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. The Choice of the Proper Refractor--.r for the Cas'ting of 

High Melting Electropositive Metalso 
-

(Report prepared June 23p 1950 for Ba.ttelle··Institute) 
.li:F 33 (038)-3736 

By 

Leo Brewer 

A.s tita.niumv zirconium, and other of the high melting electroposi.tive 

metals become more important~ the' problem of using suitable refractory materials 

for their casting becomes more important., This paper •rill discuss the method 

of choosing and testing possible container materials., To make the discussion 

more specific, titanium will be used as an example., 

As titanium melts at 2000±10°K.,~ it is immediately clear that one is 

restrict.ed to refractory materials melting considerably above 2000°K., This 

greatly limits the possible materials that might be considered.,· The possibility 

of using any pure high melting element can be quickly eliminated as titanium 

reacts quite vigorously with· non-metals such as. carbon and due to its high 
' 

boiling point and therefore high internal pressure, one can predict that it 

will dissolve even the most refractory metals., Examination of' phase diagrams 

confirms tha·t ev·en metals such as tantalum, tungsten, and rhenium would not be 

able to resist attack by titaniumo 

One is thus limited to high melting compounds such a.s the oxides 11 sulf'ides, 

nitrides.l1 carbides, silicides, and borideso The first consideration is that9 

if possible f) one vrould use a, compound. '!trhich is thermodynam..i_cally stable in the 

presence of titanium metal at 2000°K., Titanium should not be able to :react 

with the refractory to form a titanium compounde Thus all compounds less stable 

than the titanium compound which can exist in equilibrium with titanium metal 

. are excluded. 
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If one considers possible oxidesfJ first then any oxide used must be more 

stable than TiOo For TiO.a ilH = =124 kilocalso Thus any oxide with a heat 
. u 298 

of formation. per ~ani atom of oxygen not considerably more negative than ll.24 

kilocalories wo~d· ~ot be satisfactory o The most stable oxides and their heats 

of formation at 29S°Ko are a.s follows~ 1/2 Th02$ -155 kcals; 1/JLa2o3
, .:...152 

kcals; GaOp -i52kca1s; BeO.il ..:u7 kcals; Mg0 9 =144 kcals; Li2o9 ;..U2 kcals. 

Some of the other third groups oxides are almost a's stable as Ia.2o3 
but will 

react in a very simila.r mannero Ohe would not consider an oxide with a heat 

of formation more positive than -Ul kcalso since the reaction Ti(l) + MO(s) = 

TiO{s:) + M(l) would'have a ilH less positive than 17 kilocalories& Since the 

entropy change for· this reaction y1ould be small» the equilibrium constant at 

2000°K,. would be greater than 10""2 .. Even i£ one assumes compl.ete immiscibility 
. . 

of the oxideph~ses 9 then'one still calculates a rn.ole fraction of M.in the 

titani'run melt of over 0 .. 01 taking Raoultis La1.:1 for the liquid metals .. · Due to 

the high solubility of T:i.O in·· titanium metal9 the eXtent of ·reaction would· be . 

even highe·r8 'or 'th~' oxides' listed above 9 Li2o and JlfgO cari be' excluded because 

of the high vo1a:tilities of the metals at 2000°K.. The reaction of the type 

Ti(l) + Mo(s). = 'I'iO{dissolv~d in Ti) + M(g) would take place to a large extent 

and would make these:oxid.es unsuitableo Thus of all the possible oxide9 9 only 

Th02» ta~p3 (or other· rare earth orldes); Ca.O~ and BeO would. even be seriously 

considered a's a: container for mo~ten titanium. 

Of these:.fotir' meta:ls 9 orily Ca. boils below 2000°Ko Let us consider the 

magnitude of .ths reaction Ti(l) + Ca.O(s) ""TiO(diss~lved inTi) + Ga(g). The 

necessary therm6dyna.mic data for the pure oxides is given by Brewer(l) except 

for the new·hea.t of formation of' TiO. obtained by Kelley(i)tl Brewer(3) gives 

(1) 

(2) 

(3) 

Ko K. Kelley~ Uo SQ Bureau of iftnes, Berkeley~ Private Communication, 1950. 

