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!• lG~asJ&c~iQD 
ln recent. 1.aars t:lt$?11um,_ the. •art~•s ninth moa~ abun• 

daat Gentent, ~as i-a.pldly asoumed a position otmeto.llurg1• 

cal importance. .Th_e ~lown,us, w1tll whieh the teclmologtca.1 

aspec~s ot the extrao.t1,e metallura -of titanium ha.Ve been 

developed may be att·rlbuted ta l•rge measur-e to the dearth 

of knowledge ot ·the £tt:nda~ntil\l thenaodynWc proptrties of 

tho ·elemen'I and. 1ta • compountte.. As the metal oxtd::taea· :rapidly 

abov.e 6so•c-, the therlllOdfl.\am1o. relattonahips :~n the _titaniwn-

ox,gen sya:tma ·pre.sent. ·.a parttc.ularl'1 tl'\d,.ttw. .. fie.l~ tq11 etudy·. 

I.n .. addition. ,.o· the M~urally OCClU,Tll\l .diod.de, ·the 

trita:p,ntod.de, .,,eesqu1o:dde aiid aonod.de have been prepared 

(l). The known then1odJfla,mic ·-propenies ot ·th."ooe ·oxide 

:Ph~ees have been awaar1zed in o~eee.nl .excellent ·review ~1 

8re1.1er (2). Tllemochtmic@.l da.t.a o.urrently available. _in the 

-literature pox-tain_prtnclpally to the solid-state rea~~:lons 

ot tnter,eat tn -1:ihe t1tan1wn-ox,gen system. lntomation .on 

vaporisation procesaea anci equilibrium pressures ot the-

various ·oxide:$ le meage~. Such data toi- the ~onoxid.e,. '1.01 

would be ot part1cn4ari lntere.at to aatronoruera ~d astro-

pbysiolstse tor tbe epectl"WI ot lhe T10 g~seoas molecule 

S.a observed -in many stare (3, Z., So 6, ?l·• 



Data ot the ·tr.Pf.I. described above tnay· otten· b-e derived 

&om a stud:, ot the epectra ot th.a gaaeoue molecules aaso-
eia.tedwlth the chemietal a7eteua of interest. While spectre,. 

econ frequently ylelda very ao®ra.te valu.es to.- the dleeocla• 

t1on energ o·t dla-tetd.c· • molecules. as to11 eumple 1n the 

oaee, or I 2_(.1l (S, f.) • the ·dissoci&t,tcn energy ot TiO(g) baa. 

no,· yet been ac.aurately- de"el'm1.n&d.. lllo valu.Gs, 159 ·kcal./ 

mole (9) and 127 koal./mole (Lt)• reai,ectlvelr, have been pro-

posed, but neither· ·t.aa received. w:d:vereal a.ocepta.nce. The 

tlPst of these ta baaed'on a l1ne:arBirg.-Sponer oJCtrapola-

tloa l9a) ef· t-he energr dltte:rences ot the first six vibra-

tional levels ot the· 3tl' ground a,ate. .aa obaened by 'Christy 

(10) and by Lowato .. - (U)., wM.1.e the latte~ v:alue le obtained 

by appl:,ing to t·he value given b11 the Uno-Q- extx-apolat1on 

the plausible bu\ uncertain correction auggeet&d by Oaydon 

(8) .£or non-linearity ot \he ~apolation a~ hi~ dbra• 

tlonal levels. 'The uncena.intr ,aaaoc1ated with each oE these 

proposed values ia ·f1ulte lar&•• being or the order· -ot s 1 ev, 

or 2! 23 kcal.-1.mole. Although the spectrum ot T10(g) has been 
the subject ot intense inveet1gat1on (12)., 131 l,4:) 1 no obaer-

va~ion 'of the elle~gy separations ot the higher ,ribrat1onal 

levels .bas been reported. ·xn au.ch cases one muat appeal 

to other metbods of experimentat-1on ln ord.er to establish 



a moN neartlr ro11able·value tor- tbe dtsooc1atlon energy. 
The available· metheds of det.endftlng d1esoc1at1on 

-energiea of gaseous mo1•oulee have t;een adtq~telr 
summanae4 br Oaydon (8) and by· Hanberg (9>• fllese 

approach•• may- convenien,17 ba p1a.ce4 ln10· three claesea, 

. .!U• t t,hoae depend.ant; on epectroacop!c o\).senatlons, tb.oee 

relying on thettGOObGmicnl ,-,uin1.-.aaenta, and. those "thil.l 

utt11zt th• obaened r1appea.rNu1oe potemtale" of va.r1ous 

:lons ln electron imt>t:l,ct experinlMt••· We have noted above 

ttu1t .a_pectroacople measurements have not proved especially 

f'ruittul in tht partioula• oaee under oonald.era:t,ton. One 

ehoul.d, therefore, conaideir: the types ot thermochemical 

experiment• that have proved ot value :to_. tb.e determination 

ot the d.tesoo.iatlon energy of dlaiom10 mo1eeulee.-

:Ot the various JUttbods that have been emplo7e4 ·,, 

otbei-workei-1 (S),moetarebaeed on a determination ot 
the equ1111)nunt·conatant tor the reaction that accompliehos 
the d1sso·c1.ation ot ·tho :ga.aeoua molecule into ite normal 

gaeeous atoms. or on detertlllnat1ons of the equillbrium:con-

at.ants tor ·var-iou.s other reactiona ot the elements and t,helr 

compounds. Sy the appropriate corab1natlon ot the equilibrium 

Coll8tants tor thoee·reactions mentioned 111 ~he latter case 

above, one may then Calculate the equillbrlwa constant tor 



the disaoola:tS.on Naction. fbua ln ·the case o:f f10(g), 

since tbo heat·ot tonat1on ot !iO(s) (1Slt the tUasoo1at1on 
eaergr ot oxygen (16, 17.h and. the beat. ot subl1mation ot 
t1tan1um (3.8, 19, 20) are knomt, lt follows _ba, a detendna• 

ti(lfl ot the heat ot sublimation ot ~to(1) w111 peffllt,· tha 

ca.1cl4ation of the Uaaoo:tatlofti enei-a, ot TiO(g).. The enea-a 

lovel diagram of Figure 1 ceplcts the pertinent relat1onehlpa 

~,: thoea eubstances ot interest 1ft the present discussion. 
-·H•ate- of tubl.Ulation ot t':tla1tve11 non-volatile aub-

e·1ances ai-e 1usuall7 der-lved t.rom .meaeurementa· ot the e,qutll• 

briw.avapor pressure ·ot the element- or· compound 111 <auest1on 
(21). fbe purpose --of thia !n.vestigatloa la. ·therefore. to 

obtain a more nearly accn1rate estimate ot the diaaoclatton 

energy or TiO(gJ •ban has prev1ou,1y· been avatlable by 

"C•mb1:na.tion of the heal ot sublimation -ot !10 w.lth other 

a.vaUable.thermocbemloal data. The be&t of' subl:lmatlon ot 
T10 may be derived. ti-om. detend.na.t,101111 ot the vol.atil1t1 ot 
TtO by Knudsen'• rate ot ·effusion. t1etbod (25). 

