, Some fantalum and
..siliéon, for example, would have to dissplve in the titanium for the
Aﬁitaniuﬁ to be in équilibrium with the container, If the containér material
is stéble.enough and high-melting enough, there is a good chance that this
‘\‘éc1ubilify will be lowe Also the rate of solution may be quite small if the
container material has been stabilized by preparation of the proper composi=-

tion as discussed above,

Summary

It is very unlikely that Ti can react with any of the phases suggested
above as container materials»to form.either a new titanium phase or a new
‘ternary phase, I the contéiner material has been stabilized by prior
.treaﬁment with titanium before fabrication so as to be saturated with
bféspest to titanium, the contaiﬁer material should not react with the titanium
in any way except for some solubility of the constituents directly in the
titanivm metal, If one constituent is.dissolving to a greater extent than
the other, for example more Ta than Si from a tantalum silicide, it is‘
possible to decrease the solubility by tﬁking a. different concentration in
the terna?y Ta~-Si-Ti homogeneity range with a lower Ta content, This would
increase the solubility of the §i‘in the titanium metal, but the total con-
tamination could be reduced. As thermodynamic data:are_not available for
the borides, silicides, or sulfides of tiﬁaﬁium, it is not possible to maké

»thermodynamic ecalculations to predict the equilibrium solubility of the

L4 3
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stabilized container material in titanium metal, Ehrlich(A) reports the

'solubility limits of the lowest phases of the hydrogen, oxygen, nitrogen,

carbor, and boron systems of titanium in titanium metal, The solubilities
of the phases suggested as container materials should be considerably less
than the solubilities of the pure titanium compounds, If the non-metal is
particularly undesirable in the titanium metal, it can be decreased by
going to-the edge of the homogeneity range where it is lowest. Its reduc-
tion would be at the expense of increase in the metallic impurity,

| The above phases offer the best chance of finding a container material
which will be thermodynamically stable against attack by titaniuﬁ metale
However titanium is rather close to the region of maximum stability of
the compounds in every case, and it is possible that the equilibrium solu-
bility of the container material in molten titanium will be excessive,

It is recommendad that these materials be tried first undef conditions
which make the reaction with titanium go as completely as possible, That 1s,
the peowdered contalner material should be intimately mixed with Ti powder
and taken %o 2000°K9 The results of experiments of that type w111 greatly
expedite the ch01ce of a proper container ma’oer‘La,l°

Experiments in which Ti metal is heated in a fabrigated crucible are
nok very satisfactory for preliminary studies, Impuri#ieS'in the cruéible
may often 1ead one to wrong conclﬁsions about the crucible material; ThS
normally containg a considerable amount of 'I'h.O2 impﬁrity. Thus‘Ti heatéd
in a ThS urue¢b&e w1¢1 dissolve oxygen ‘and a test of the ‘crucible which
nersly relies upon measurement of the hardness or some general property
of the metal whlch can be affected by any impurity does not indicate the
behavior of ThS, Experiments with intimately*mixed_materials will give one

a much better idea whether the crucible material has been affected, Also
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it is easier to cbtain the material purer in powdered form than in the form
of a fabricated crucible. Another objection to the use of fabricated crﬁ»
cibles in. preliminary work is that any material will contaminate an electro-
positive metal if it is not at the reduced end of its homogeneity range.

One must make preliminary studies with powders to determine what compositions

LPLTY

in the homogeneity range should be used for fabrication of the crucible.
- Such preliminary studies with powders require some container for the ‘

“powdered mixtures. If available, the refractory material can be used as a

container. Thus if one is studying the reaction between finely divided Ti

and BeO powderé,‘one would use a Be0O crucible. If the same refractory

material is not available, one.can use some other refractory material since

the reaction between the powders will be much more rapid than the reaction

with the crucible. The intericr of the powder can be examined to minimize

effect of the container.

In studies of the extent of attack of varicus materials, one should

know the effect of various materials upon the properties of titanium, Some

of the éuggested refractory meterials may dissolve to some extent in molten
mfitanium metal but will precipitate so completely upon cooling that the
titanium phase wiil be quite pure and the titanium might not be hardened for
example, If the refractory material present as intergranular material does
not harm the properties of titanium metal, then of course the refractory
material would make a tetter container than some other material which
dissolves to a smaller extent but remains dissolved in the titanium and

causes a greater change in the rroperties of the titanium metal.