Le Brewer9 National Nuclear Energy S:eries» Vol(;) 19B'p Paper 3(1950) .. 
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the necessary data for the elements. For the reaction Ti(l) + CaO(s) = TiO(s) 

+-Ca.(g), one finds t.F~OOO == 16.5 kcals. Ehrlich(4 ) reports that samples of Ti 

and TiOwhich·are equilibrated at high temperature and then cooled to room 

temperatUre-for x-ray examination show a solid solubility of oxygen in the Ti 

phase even beyond the composition Tio
0

•
4

• It is not known at what temperature 

equilibrium was frozen and the temperature coefficient of solubility is not 

knmm9 but it will be assumed that the solubility of the TiO phase in Ti metal 

itlill be the same at 2000°K. as reported by Ehrlich for his experiments. The 

phase in equilibrium vlith Ti metal has the composition Ti00•6.. The variation 

of tb.e thermodynamic propt:rties across the TiO homogeneity range are not lrno1m. 

We shall use the data of Darken and Gurry(5J for the FeO homogeneity range as 

a guide to reasonable estimates for the TiO phase. At 1873°K., the FeO activity 

changes a. factor of a.lmost 6 for a change in the molal ratio of oxygen to iron 

from. 1.012 to 1.37. The type of bonding would be different to some extent in 

the vicinity of Tio0•6 compared to Feo1•012_1 •37, but we lrJi.ll assume a factor 

of ten change in the TiO activity upon going from the composition TiO to Ti00•6• 

It is v-er-y likely to be smaller than this. Taking this value, we obtain for 

1.,67 Ti(l) + CaO(s) := 1 .. 67 Tio0 •6 (s) + Ca(g) or 2.5 Ti(l) + CaO(s) = 

2.5 Tio0 .. 4(1) + Ca(g), f.F~000 ; 7 kcals. This would correspond to 0.24 atm • 

Ga{g) o One l'Iould expect very severe atta.ck of GaO .by molten titanium under 

reduced pressures and very extensive attack even under the pressure of inert 

gas if the rate of approach to equilibrium is rapid "t-Thich will surely be the 

case. It is clear that GaO 111ould be ex:pected to be quite unsatisfactory. 

Let us now consider the remaining materials, Th02, ta2o3, and BeO. The 

volatility of the metal should be small for these compoundso There is the 

{4) P •. Ehrlich~ Z o anorgo Chern. 1 2:2,~ 9 1 (1949) • 

(5) Lo ·So Darken and R. w. Gurry, J., Am .. Chern. Soc., .2§, '798 (1946). 
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. possibility o~ lOiver oxides like ThO and IaOo Reliable data are not available 

for these compounds in the gaseous stateo Gaydon(6) gives ~H ; 161 kcalso for 

IaO(g) == 1a(g) + O(g)., If this value is correct.\) reduction of ra
2
o

3 
byTi to 

LaO(g) should not be serious., There is no evidence that ThO is very volatile 

and its evolution as a gas should not cause serious attacko ThO is very 

difficult to form.even when Th metal is used to reduce Th02 so it should not be 

, .formed when Ti metal is the reducing agent unless it is not necessary to form 

. ·-· 
a pure ThO ph~se., If.ThO can dissolve or react with the TiO phase or the Ti 

.m~tal9 then its formation can be important., The same would apply to the forma­

tion of LaO in the condensed phaseo 

• 
Neglecting this for the moment 9 let us calculate the extent of attack to 

be expected if we assume that all products dissolve completely in the titanium 

metal., :· .2~5Ti(l) + HO(s) == .2"5Ti00"4 (1) + H(l) vThere :111 is Be 9 2/3 la..ll or 

~F0 == 24 for 1/2 Th:v 20 for 2/J La, and 12 kcals., for Beo 
2000 

If we 

assume Henry 0s Law for the solution of oxide in Ti ·and Raoultns Lavr for the 

solution· of the metal in Tip we calculate for tho:r;'i'um:_a. molefraction of 

Oo005 and for oxyg~na molefraction of OoOl.. For beryllium.; we calculate a 

molefraetion of Ool2. for beryllium and oxygen" Lanthanum falls iri between. 