Ditchburn and Gilmour (2Z) ~1ttc.a117 41:seusaed Yapor 

pressure data appearing 1n the llteratuN 1a the time 

interval 19lS•191+1, and reviewed ,h, methods of determining 

•~por preaau.rea used br various votkora. Method, applicable 

to r,lativel:, uon-vo1at1l.e substances that have· vapor· 
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scribed bf Spel,_. -and Johnston. (2)) wltb panlculaft Nfer• 

enoe ·to the. t.heor, and practice o.t determining the vapor 

praseure ot· metal.a 'bf Langmuu-•:• rate ot ·••apoi-atlo-n method 

(-24) .anf.1 b1 Kwdsen•e .ettueioa taelho4 (2,. 26. ,27., 2a, 29, 

117. -118). In a<ldttion to lht methods ot ~lr' and of 

Knudsen, brief ffi(!otion mat be liade of otber·methode auoh 

6 

u the ~t-ric (JO). -trauspt.ratton (31, • 32) ~nrl' elect.rioal. 

(31Jt 34., JS) tecbn1quea~ aa well -as. ot those procedures 
utllitslng the measurement ot aechardcd. -toroe 136, >?• :)S). 

Ver, recentwly Honig (JSal -and Ohupka • and l~ ()db) ·bave 

developed a metho4 that utlll·11:s •. the mass epectl'Ograph.. one 

41at1nct ad11itnt.age of thi,s ntw .metliod ta that, il addition 

toa determlnti.tlon d lhe "V01a1i111ty ct a. 1l11u material, 
bh:e moleoul£Ai- apeeiea in the VAPOr phase mar be 1den~1£ied. 

Utbough the menometnc or at,at1o method& an 

euitable tor uea at moderate tempvatur••• the necesaat-r 
close meclum1cal. tol•1Nu1ces in equipment tor such ex})flriments 

cannot be aaintained ,at high temperature,-. Brewer imd. Lofgren 

.(32) have used 'the transpiration method euocesstully ta a st·udy 

of the copper-chlorine s-ystem, bu\ as ha$ be.en noted by ·Lepore 

and. Van Wacer, (39), thie method fraqu.ently leads to erroneous 
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resu1tut · bect1use ot tho uncertain ettecta ct tb.enul; dlttualon. 

The L~r method can be used to meE1sure pressures 

that are a factor ot 10'· to id+ lowett lhan those me,u1urable 
br the Knudsen met.hod becau,se o.t t.be. large evaporating sur-
faces .em,plo7ed. AO· a given temperalure ad 1time ot wo, 
the.l&;qe weight ·1osa obtdne4 !u a ~tr exp«.rtm,nt 
ylelda a-calculated ev.a,oratlon _.ate otlaigher percentage 

aco~ac, than that tJtom a lnudatn· •~rlraent.. Ae U\tluctlon 
heating.vu used exolwsivelr throughout. tht WQrlt reported 

here, it ·was necessaey to r•oort to tbe laud.sen method ot 
vapox- pn,1.turi d•t~tton, tor- tbe condueulvltr ot eolt4 
T10· 1:t ao low that it. dot•· not. ·beat ettieientlr 1n ·tbe .. fleld 

o.t an- bduct;ioa •011. Sar4p1e1· of TlO Wr-$t iheretoN, con• 

tained in aolybdena Knuds•n cells. 
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!• i\J2Stl£.&~U.J a<& ~et&&Jrti .al. £9D§3'D&r£lti91! 

'?he design, conirtruct1on. t.esting and application. ot 

·the various it~s ot equipment and maeorials emplo-yed through-

out this work ai-e desonbed 1n deta.11 in a separ(~te report 

(40). The salient. .tea.turcui of tbe· vacuum indueticn tumace 
used tor- th9 zaajor- traction of the research reported here are, 

however, outlined below. 

Two diatin,ct syetems capa.ble of producing high vacua, 

desiouited "i~ppai-atus . No. l ft' and ".Apparatus No. 2", re• 

speet1v·ely, were .availablt.h u,,pparatus tto. 1''·• used thr-0\l&h• 

out tbio work, eo11sisted. o.r a DlstUl.tAtion Products. VMF-lOOW 

met1Al ditfuslon pump backed by a. Stokes tt.Micl"Ov,u)" .tore pump. 

·Cat. No. 212ll1 Se~~ Mo.._ ,\346'.6. The vacuum cna.mbe.r was con-

stn.tcted of)" 1.d. 9 heavr•wall1 flanged ttPyrextt Brand glass 
pipe. A 11ass pipe elbow was sealed to the vertloall1-mounted 

ditfwsion pwnp ,with Apieson-tl wax. The leg ot a gl.,uJs pipe 

"T11 jo1ned tbe horlsontal limb ot ~ha elbow in such a. manner 

that the a:d.• ot the arms: ot the ttftt was vertical. The 

upper arta of the "T" led to an optical wind.ow which pemt;tted 

observatrion ot tbe sample and readlnge of the aample temp.era• 

tun• while vaporization cells ot largo diameter tubing could 

be attached '° the- lo-wer am ot the "'fn. A magnetically 

operated shutter was inttrpoeed bet,teen the Gtllllple and optical 



~. fempeJraturea were determined ,11th a Leeds and 

florthl'up <H.eappearing tUa•ent. optical p~teJt, Cat. ff.o. 

t!622•C:. $et-.. ti,,. 72)042, ·,, sighting ofl. a blackbody hole in. 

9 

tile l.14 ot the budsen cell~ JJt the two· ~~S.cal pyrome·tera 

available, thai des:1gruate4 "-No. 1"· ln the report cited above 
,,as used tor all temperature me·a1ure1nen,a r•pcw>ted here. l.t 

should be noted hwe tbal momet-e!" •so. 1•· ba.4 been oa.11 •. 

bra.te4. and cert1.t1ed by the hllonal- Bureau ot .Staudarda on the 

basie o,t tho 192.7 uaternational temperature ecale (41). Con-

version to the 1948 lntemational ·tempeN.tare soue would in• 

tn,luce correctioaa ot onl1· J ·io 4 4eg.rreee ·(4,2} 1n the range 

ot t«aperatw-es encounte:£1td in tble wo~k. Ae \hose eorJtect1ona 

a.re well within the absolute uncertaiatr ot tbe tempera.tiur• 

measurements, no· c:or-rect.lona to convert temperature readings 
to the 1:94$ temperature eoale. have 'b$en tlUd<h 

Pressures ot res14ua1 gna t.n·tbe vacuum ayatem·wen d.e-

termlned with a. Pirald gauge, a hoti-catihodt tontea:t1ou gauge 

and a cold-c.athode , ton1zat1on gauge. Hiah•fi-aquencr power 

~or tnductlve heat·ing wa1 suppl.led bJ a 6 kva 11ealed•spark• 

gap converter ~utactuncl by the AJax Electnther.mlc COJ1)0ra• 
tlon. Tb.is instrument:. dellYe~ed s ·to 12 pul1ea ot btgbl1 

damped 16- kc current tver, l/12.0 teco:nd with the panictll.ar 



charge tttoril-coil combinallon. used. fbe 32•1ur.c wat~ 
cooled )P4w.-k eoU supplied w1th the gen~tor waa· used. 