These calcUla.tions tend to indicate more attack thai). will actually take place 

if the metaLsolutions have much of a.: positive deviation from Raoult's Law. 

In the cases of La .and Th:r one might well expect a positive deviationo It is 

difficult ~o predict the behavior of Be in Ti., 

These. calculations are very rough» but in any case it is clear that even 

with the most stable oxide refractories available» we can exbect contamination 

at least o;fthe order of one mole percent" If the casting is done qUickly so 

that equilibrium ·is not attained» it might be possible to lower these valueso 

' (6) A., Go Ga~don~ Dissociation Energies~ Chapman and Hall, London (1947). 

• 
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In the calculations, it was assR~ed that ra
2
o

3
, Th02, and BeO were the phases 

of narrow homogeneity rangee Actually they must have appreciable ranges. The 

above calculations apply to the oxide phases which have been reduced to the 

metal high end of their homogeneity range. The calculations would not apply 

to oxide refractory containers prepared by firing in air. Such containers would 

give U? oxygen quite readily to the titanium metal until they were reduced to 

the lower end of their homogeneity range. 

Since oxide containers do not appear highly promising, we might consider 

whether other compoQ~ds 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 conditions where approach to equilibrium is rapid. 

Fortunately~ the order of stability of compounds of the various elements vary 

greatly 'l.ll'ith the type of compound. Tables I, II, III, and IV show ho\v 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 periodic system are considered because all compounds 

further to the right are much less stable. The data_ in the tablee were obtained 

from Bre-v1er, Bromley.~~ Gilles, and Lofgren <7 ), Brevrer (l), -and J?rewer, Bromley, 
- (8) 

Gilles, and Lofgren • 

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

iodides is the lower left hand corner of the periodic table at Gs and Ti is 

(7) L. Bre-v1er, 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. 19B, Paper 4 (1950). 



Lii 
,;.72 .. 5 

Nai 
=76o7 

KI 
-86.,.3 

Rbi 
~88o4 

Csi 
-9lo.3· 

LiF 
-145o6 · 

NaF · 
· -1.360 0 

KF ' _;1.34o5 

RbF 
=1.3.3o2 

CsF 
-1.31.7 

Table I 
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AH
298 

of formation .from I 2(g) in kcals/gram. a-:tom: iodine·~ 

1/2 Bei2 
~2702 

1/3 BI
3 ~17. 

1/2 :Mgi2 
-50o9 

1/.3 A.li.3 
-.3.3. 

1/2 Cai2 
-7lo7 

1/.3 Sci
3 -50 •. 

1/2 Sri
2 -75o5 

1/.3 YI.3 
-55o 

1/2 Bai2 
-79~8 

1/.3 lai.3 
-6.3o 

Table II 

· AH298 of formation in kcals/gram atom fluorine. 

1/2 BeF2 
~11.3 0 5 

1/3 BF3(g) 
-91. . . 

1/2 lv1gF2 -1.31o5 
1/3 AlF.3 
-1080 

1/2 CaF2 
.-.145o1 

1/.3 ScF.3 
-122 0 

1/2 SrF2 -J.44o5 
1/.3 YF.3 
-1.32. 

1/2 BaF2 . -14.3e 
1/.3 laF.3 
-140 • 

" 
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L~O 
- 2.,3 

.. 
Na 0 
-132 .. 9 

K 0 
-~6 .. 2 

Rb 0 
-8t9 

Cs 0 
-8~.1 

Na(t -1·5.3 

I K2S 
·-10.3.4 

. 
Rb~ 
-103., 

c~ -~ 2. 

Table III 

AH
298 

of formation in kcals/gram a tom oxygen. 

BeO l/3B
2
o3 -147 • -101. 

MgO 1/3 A.l203 1/2 Si02 -143.8 -133.,0. -104. . 

GaO 1/3 Sc2o3 
1/2 Ti02 -151 .. 7 -147. -112.8 

SrO 1/3 Y2o3 1/2 zro2 -140.,8 -150., -129.5 

BaO 1/3 La203 1/2 Hf0
2 -133. -152. -135.8 

1/2 Th02 
-155. 

Table IV 

-9-
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TiO 
-121~.2 

AH298 of formation from s2(g) in kcals/gram atom sulfur •. 

PeS' 1/3 B S 
-71. -37. 2 3 

HgS 1/3 A1:f33 1/2 SiS:2 . 
-99.9 -114. -32.5 

CaS 
-128.9 

SrS 
-128.6 

BaS 1/.3 Ce2s3 -126.,7 -115.7 

Ge$ 1/2 ThS2 ThS 
-1.3.3.4 -85. -120. 



.... ie­
ucRL=-?62 

very far from the region of maximum stabilityo Thus Ti does not easily reduce the 

most stable iodideso It will be noted that stability decreases as one moves 

upward or to the right in the periodic tableo 

Table II shows a·much different behavioro The region of maximum stabi-

lity is a ridge extending from Li to Ca to La and stability falls off on either 

side of this line •. The behavior of the alkali compounds is especially striking. 

While the stability of the iodides increases from Lii to Csi.9 the reverse is 
I 

true tor the fluorideso 

Table III for the oxides shows a behavior very .similar to that of 

Table IIo One has a. ridge of maximum stability stretching from Li to Tho 

Table IV also shows. such a ridge for the sulfides 9 but it has been lowered 

sometrhato Also the third uoup elements form stable dipositive sulfides whereas 

no such phases are stable in the oxide systems. 

Thus in fluoride and oxide systems, Ti is relatively a more powerful 

reducing agent than it is in iodide or s~lfide systems. Our object then is to 

find a series of refractory compounds which has the region of maximum stability 

as far a1~y as possible from titaniumo 

Let us examine the factors which determine the region of maximum 

stability and attempt to predict the region of maximum stability for carbides, 

silicides9 nitrides~ and borides 0 To properly understand the variation of a 

function as complicated as a heat of formation$ it is usually most convenient 

to divide it up into the various terms of the Born-Haber cycle as Brewer9 . 

Bromley, Gilles 9 and Lofgren(?) have done in Appendix 1 of. their papero Their 

paper and the accompanying papers give all the necessary data required for the 

Born-Haber cycleo .Let us now consider the various terms which affect the 

stability of alkali metal compoundso 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 same ordero Also the ioniza-

t.ion potent.ials of the gaseous atoms decrease from lithium to cesium and 

therefore tend to make cesium compounds more stable than lithium compounds. 

The only other term 1-irhich varies Yhen 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 increase in size from lithium to cesium decreases the lattice energy 

and tends to make eesium compounds less stable than lithium compounds. Thus 

the trend t<.:> be expected depends upon which shows the greatest variation from 

lithium. to cesium ~ the lattice energy or the sum of' the heats of sublimation 

and io:aiza:tion. This depends upon the size of the anion. 1-Jhen the anion is 
I 