10 

Al~bouah prov1s1.oms tor atU~omattc. tempeta~ur• con1.r-ol 

were .incorporated in the de.alp o.t tbe vacwm turaace (M>), 

th1s £.allar-e waa used during the lo."tier portion ot Ible 
research, to,r 1t waa observed that. .manual control gave ade• 

quatelr co~.ant ta,pe:.ra.tur••• 1!.-pe#atlU'll i-eadtnga we-..e 

e1ti111ted. to be aocurate to ilOoC while relatl•• t<tllperature 

readtnga were ·uncertain b7 oo ·•n than .t5-C• 

lml4ae• ettueton ttoUe a114 their uaocuted nppona 
and. ~dlat1on sble1ds were tabz-J.·cated troa. ano1ybr1en\Ul metal. 



£• rE!aaraJa&on at Zi\lPiu!I ~--
Ai.1 1amplea of TIO· ·used ta 1lhle work we:re takea tro~ 

a 1a2tpr sample otmateric1l P"l'are4 by Shomate (1) tor use 

la the atud.J ot tbe hea1' oapaolt-y of' 110. 

Portions ot thla aame or-1.g!nal ·prep.aratloa wen aleo uaed 

11 

bJ Naylor (4)) iu a etudy ot the blgh.tempera:ture beat 

capa.01,,. of tto. ·an4 bf ffiWphff1. (1S) tor the det..natloa 

ot: th-• heat of to.-antton ot rs.o.- fte r10nodde ueed 1n tbia 

naea~c:h.waa· furnt.ahed the author t~. the getleHa&t1 -ot 

Dr. :Leo Brewer ot the Ord,•wsttr ot· Calttomu and· n.-. l:t. .1 • 

. ie11ey of the u. s. Bureau of Mlnea. 

Shoma\e prepared tltanltlll ·taono.d.de by the reaction ot 

equtmolal quantttlea of· litanlm dlo1d.de anct titanium. raetal 

at llS0°C la ZflGSO• Anal7als ot ·tbe p,odue• gavt 99.2 pe~ 

cent tto, .0.1 per oent T'1C -e.rid. o.? per ••t as.o. a ...... a1.r1ta 

ot the same lot ot raaterte.1 ftve_ .Jee.re. lattr gave .identical reaulta 

(15). 

Zn Ja.nuar,. 19S2t app~lmatelJ :elx montba. after publt• 

cation ot Humphrey'• da" (1S), .eauiplas ot the monoxide 

subsequen1tl1 U$ed in tble reeeaNh were eubrdt,ed to 1ibe 

Unlversltrot Calltornia Radiation Laborator, for apectro• 
cbemlca.1 -tmal)'a1s.. The Ntp:,rted anal.ys1a in weigbt per cent 

follows: .. ·St and Pb• 0.01 - 0.1 each_; 1,1, C•• Fe, Mg, Rt 



12-

-and Zr, leas than 0-.01 eacb; Ca, c~, *• .Mo, .sn and zn. not 

detected. An analyale ot \he monoxide bJ co!'.llbustion to 

air at .lOOOoC indic~ted a OOU1pom1t1on ler the ongind 

,aa.~ria.1. ot T100•991z.0.001+ uncow~e« tor elltcon and 

oar-boa impurities, arid T&o0•999sa.ooz. corNCt:ed tor imJUrl•-
tl••• Anal7aes ot -two 1araple1 bt di:,eot reactloa witti 

·err3 and .mea~, ot the volume ot ox,gta nleaeed Jlelded 

Calculate4 oompoe1tlons ot Tl00.99):tO•OOS and f100o99Jt0.00$1 
,.especttvely., uncorrected tor imptlritlee. It the data are 

coneeled tor elltcon and catbon 1mpv1t.ies, one,t1nda 

T!.00.989tO.OO.S and Tt00.'91.tO.OOS• The latter two .methoda-

o~ analysis will be coneider-ed in more detail in the to11ow• 

lag section. Ro t1tan1WA ueq was pertoftleid• 



.i• n,taoda at. A11kl.li1 
1. Aeaay ot -TiO Saplet 

Sutf'1·clet1t amount, ot monoxtdo matsrta1 were 1H1u"111 

available to permit the uti111Gtton 0£ atat\dard gravl• 
•et.nu ant volume.trio analytical pro-ceduro1 tor the de• 

temlnatlon ot sample compc,allton. Fl11e ditterenl- method•· 

Wi;We :uaed to establieh th• oonipostt.ion and p\R'lty of the 

rawaateria.1, -and. -ot the .n,aid.uea obtained from Yartous 

'tapor1satton •~lmente. 
The original monoJC1de samplew&a analysed. tr two 

mettoda, the tire, ot whtcb 1nvolvt4 camb.us,ton in au-•. 

Specitice.111, 0.2462 g ottto1 waa weighed. S.nto a lart4 

platinum dlab thal bad been 1Qtl1~ed pre'\fioiaalr to con1tant. 

wetpt. ibe dista wttb oat.de sample was then pl.aced into 

a muffle tumaca that ,,aa ,et at a temperature of 10()().;1050-0 o 

The combustion wae allowed to. proceed tor- elgbt ht>urs. The 
combuetton.,roduct ·weighed 0.301s I• Xt the comb.uS\1on data 
a2:"e taken at taoe value, .and lt no coffeetl.ona are made tott 

tile supposed siltoon.and carbon ~purltiee, tben one finds 

• oalculated oxtdecomposltlon ot ·-r100•99710•004• The 
uncertainty limits are aeetgned on the aasump\ton ,~at 
welpings were accurate to: 0.2 mg. lt the ana1ye1a re-

ported by Shomate· (1) ia aeaumed to represent correctly the 
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percentage ot ellicon and carbon pNson, .tn t.ht .suip1e, 

and it it 1.e assumed .tur-thor \hat, on 1gn1tion, tbe SlO 1• 

oxldi•ed 'to S·tOa and tM~ 'liC le coriverted te H03t tbe COll• 

buet1on analys,t• mar be cotteeted tor the ellioon and. carbon 

11Jpur1t1es. One thus caloulatea lha't the compooltton ot the 

orlgtnal material was ttOO.fflto.004• 
it(IC·ently ffoekst:-a and ·1ats (l+Ja.) at Atgonne Hat.tonal 

Laboratory have developed amethotl tor Ille tllrect detetmtna• 
t:ion o~ oxygen tn metal1lo oxides and GOIJ.I; otber- o,cygen--ccn-

taining eomp0u.nd.th Samples of 110, an4 ot residues troa various 
,. 

vaporization u,erimenta •~• eubtattte4 to Dr. ffo-ekatra tor 

-ar.mlysie. A compl.ote report -or thee• analyses ls in.eluded 

1n a eubsequEtn, section of thla- tbesla, while the prinoi_ple 

ot th• teolmlqua :La indio.ated belowo 

Metallic oxlclea react wllh bromine· tritluol"lde as in• 
dicate4 by the to11owing equation, 

3 n.o1 + 4 Brr3 •· 2 s.2 • l m,. + (l1/2J o2• (1) 