_ .. , 

large like iod:l.de ion, then the fractional change in the interionic distance 

in going from Lii to Csi is rather small compared to the fraction change in 

the interionir..~ dis.tanc~ in going from LiF to CsF. Thus the variation of heats 

of sublimation and ionization ouhreighs the lattice energ;:v variation for the 

iodides and the stability increases as one goes from lithium to cesium. In 

the cas~ of the fluorides, the lattice energy variation is largest and the 

stability of' the ~ompounds. decreases as one goes from lithium to cesium. In 

addit.i.on to the fractional change in the interionic distance affecting the 

percent ciliange in the lattice energy, another important factor affecting the 

lattice energy is the cation-anion radius ratio. \fuen the cation--anion ratio 

is quite small as in lithium iodide for example the lattice energy is reduced 

due to th;e cro1tlding of the large anionse The anion-an.i.on repulsion prevents 

the an:ions from approaching the cation as clr'lely as they might like and the 

effective interi.onic disi.;anca is greater than ::,he sum of the ionic radiio 

Thus the lattice energy does not increase as rapidly as one might expect as 

one reduGes the cation size. A large reduction in the cation-anion ratio \..rill 

ultimately lead to a reduction in coordination number which will also result 

in a. lower 1a ttice energy o The radius ratio effect supports the norml 
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trend in the case of the iodides v.rhich results in a higher stability for Csi 

relative to the eJ.,ements than for Liln In the case of the fluorides, the anion 

r~p~sion,effect is not import~t due to the snall size of fluoride ion., 

Thus 1vhenever the anion is large compared to the cation, we i·rill expect 

the heats of sublimation and ionization to fix the~end in stability of the 

compounds which will normally result in an increase in stability as one descends 

in the periodic table or as one mo·ves to the left., When the anion is not rrruch 

la.rger than the cation, then one "I.•TOuld e:;q:>ect a reversal,. One can expect to 

find a critical ratio for v.rhic:h small cations \..rould show the normal trend in 

stability while larger cations would shm,r the so=called abnormal decreas·e in 

stability as; one descends in the periodic tableo 

If one carries the above reasoning over to analysis of the data for the 

halides., oxides 9 and sulfides of the alkali metals, alkaline earth metals, 

etco 3 one can find a ready explanation for the t-rends in the heats of formation 

which are noted in Tables I.v II, IIIs and IV o Thus if 'l:le examine column tH·o 

of Table II, liTe find the nor·mal increase in stability as one descends in the 

periodic table from Be to Ca where one reaches a rnaximmu and then the stability 

decreases from Ca to Beo There is enough anion repulsion for cations smaller 

than Ca. to produce the normal trendn For larger cations» the decrease in 

lattice energy outtveighs the change in ionization potentialo 

As the size of the cation decreases with increase. in charge 9 one. would 

e;x:pect the change from normal trend to abnormal trend to occur l01 ... rer and lower 

in the table as one increases the charge of the cation.. Thus in Table II 9 

we see that even at Lij the cation is not small enough to have given us a 

reyersal in the trendo lrJith the dipositive ions" the maximum is reached at 

Ca and vr.i.th the tripositive ionsll the maximum is reached at lanthanum or low.ero 

The tetrapositive compo1.mds sb.mr the normal continuous increase in stability 

I 
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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 expla:na.tion for the ridge 

of ma.xirrru.m stability extending .from Li to Ca to Ia to Th .for the fluorides 

a.nd:oxidesj) whereas the large halides have their region of maximum stability 

in the lower.left hand corner of the periodic table. 

· . It is of interest t.o 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 ldloqals. 

The larger sulfide ion has almost wiped out the abnormal decrease in·stabi-

lity as one descends in the periodic table.. One would predict that the 

selenides will show an increase in stability from lithium to cesium. In the 

alkaline earth column., the effect of anion repulsion is seen clearly in 

comparing the t:t:eni from beryllium to calcium for both the oxides and sulfides. 

The ma.ximum. .for the sulfides is bet~r1een calcium and strontium. 

If -vre now consider the series F, o, N, c.., and B, we would expect if 

the bonding remained largely ionic that the ridge observed for the fluorides 

and oxides would remain in roughly the same positiono If general arrangelll:ent 

ar1d sizes remained the same !I there would be no change in the lattice energy- : 

upon replacing the singly charge F- ions by half. as many doubly charged o= 

ions>-. . The sizes sho:uld not vary greatly as long ~s one remains in the same 

horizon+~ row; of the periodic table. However, it is clear from many 

indications tha·t the bonding does not remain so largely ionic -vrhen one has ·· 

reached the carbides and borides as one moves to the left in the table from 

fluorine and o:xygeno It is clear that the extra. 11dn electrons are partici.:.. 

pa't.ing in bonding of the carbides and thus there tends to be an increasing 

s·tability of the lattice due to increasing contribution of metallic bonding 

as one moves from the extreme left of the table toward the ;,Jlatinum me.tals. 



-14...; 
UCR1P762 

This tends to move the ridge of maximum stability to the righto The theory 

of the bonding in carbides is not well enough advanced to predict the exact 

location of the region of maximum stability.. H01treverl> we may examine the 

available data. on the heats of formation of nitrides and carbides as given 

by Brewer~ Bromleyp Gilles 9 and Lofgren.(S) o The data. are rather incomplete 

and not too reliable~ The nitrides show a ridge o.f maxirmun stability some-

what similar to the oxides but moved upvrard and to the right., It extends 

from. Be to La to Zr to U o It is at least clear from the rapidity vi th which 

the heats of formation are falling off as one moves away from the ridge of 

maximum stability that one is not likely to find any useful refractories 

outside of this narrow region of maximum stability.. A. detailed analysis of 

the lattice energies of the nitrides indicates that the bonding is largely 

ionic for the first three groups; so one might venture to predict that the 

phosphide will have their region of maximum stability lm.rer in the table., 

It is clear that the nitrides would not be suitable as containers for titanium 

since titanium falls so close to the region of maximum stability.. The 

phosphides would be more practical 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 incompletel> but the region of 

maximum stability appears to be in the neighborhood of Tao· The value given 

for TiC appears out of line and it is likely that. the values for Zr and Th 

should indicate much grea[ter stability .. 
< 

No quantitative data for the borides or silicides existp but the quali-

tative da:ta:. available give every indication that a. similar region of maximum 

stability exists and only the compounds from a very limited area of the 

period~c·table would fall within this regiono It is not possible to predict 

• 
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whether titanium would be further away from the region of maximum stability 

of the borides and silicides than it is from the regions of maximum stability 

of the sulfides and carbideso However~ it is clear that the oxides and 

nitrides would not be expected to provide satisfactory materialse One would 

hope to find the most satisfactory container materials from. the regions of 
- ·- --··· ·-· ··- -

maximum stabilit'y of the boride_s, silicides,p Garbides, and sulfides. From 

the W<::>rk of Brewer» Searcy, Temi?leton 11 and Dauben (9) on the silicides, the 

work of Brewer, Sawyer~ Templeton, and Dauben(lO) on the borides, and the 

work of Eastman~ Brewer9 Bromley~ Gille~, and Lofgren(ll) on the sulfides, 

this would limit one to .the following compounds: Tafi1±0•2, Mo3Si, T/3.l3, 

ZrB49 UB2, CeB4 , CeS, ThS,p Tac
0

.,
8
_
1

:oG- or compounds of elements very close 

by in the periodic table, although further considerations are necessary be-

fore they can be recommended6 

Let us consider possible reactions of titanium metal with the above 

oompoundso The above discussion about relative stabilities of compounds was 

based on heats of formation from the solid metals. The order of stability 
- . ·-- - .. -··- . - .. 

would be greatly changed if' the stabilities were considered from the gaseous 
. - - ·-- -. 

metalso However 11 all of the above refractories are compounds of relatively 

non-volatile metals; so we do not have to consider the possibility of 
. ~ - ·- -·-- ... - -· 

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

(9) Lo Brewer, ~ Searcy, Do He Templeton, and c. H. Dauben, paper accepted 

by J. Amer. Ceramic Soc., 1950. 