It the reaction 1s curled out in a closed .s,eteai titted with 

'the app>:-opriate traps and pwnpa, tlte bromine ,au4 tetfttluortde 

formed as a.8sult; ot the reaction.mar be hezta out in 11qu1d 

nltr-ogen tr.ape while tbe oqgen taar be ,pwaped ott and 1,a 
volume, lemperature, and pressure measured. Tnua if 11 is 
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assumed that the 1u1111:p~• ls _pure metallic od~•• th• unknown 

para.meter •1" 1n the above eq_uatton may be calculated. lt 

cop.tiance la no, 'taken ot -ema."11 __ .aaounts ot lmpur.t.tlea such 

aa s10, T1C and flit tbe oa.lcul&tied value ot ••.1tt w111 be 

sllght.lJ ln.enor. The- oqgen in sto and the nitrogen in 
fl.I wi11 contri'bu'te ,o the volume ot ga.a evolved from the 

sample• Sine.• carboawlll appea:r a• c~4, and will not- be 

t~pped. ou.,. under the usual experlmenla'1 con<11,1ona, ,,, t:oo, 

t1lU contribute to ·the ;meaeUN-4 gas volume. lot all oxygen 

contt.d.ning compounds li."berat:e tltelr oa,ge.n quantt.tall'i'el:, 

on Naotlon. with Brr,, but torm -stable. o.x,•tluo,..-.ldes, or 
unde:rgo no ext-enolve· reaction. at all. Hoekstra and. Kat.1 

(4la) toun4, f:or $X1,tiJple, tba.t Moo,, tormed the •·table int.er• 

med1ateMoOr4• fhua onl1 two-thirds ot the t.heorettcal 

amoun.t ot ox,genla evolved. 

1\fo analyees ot tbe titanium mrmo:ddo used 1n tlu.a 

s-eeearchwere ·curitd out by the above tnethod. These 

yifblded caleul~ted compo1ttlons ot ttoo.ffltO.OOS and 

T100•99,:t0.oo:,• reapecttvel7. Qogniaance was not taken 
ot t.he silicon and OUtbon S.puritlea reported pre1ent ta 
the ~-ample bJ Shomate (1). (l'orrection ot the analytical 

ct1.ta tor thees reported tmpurltlee lea.de to calculatetl 

eompoe1t1ons ot T100•989±Q.oo; -and T100•991.t0.00S' nspect1vel7. 
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As hae been ,noted preriousl.y, apoctroso.oplc an.alr••• of t,he 

same 10, ot.materlal ln41cate4on1:, 0.1 • 0~01 per cent 
silicon. One :11 thus .led to quast10ll the val.tdlif /Jf the 

above cone.ctione. Tho .value ot sucla co~rectlona ts ~t.her 

placed !.a doubt bJ' virtue ot the t•ct ~at 1;hero is no 
txpe~tmental • verit1oa.t1on et th.e aaaumptlon ma.de. above that 

solid eolut;Sona 0£ SlO and TlO la HO w1U Uberat9 ox,gen 

~ndoai-bon qw.mt.1tatively on tr'-eatmen1. with Srr3• The 

corrected compoe1t1Gns should, however. tu a .lower 11nlit. 

tor the o.qgett•tltaniua ratio 1n th.• .tltaniuia monox.lde 

samples oonstdered. ~• preoialotl ot tbe ,U.nc, oxygen 

analyse, ia bett•~ than to.002, in o=,gen•tltaoiwt ratio. 
while the ae11mateduncertalnt1 (43a) ia ao.oos in terms of 
oxygen-titaniua ratio. 

In ad41tlon to the above two met®de qf eample analyale, 
limited uee wae made ot epectroacop1c and polaro&rapbic 

technlqueo. The _apecti-oacol)ic analya1.a ot T10 hae been n-
po~ed in a prevtoua &eotlon, wbUo the pol4rographic method 

ot -ant.tlrata tor •l7bden~ reporte<l b1 Haight; (44)- was used. 

to estimate. the amount ot molJbdenum p~aent 1a the.original 
sample mator1•1• and in t-h• re1idue tram a aeries of vaporl• 

aat:lon rtm•-~u.rlng which elpt por •Cent ot th& aample wae lost. 

01 eublbatlon and ettuslon troa. the Knwiaen cell. Tha 
pol..arographic analyi,le inc1lcated OoS per c:ent molrbdenUl'I 
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in tllls residue, while• •,eotroee.,ptc ana.l711s ot th:e. aaae 
lllaterlal indlaatcus iae m.olybdcmura conoentr-at.loa. to ·be oval" 

one ~r cent. PoUt'Op-aphl.o- mad.:,ata ot·the origt.na1 material 
tailed to tndic,1.te ·the pre1enoe ot mo1rbde.nwa, 1n -a(P'e.ement) 

witllthe aptctr-o,coplc aaa17ais pertomed al the Uhlverat,, 
et Calltomta. but la dieagrear11en1 vitb a apactroscoplo 
andreta ,.ronaed at lhe llrdveratty ot kansaa 'th.al ·1ndlcate4 

abOu\ 0.1 per cent molybdenum. The ,olai-opaphle ·method waa 
uaed &110 to chotk the·r.1~lt1 ot a e,ectJ'tJpbotometrlo analJ• 

sit toi,molybdenum :1n tbe $Ublt.mate oolle.oted d.urlpg one 
Yaporlaatlon espet'iment. the absence or ·-tn0lfbdenum in the 

eublbaate 10 indicated by- tba epectrophotometrio anal7et.s 

was con.timed. bytbo pclarographlo@al.ye!s. 

x.-,a, tittractlon techni4ue1 w•"1 usecl eX1e-t11lvely 

throughout thia rosearch, and have pro•ed to be.a valuable 
tool tor the elucidation ot tb• eom:posit.1on Emd phase .-ala• 

tionahtpe ot cr,sta111ne solid subetances. X•rar d:tttraction 
taclmlques wen ueed to obta:ln an estimate ot th.e puri.ty1 

naturie and awriber of aoli,tl phases present in a glven a-ampl•• 

and to detentwle the com,POaltlon of various T10u.a prepaJ:tatlona 
obtained d~:igth• t/OU!'te ot ,hS.ewon. 

Nwaerot.11 woricere have stud.led tho phaaa relatlonehlpa 

1n the tltan1um-ox:,gen srstem. bf aeana ot x-~ay diffraction 



teolm1ques u.s, 4.6, 47, 48, 49, .so. ,1, Silt bul only SbJ.:tl1-

C46, 4 ?) , ·1napt,•_· A a11 ( 51) and . Roatoker ( 52) iaava imrestl• 

pted extens!.v·e rangee ot -<t•poailloa b7 tide method. .ror 
our pu:-poses,. ••· aeed .oonsidv only bile latt~c• pa.Jt._..ter 

Ji• eom,o,:1i1'1oa Natlo».shipe thtougbOQt the ~101u -·C-laCl• 

trpe} ko•1•nett1· r,mgeo <h.,aeral.. phase .i-ela.t$.onabips ta the 

,11an1um-ox,3ea .. •rate• en, -.dta.cuseed .in moi'e dol~ in the 

t-o.Uowlng 1ua11ion ot tbla theali. 

'ftte l•ftY dUrtao'td,on data rel)On.ed bV Dumpe• 4 .. IM& 
(Sl) an due ·co RoatJOke, (52). Both.&ost.oker atid Bhrllcb 

(46) "'°" 4oterm1n&,1or1, ot the variation ot theetze ot 
the tm11 cell. of cab1o. flOU:& •! .. & function ot _eompoeJ111on. 