(10) L. Brewer, De La Sawyer, Do H. TE?mpleton11 and C .. H. Dauben, paper 

submitted to J. Amer., Ceramic Soc. 9 1950. 

(11) E. De Eastman, L., Brewer, L., A._ BromleyS> P. Wo Gilles 9 and N. L. Lofgren, 

J,. Am. Chem. Soco:~ ']2;, 2248 (1950); additional paper on thorium sulfides 

accepted by J o Amo Chem., Soc. (1950); and paper on sulfide crucibles· 

submitted to J .. Amero Ceramic Soco (1950)e 
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the cases of alkali and alkaline earth oxideso Also for all of these com-

pour1dsp it is believed that stable gaseous molecules are of no importance; 

so there Gan be no reduction to volatile compounds of lo-vrer oxidation state 

as w-a.s possible with some of the oxides 0 Therefore there are two main 

reactions we will want to considero Titanium might reduce these compounds; 

to solid phases of lower oxidation nu.mber or it might disproportionate these 

com:po1m& iio remove some of the metal and form a compound of higher oxidation 

nmnbero These two reactions are illustrated by kno\m reactions in other 

systems 0 Thus 2Pt + 4GeS = Ce?t2 + Ce
3
s
4 

and Ce
3
s4 + Ba = BaS.+ 3CeS 0 

Starting with the sulfides, we might consider the possibility of this 

type of reaction with titaniumo There is no indication in the literature 

of any very stable intermeta.llic c~ompound formed bet\veen Ti and Ge or Tho 

Therefore.? it is not likely that Ti '..Jill cause any appreciable dispropor-

tionati.ono "No phasef of lower oxidation number are lmoirm in the sulfide 

systems; so no reduction v.rould be expectedo 

In the Ta.·-·C system9 there is a lo1..rer phase i Ta2.c.) and one might expect 

reduction of TaG to Ta2G by Ti o However$ the TaG forms a solid solution 

-vrith TiC which muld stabilize Ta..G 1.?ith respect to Ta2c~ Ta.2c is just 

barely stable with respect to TaC and it does decompose at high temperatures 

peritecticallyo Therefore~ in the presence of Ti~ one would expect Ta2c to 

be unstable. by disproportionation~ but TaG should be stable a.nd·is therefore 

the phase to useo This could be easily checked by heating 'I'a2G viith T~ 

and TaG with Ti0 

Since Ta5sil±O 02 ±s the silicide of lm.·mst oxidation number in the 

Ta...Si systemp it should. nbt be r-educed by Ti to a lm.rer phaseo There is no 

indication that it disproportionates easily, but there is the possibility 

that Ti could cause its disproportionation., This could be easily determined 

• 
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by mixing Ti powder 11Jith t.he pov.Jdered silicide. If it does disproportionate, 

-then Ta...Si
2
+

0 
r would he the phase to use as a.. container. Mo3Si appears to 

::;, - o:J 

be in the same posit.ion as Ta5Sil±0.,2 e 

Among_the borides suggested above, CeB49 ZrB2, and UB2 are the phases 

of lowest oxidation state lmovm for the system. There is no indication of 

readydisproportionation; so they should not undergo either of the reactions 

being qonsidered., TaB is not the lo1--1est boride of the tantalum system, but 

·the lm·.rer borides all disproportionate readily and should be unstable in 

the presenee of titanium metal. 

A:f'ter having tested the stability of the phase to be used as a. con-

tainer, one nr.1st be sure that there is not partial reduction with no phase 

change. Thus if' TaC Here used as a container, one could be sure that titanium 

1.<rould react with it to reduce the carbon to metal ratio since there is a 

homogeneity range from Tac0•8 to Tac1 •0 . ., Therefore, each of the phases 

suggested above should be at the lm-rer end of its homogeneity range in order 

to minindze reduction. Also there may be some solubility of titanium car-

bide,: sulfide, etc. in thu corresponding container ma.terial., This would 

produce a. tendency of the titanium to react to overcome the unsatu.ration., 

This would have to he prevented by including enough titanium in the container 

material to saturate it., The simplest t,;ay to insure that the container 

material is at the lower end of its homogeneity range and is saturated with 

titanium is to heat the finely divided refractory material intimately mixed 

with ti'taniu.m powder and to determine by x-ray examination the composition 

of t;he phase in equilibrium with titanium liquid.. This would be done 

compar.ison of the observed lattice constant after treatment with the ,lattice 

©onstant of phases of knovrn composition 0 

If the following procedures vJ'ere followedl' then. one would have boride, 
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silicide,_ carbid€, and sulfide container materials which -v.ould be in 

equilibrium vrl. th titaniUm liquid and which would not take up any titanium. 

Under those conditions the only limitation to their success would be the 

solubility of the refractory in the titanium metale Some tantalum and 

silicon, for example, would have to dissolve in the titanium for the 

titanium to be in equilibrium with the containe~ If the container waterial 

is stable enough and high-melting enough~ there is a good chance that this 

'solubility will be lo-vr. 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. 

It is very unlikely that Ti ca.n react vrith any of the phases suggested 

above as container materials to form either a ne1:J titanium phase or a new 

ternary phaseo If the container material has been stabilized by ~ior 

treatment 1.\fith titanium before fabrication so as to be saturated viith 

respect to titanium, the container material should not react with the titanium 

in any -vray except for some solubility of the constituents directly in the 

titaniT.tm metalo IT 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 taking a. different concentration in 

the ternary Ta-Si-Ti homogeneity range with a.:. lower Ta content. This would 

increase the solubility of the Si in the titanium metalS' but the total con-

tamination could be reducede A.s thermodynamic data.. are not available for 

the borides 9 silicides, or sulfides of titaniUilll' it is not possible to make 

thermodynamic calculat.ions to predict the equilibrium solubility of the 

') 
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stabilizecl container material in titanium metal. Ehrlich (4) reports the 

solubility limits· of the lowest phases of the hydrogen11 oxygen, nitrogen, 

carbon.v and boron systems~ of titanium in titanium metal,. The solubilities 

of the ptiases. 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 ·t.rould be at the expense o.f increase in the metallic impurityo 

The above phases offer the best chance of finding a container material 

which v.rill be thermodynamically stable against attack by titanium metal. 

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. 

I't is reconnnended that these materials be tried first under conditions 

which :ma;ke the reaction with titaniUm go as completely as possible. That is, 

the powdered container material should be intimately mixed with Ti powder 

and taken t.J. 2000°K, The results of experiments of that type will greatly 

expedite the choice of a proper conta~ner material. 

Experiments in which Ti metal is heated in a fabricated crucible are 

not very sa.ti sf'actory for preliminary studieso Impurities in the crucible 

may often lead one to wong conclusions about the crucible material., ThS 

nox·w.a.lly '~ontadns a considerable amount of Tho2 impurity. Thus Ti heated 

i:n aJ. "IbS: crucible .will dissolve oxygen 'and a test of the. crucible 'Which 

merely relies upon measurement o.f the hardness or. some general property 

o.f' the metal. which can be af.fected by any impurity does not indicate the 

beha:~rior cf' Tb.S., Experiments with intimately mixed materials will give one 

a· much bet,ter idea whether the crucible material has been affected. Also 
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it is easier to obtain the material purer in powdered form than in the form 

of a fabrtcated crucible. another objection to the use of fabricated cru~ 

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 

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 powders, one would use a BeO 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 interior of the powder can be examined to minimize 

effect of the container. 

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

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

of the suggested refractory materials may dissolve to some extent in molten 

titanium metal but will precipitate so completely upon cooling that the 

titanium phase will be quite pure and t_he 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 properties of the titanium metal. 

.. 
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