Simlur· data were ob~n•d -1- Oh.la rersaarclb fhes.o d&ta ate 

co11e,te4 to• th-tr purpose ,t· comparison -1n rsaur• 2.-

Xt • ls -1mpQrt;anl to .not•- lb.al wh.11.e boi;h lthrllcb· ancl 

llostok&r reporl tlJeir l•,tloe parameter -v:aluos ~n ~gat,rom 

un1te,.- 'tr.bey .a·ot.ually ueed kX unlit• As nellller ttoatoker nor· 

Ehrlic.k N_po;tt the WIYG•letagi;;h ot ~.hi: 'ftdia.tlo~ used ir1 t-eb-

work, there- is aome un~t1 lnvoltted in bb.o oottversion 
ot their da~-u. ·to Aagauom unii,t.· Xn. ~1, nsearck all, X.rq 

data were obtalriet1 with t111utre-d cbaracter1etlc copper 

&i1 and lei2 radiation~ of wave-length 1.,51+oso A and 1.s4z.34 

A, roipecti,rely, ot-· wt~h f11ttNd molybdenum ·"'a -.804 .1'42 
r&di4tlon· ot wave-len&tll 0.10926 A and Oo?l)S4 A,-. reapactivelf• 
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AU 4at:a ab.own in F1gun 2 bav•• where 11eceaaal'7, been con-
••~•« lo ,Angstrotn unite ae lnternationallr agreed upon in 

1946 (5:)). Since. the kl ,un1,. ta larger than the Angstrom 

®11\ by a factor- of 1.00202 ($3) •. the data ot.Ehrllcb and 

ot ao;atokai- wen.-oonvartttd to Angst.roe on thla baeis. 

ihrllcb·make# no estiam.t• ot the uncertainty limits 

of'. e1~1." Ide lat~lce paruete~- data. o;r ot bis chemical 

anal1••~.• tSO .no atterapt baa been made to indicate ouch 

lbllts tor those po.tnta t.bat. repreoent- hie data in ftsur• 2. 

Taerange otuncortainty 1rl co•poeition ascribed to the data 

ot ioatotei, is that glv•n b:, Bumps, AW, (Sl). while t.ha 

compoait,1oa llmtts tor the data obtained in 1.hia research 

wer-e••t1-"8d u described pre•ioualy. Analyses ot aamplea 

tor whlcb l•ra, -.data were· obtained during the ·course ot 

thia vork were performed by Hoekstra. (43ah 

Roato.k.er reports the ·tancertaintyot his lattS.oe parameters 

to be aboul ~.005 -·Ao AS Cohenta taetllod (;~, 55t 56, 57) 

wae used. to deri.Ye the 14t\1ca constanto, it ie the opinion 

ot the author that Rostoker•• oatitlatea are decidedly pessl-

mietlc. Roetoker dld not ·untt~ak• a least-squares treatment 

of.Ma data to ••tablleh an estimated uncertalnt,J tor his 
lattice,arametor meaeUl'ementa, but eet, the quoted limits 
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from a knovltdgo ot t;he ·.tact; that valuee of the latttoe 

par~r -dttrived tr-om 1MQlu:rement1 ot a given tilm, rt• 
pea.ted b7 the same observe .. al inter-vale ot abottb two WNks,. 

were ta aoetmentt to about .tO.oo, A (S?a). le was unable 

to givo • .an es'b1mate ot \he unce~a,1nt1 'IO be ~ea1gned to tbe 

chemical andrtea ot bJ.e aQl/Jplta, tor- he did not; ·pertom 
the analysem, and .bad no ihtortaalion,other than th\\ of: 

the aamples were assaye.d tor titaniuat, -.nu.that- o=,men was 

e&lcn~tl.a"d by diftorenct. It ls pe-rba~s p:e~lrum'I) to note 
th.al 1, ha:s been found possible at; ,iae Ualversity ot lanaae 

tc»' dltte.rbl observers to de~lve la:tt.lee ,~tor valuu 
th&t; ue. in qn ... r,, to within about one part. in ·40,000 

Ito• =teaeUNlmanta ('>fa given film nptated al an intend 

ot al>ou.t six aonthe. -itostoker'a o.1tlmat,u1 he.ve, however, 

been taken at- t~c• value-and are- u 1Ddtcu.ted in Figure 2. 
A e.~enaive aurre, and btbltography ot tile eub~,ects 

ot aretemat,1.c -orrora 1a l•~a, cameras and the precisi-on 

meaourement of la\tlce C08$tan,s has been g1,ren by Buerger 
( SSJ •· while contributions or more _.ecent date have been made, 

br 'tfarren. (59), Thomae (60), Bk:.st.eln and Sitgel (61) anct 

StraWlatit& (62). Cohen•• method. ot ana1Jtiical extrapo~t1on1 

·to eltmhlate th• etteot or the e1et~ttc etro.rs lnhGrent 



t.n all pre&ent tn,ee of preolaion owner-as, la now firmly 

established ae probably ·tht most 1tnerall7 uael\\l t;.cbntque-

avaUable tor ~h.• pre.oiaioa datiermtnat!on ot 1atttice con. 
tlanta, ailcl·Wi\Si tlleNtlor•• -,J.ored throughout tb1e wont. 
Gne· ot it• eh1et t.dvatttaae• 1lea tn tbe ta41 "hit --~- baaic 

dalf'ie&l e,ctnpolatt.on cu· be· extende.d to a 1e-aa•••·qu.aras 

tre'-ltmen, to Ndtlce the ettectot random arrora. tn the 
t.nltit.1 _,a, and. ·\\o ee~'8 the preciaton ot \he ca1culat-4 

para11eter$ from tlle cn:ter1on ot .-.~ coru»isteaoy- (6))'. 

Hess (6.lt) be Cf"1\tc1eecl eenaln aa,.cte of Coh•n·•• treatment• 

:1tul 8Uggaaoe a . modltie4_ •etb<>4• Hosa po.lnt.1 out, bc>wevor, 

·that uale•• aome dlftration llnee o,ou in the reg1o~ ot -•• 

ftlm 90• > e > 1s• tile 1wo meth.ods gin al.mos, 1d•nt1ca1 re-

sults.. loUOWi:ng the aethotl ot Je-tte and -Foote (6:,) • t:he 

probabl• ewor.ot l•ttt.loe oonst&tlts determined to• aaunplea 
used 1n th!e .Naeardl was toun4 10 var, mm aoou.b on• to 

'""° pt~t• in 401000. ln Jigura 2, the e1ze o.f the rectangle 

aurr.oWUling each dat1.tllobtaine4 duriag tbia work indicates 
tbe uacertdnty .Sn both composition and 1-~t~lce constant;. 

In view 0:t iihe UDCerla1nt1ee a, to the ,ttoot; ot iaaple 
pwtty. analytical errors -and X•rar- diftraot!onteclmlquee 
on th-o dQta ot·varioua workoi-1, l\ la dltt1ou1t. ·to aoeip a 

epecltto reason for the Utterances among \b:e ·1attloe 



parameter -XI• composition u.ua to~ the TtO J)Mae ·elt01ffl la 

F1-• 2. While all uo·tta'4. ar• ,1a·tau aareement. 1nv1w 
ot the a.aaign-ed unoen,d.nlie•• it .ul be noted th.al the 

data of a.stoker ·Jleltl conlia\ent-17 ldg&e_. latU.ce pif'a1tetoJ:'s 

th,an thoae found by Ehrlich ol' tn thla naearch. Tbla ta. 

tho in,e otderiat!.on to beupeote4 U·Ro•wk•~•• ump1es 

contalned·ttc in eo1ld solutien·t;o ·\ht extent of two· or-

three mo1eper cent. 

2. Attalrelt of Sub-limat-ea-

Duriflg tJi• la'tller port)ion: ot this nsearob.1 c·oUeo• 

tlons of the mater1-d lhal ertuse4 troa the Knudsen o:ella 

wen obtu.u.4 by coffile-r.t1at.ion oa _plae1nura -o,r q)ilart;s· large.ta. 

la gene.rai •. the ease ot material collecte4 du~ina a glvtn 

experbltnt. waa of the order of- a mUltgram, eo methods 

suitable tor 1;ba ,at'Ullra1t of .email amounts ot -t•r1al had 

w ·t,e devlaed.: 

Tho pol.u.ograpb.ic method. ot 4nalye1e tor mo1yb4.enllll 

(44) waa• aa pr,eviou111, note-cl, uaed only once tor aublimat••• 

I-ray dtttraction techniques were tried, but uatort\U\at•lt 
8tlblit&ates do.not often g1v.e satistaowr., d1tfi'eet1on pr1t.terna. 

Subatanoea condensed ,trom the 11&po11- phaa• oa a rtlat1V'ely 

cool aurtaee usually d.epcutlt in. a highly oriented ~•I'• 



Hence· the rand.Of.I orlentatton ot cr,-st.al.1f.itee m,oes•a.r, tor 
tho pnduc,,ton of euitable l•rar 41tbact;ion pattern• does 

not obtun 1n such -deposlto. U tha J.Ayet' ot condtased 

m.1.tert.al 1s autt1c1onttly ma.salve, tt raar ottan be removed 
from the eupponlq substrat.e by· meobao.1oal means, g.ounct 

to tine powder• -antl then subjecte-4 to \be ueud Jt•r.q powtllW 

teclmlciue11o !ids latter prooedffl pi-oved p;,seible la only 

t~- laat.aaeea duriDS the ·cova·o ot tide work, but. lntoJUUA• 

tlon ,of v&ilu• WWIJ oh,ained, 1• t·ae,e oasee. 

P.lathWI was eaplo7ed. aa a coa4enea"L.1on largo\ ta the· 

tirst, three vaporiaatton. upenmeata.. Since X-ray d.lttrac-

tion atudiea re'ftd.ed ·thai tbe hb11114te had reacted wi.tb. 

the platlaun: eo11eotor, all auba.equ••'- experimont• were 
pea-tomed wlth qaart,1 tar-seta. 

Ti1an1ua wae determined b7 the wol1•lmown c:,olorSmet.no 

noc.e4m.-e ia whlol1 hydrogen penxlde: ls used aa the color 

devel.opei- (6,J. Weisel.er (66) baa extended ~• metb.o4 \0 

~t t,he aimultaneous a.peetrophoto;aet:rto dete.r-m1nat1oa 

.ot tltard:um, Ydad.lWi and molybdeum, or ot 11'-anlWtl and 

v.madiua (6?). We1aaler•s method was used with only o1lgh1) 

modtflcationa in all. 4114ly1es ot su'.bltma.tea to~ tl'tianlm 

and JnOlybdenuta- report,ed 1n a eu'b-tequent, sect1oa ot thie t.be-sl,s. 
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Those, 1ubli11at•s collected oa plat.lawn wer-e brought 

into oolu1i1on bf £u&ioniwltb J)Otasalum. ,n.roaul.t'ate. The 

.melt w,ae dtasol1red. 1n :,.6 a 1aso4, and transtened q,wm,s-

ta.tiv•lr to a 100 m1 vo1umetno tlask.. Hyd,ogq ·peroxide, 

was then added to gtv• a tJJ.lal conc81'ltrat1oQ ot one per cent 

pel'Onde:, and \he -nolu.tton waa ade to volUDle at 2o•c w1t-b 

).6 tf B2so4 • During the early of this work, the blank 

solution used waa 3.6 I u2eo4• Qptloal densttS:ea at the 

solution at .)JO lil>, and. 4-10 - were tben de,ormned with a 

Be~ :Mod.el •UU* quart1 eJ)GCttophotottteter, an.4 the concen-

tratica ot molybdenum and titanium SA the solution determined 

bf solution ot appropriate simultanaou, equations. Coeftl• 
oie.nts ot tbe terms ln ~• alrnultaaeous e4ua1tona bad been 

datermlne:4 previously trota mea.al.lr'ementa ot t.be optical den-

sity ot ettanditra solut1one ot· .rnolybdenur4 and .Q.t titaium. 

ae a function ct wave-length and coneeotrat1on. 

It was 11oted. early in this work that thooptlcu .den• 

alt:,,.u. plots ot peroddised. solutions ot oub• 
11.iiatea were ot &n Ulttlswal ahapo I.a the region )00-360 mtJ. 

rolatiYe to a1ml1~• cur'fGI obtained w1tb standard eolutlone· 

of molfbdenum6 t.1tau1ura, OJ" mlxtw.-ea ot t.hese. Thla pua1llng 

behavtor was n.nt. attributed to the presence of molybdenum 
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in the sublima.t•s• The subsequent c:bange to quartz targets 

necessitated a cbangt in procedure to bring the aublimates 

1nto solu.tton. It ,+ras found that a mixture ot concentrated 

sulfuric and bydtotluorio a.olds serves adnd.ra'blJ-• While 

silicon is volatlllzed during th:l1 proce-ss, titanium 1s r•• 
talned in. solution it sulfut'1c acid is present in excess. 

Reeidua.1 amounts or fluoride were removed by"'repeated fuming 

ot the aulturio actci. The remainder ,ot the procedure was 

then completed a.a described above. 

Just aa h the previous method. only ).6 I H2so4 was 

used as a blank solution tor the spectrophotometric, determina-

tion. ot· titanium. and molybdenum in t.he untcnown. 1\ga.in the 

unusual cunature ot t,he plots in tho r-egion )00-)60 -$1J. was 

noted, As various consideratipne led to th, conclusion that 

an entirely lnsignit1can~ wnount of molrbd.enwn could have 

reached the collector plate during .any given vapor1aat1on 

experiment, the ,entire analytital proced\lrl was '.re-examined. 

This was dectmed. necessary to.r two rea.sons. F,irst., it 

wai des.tr-Able to establish whether the observed high ·values 

ct optic.al density in the region )OO-J60 a,. wex-• owing to 

the presenc, ot molybdenum in the solutions. or to improper 

analytical proceclurea. Large amounts of molybdenum 
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la the sublimates lldght- indicate reaction of the molybdenum. 

crucible with the TlO sample to tomvolatlle molybdenuna 

old.des. Seoond, it wr1a obtH,rved that, accorcllng to the 

anal1eea. more ~-ltaniua vae touncl in th• eubllclatea ·tJMm 

was theoretlcally pos-eible hom .a :coneld.eratioa of the cw-
o1ble: we1ghl loas and t.he geometry ot the svst•• Pressures 
of tiO c&loulated .from coll,ctor plate dalawere- a tae1or 
of -cwo als;bar tllan praasurta calculated ftom 'bbe weigb1'i l.osa 

ot tha true.Ible. II •a• 1111epeotecl tlvAi acme error in analJ• 

,1cd. p,ocedu.re had introduced a substance into tbe. aolutiona 

that not only abeorbed suoJISly a, :330 •• thue Dlldng it 
appear tbal- raolJbd.erwa was present 1n the· solut.1ona, but 

also bad aa ,appracial>l• absorption a• UO IIPi• tbua loQd1ng 
to apparent ,t1h~nlum concentrations a1.per 1l.ban. tho- actual 

t1t~wa. oonceatra1d,oru; ln the various eolut;ioru,. 

Fresb standard eolutions ot mo17bdenwa and of t.1\anlum 
wen oaretully -pnpu-e4 from.- materials· ot hlgh purlty.. The 

oonoent~at.lon of the various solullona wa,a checked ·by botb 

volume.trlc and gravimetric- llethode of .analysis. Precise 

agreement wae totmd between the two check methOda in ••err 
case. Most tmpertan·, ot al.11 th• blank solution was pNpared 

1n ptlrQllel rith tile etandan.t solutions. That. 1•• tbe blank 



was can-1,e.d througb •••rr step or the pi-ocedure in a mann.er 

identical to tha"- used. tor the standard11 h)'dngen peroxide 

waa included ta the blank. A aew aeries ot aiantl&rd ounes 
was then eatab11ah4d, and new .a1multaneous equ.at:loaa derived. 

tor the dtleMnation ot molybdenwa and ,.ttan1um :la idxt.-ea 

of the twoo 

3ubsequan~ aW7al1 of a subllmaie bf the a:iuUfled 

procad'Q.ft: described •bove gave• ourve ot optical density 

!I• wa•e-1engtll. identical tu a1·1 respects to almilar cu.rvea 

obta.!.tttd villi &oluttona etontaining '11an1• alone. Cw:'Yea 

were also dete~d- tor 1olutton1 tree ot t:ttaniun1 &ad 
molybdet1ua, ,and tbat bad bed cUTted through the p,rosul• 

tat• fuaion method and the llOd.1t1td mel.bod, l-81:PICt1Velf o 

ln the•e latter two c"ees, otll.1 3.6 B Hafl04 wae used u a 

bl;anta no ,perod.de wae added to the blank soltttlono. ,\a 

had been eu$.pectedear-11er, the 1ur1tes rose sharply to 
h1gbti- '\Falu.ea ot opttcal denaity I.ft "he region 300-360 llli• 

The optical 4tnaitr ,to:luea t:or tbeae lat;ter: eo1ut1ona do 

not tall to ae:ro ·in Iha ragion or maxtmwa absorption of 

peroxtdieo-d titanium aolutlons, Jll•• 1n the region ot 

410 ~· 
The above oone14erationa are ot importance tor the 

following re;asoc.a. first. one •1 conclude troa the above 



th:a~ mclybdenue w«a not pNsen, in any ot the al.lblimates. 

Pa.rttal add1t,.1ona1 ooatlnlat1on- ot this ,t.,onclueion waca 
obtained b7· pol&rigt'apbio ana11$1s-, ae mentioned prev1ouelf •· 

secondl7·, the titanium detentnauona can-led out :prior tlo 

the time that blank solutions were prepared 1n parallel 
with the ·utlknawna sttou14 all, yiel4 l"Gaul1• thai .. are 100 bi;b. 

bJ· an lndetenlaate amount.. Th• effect. on th• deatermilta.tlon 

ot ti1UU11a is elt.sht., but aeverthelesa present.. 
l.1'11e· t.he 8'andtlrd ~e tor ·tttanium tound ·a 'thia 

work lndtoate a .;ag&slQD ot abou, ~percent re1at1•• ·to 

total tttanlu•• 1t ta well known that pNct.aion and accuracy 

are qut\e: dt.·fterent matte~• .tn apectn.,photomGtno work (68). 

Xt is gener311y -conceded·that erroi,a of .UO per-cent an 
comon. In Yiewotwhat has been Mld above., the eat.Smated 
unce,:11:atntr ln tbr, epectrophotometnc detormbattons ot 

tlt,aniwa reported 1n a 1a,er- a-action of thl.1 thesis la af-. 

least %10 per cont n.hlive to total titanium, -and all de• 
terminations except lhoae .torvapQlsatlon experS&ants 

labeled No. 11 4rt4 Noa A-4t respectlvel:rt are- :p,robably 

high bJ aft 1ndeterrainate ambW'll• 
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.J • Analy1lo ot Residues 

During: the couvs.e e>t tbia work, n•ldute wez,e obtat.ned 

tromvapol'laa"loQ. experlmenta duz-1ng whicb appi-od.mately 

s·, 14 and 27 pe:-· cent, reapeet.1ve1y, ot the orl_ginal sample 

material. 1144 aubl1me.cl. le addliton to the naiduea, a 

daposlt that formed on the utlder elde ot tht c.ru.cthle lid 

dt..arlng the coune ot experiment•.that yielded a toi;al weight; 

1011 of about, eight; pel? cent.was ob~a1ned. These tour 
samples ·w•re analpe4 by 41ztaci determination ot o-gen by 

the Sri) method (4Ja), an4 we.rt al.mo aub3ected to anaiya1s 
by X-ray d1ftr4\Clion. teobalque,t. These thlt$ a• presente4 

1n gra.ph!Leal tom.in Figure 2, while a 'tti.bul.ar s~·s.a 
deterred unlU a la\er eectlon ot ·this ·itaesla -ta ov.de-r to 

ta.otl!t.at,e ·th• oo1lat1on ot theme data wlth other dat.ao 

lo ohet:doal. .u.alJeis ot n·sidu• com;,o11tion other· 

than lhe -dlreot. detenduatioa ot oqgea waa undertaken. 

That residue obtained from the eerie& ot ex.perlaen~s "ha-

11elded a to,al wetga1S 1oaa ot eigh\ ,e• tent. wtut, however, 

subld.tted to epectro~a.pbio t.utal:,-ata. .t'.ltl4. was also mialra·ed 

polarog1N1phlol, (44) t:or molybdenwc. 
The· spe.ctrograpb1e anal:,au waa reported on, a etm.• 

quant:ltat1ve basis, and was baaed on the aasuapt;ion that the. 

orlglnal, unheate-4 monoxide saaple contained: o. 7 par cent 

aUtcon. That 1,, the atlleon content of tbe orip.nal 
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ma.~er1al waa \&ken ae an Utemal standard. T1ie reported 

anal,yef.a ot the orilgina1 ma.terlal• in weight peJ' cent. le, 

81 0.1, B OolS, Mg o.a9, le .o.1s. ),SQ 0.2. .AnllJaS.s ot tke 

eame material at- the rJn1vers1ty ot Calitomia aa••• 61 0.1 

• 0.01, tl :ftO\ reparted• Ma 0.01, Fe- 0.01, Mo not dete·tted. 

!lie raildue ana1ye1a _p1rfon1ed at ·the Univeralty ot ltanaaa 
pve, Si 0.11+. D 0.5;, Ml- o.)J,. re 0.7, .Mo over 1 pei- cent. 

BJ po1angrllpW.c ai,.alyala, iihe. mol7bdenWD conten, r,f t-he 
:realdue waa o8'1ute4 to be• o.s. per cont. 



!• Ia !U!»JleQ;qrgta 8Jt1ta 
1. Pl\aae Heiati0Mhip1 ln the ·fitaniura-Osygei1 System 

Many c,t tho btnar:, pkLtae dlagramm and some ot the tel'-· 

Dal'J tliasr.. .ot tltanS.wa •Y•tems ba.ve been dete.rmined. A 

recenl- exc•llent C011JPilat1ora- ofbinar, and te.mar; ~t,antum 
pha.eu, diagrams has been publ1ahe4 by Hansen,· McPheraoa and 

loutoker (6Sa) •; Ao has been note·d by liostoker and Keasler 

(69) an4 i:., Hansen and Xeaelef (70), tke solid phase 

relat:lonshlpa ohaened ·u titattlum blnar, s;ateu are or 
tourbasto types. T.hoae• aNclaaaitied prlftc1p.allr as to the 
ettect. lbe alloying element baa on either- raising or lower'• 
lng tll• tnnoto~1.tior.i temr,er,ature ot the pure metal, @4 
on the ph~se ch4ngea .that inae41at·elJ follow a.t tbe· 1-1,an-ium• 

rick end or: the-qstemts. The pu.re metal undergoes an tso-
tbemal tranetoNJ1tion al ,8S2.5oe (·71, 72) from \he 1011-

tempera.ture,· heJCQgo·nal clo1e packed cs ton1 to the ·hl.gh•tapera• 

ture, body cent•red cubic il t110dlticat1on. 

The th-at type o-t srst$1ll ta rep~asettted by Flgve Jo 

The binary ayattma ot titanium wltb mol7bdenum C7't 74)• 

niobium (7)), YaaadlWI (75, 76, 17), and. tantl.llwn (78) ,az-e 

know to belong to tM.• group. The phase dlao-am ta charac• 
teriaed by terminal a and tl solld aolutlone with the tonat1on 



0£ ·an a.~ field chat grows wider with deCl"ealirtg lempe~at-ure. 

The continuous series ot-S solid solu~lone :le etabilimecl 
to lowte.mperat.urea by increasing pereentages ot a11owtng 

element. 

Tbe-teoond t;ype ot syattm ae represented b7 Figure•• 

le typical of the blnQT •r•"•• Qf tit-a:cta witb chromium 

(77, 79, 60, 81, d2, 8)), lron- (79), elllcon (64.)e nte.ke1 

(SS), e.opper (46, S7, .U), and w1·tn hfdrogen Ul9, 90, 91, 92). 

The pb&ae ·N1attonah1pa are s1mllar ~o \hose shown tn Figure 

3, DQ\ lus.re· the fl phase -decoaposes below -t.he euteetoid lempei-a• 

tur• .into u pl.u.s an inter:nedtaue compound. 

A third type ot bebavlol" .!s doplct,e4 in the 41agram· ot 

the tl\an1wn-a1wnlnwt ayaiem, .Figures. Here the addition 

ot allowing elem.en.t ruaiea the a•tl tran•toma.t1on tea1perat.-ure, 

and thu.a reotriots tho fl fteld wbUe the a. solid eolut1oa le 

stabUlzed to b1gh temperatures. The known members ot this 

group include :aluminum (93,- 94>. and ~'\rbon (48, 9SJ. Where• 

a.a alumlaum ebowe extensive so1ubil1'tf in a•titiknlwno the 

msudtawa solubility of .carbon tslesa t:ban o.; per cent. 

Aluminum, the only metal in this group, torraa subatltutlonal 

solid aolutions; c.arbon 1s d1esolv•d 1nterat:Ltlally. 

The bl.n&l'f qatems ot tlit1nlum wl~h nitrogen (48e 9S) 

and w1tb oxygen (46, 47• ,1, 9S, 96) have equ1Ubriura diagram• 



,,. 
similar in niost respects to those systema lftclu.dod 1n type 

th:ree -abo1rct. The feature tbal dlatlnguiebea this fourth 

claee ot titanium systems from the third type is the foNatlon 

ot the J phase by th6 PGritectio re.cttion ot the U1\144·with 

the a phase,•• ehown m·Flgure 6. 
BtWpa, 1,uu1ler and ··uansen (Sl) have i-ecently repo.rt.ed. 

a study of t'be, titanium-oxygen. system. up to a composition of 

30 weight per oen~ oxygen, and the eq_u11ibrtum 11nee ot 

Figure 6 tnm pure metal throlJ&h the TiO phase reglon are 
based on tholr data. As pointed ,out by these auth.ors, the 

ditfioul-11 or accurate temperature measurement reudere the 

pz-ectae. determination ot t,he aollduo and liquldus lines ot 
the fl.O ~genelty range·eatremely dittlcult. Thei .. data 

do 11ot. thtrotore, det1n1tely exclude the posdb:llity that 

etoichiometrlc T10 melts congruentl7 as sbow b the insert 

ot Figure 6. 

Brewer ( 2), in a recen~ excellent review of \he t.benno-

dynamio properliee. of the oxides, haa sumarimed most ot·tbe 

data employ-ed tn the eonstruct·1on ot the phise diagram tor 
compe>s1tiona richer in oJtygen th.an r101.~• Ho th.Crough 

1nveatlgation ot tbls portion ot the titanium-oxygen arstem 

ba.s been reported; the equlltbrtum line:-- shown tAUst, tbcn.•id•ore, 



be regarded a• ver, appro:d.mate. 

The melting p>inl ot Tto2 baa been. determined by Bunrting 

C97), von Wane.nber1 U .All& (98. 99. 100) and by s,. Pierre 

(101) • Bunting'• value ot 1eso•c was u$e4 ln. the oon,tN~ttoa 

of the _phase diagram. s~. Pierre used pyroaetr1c oones to,. 
tempe.ratur• ••--~n,. fha •ltlng point; ot 1120, gS:vea 

br JUDker (102.) ls based on very uncertd.n eatrapolatloa 

teobniqa•-• tlult omitted oonaldeftltion ot the n 3o5 pba••• 

The d1spn,or11onat1on t,empe .. ature ot Tt3o5 .wae.eett.mated 

troro the obeena\ions ot Welch C 103) on the reduction ot fl02 
bJ b.)'dr-ogen. The hoaogextelty mng,s ot the eolld phaa.ea 
correspond a:ppro.d.matel7 ·to those found by Ehrlich (46, 41). 

!be •tru.oturee ot' t.be eolid phi.sea .tound in the tit,inium-

ox,gen 8.7ateat have been e.ummartzed by Brewer (2). In addl• 
tloa to the tetr.agonal wt11e form ot ,102• a tetragonal 

anataee arid an orthorbomblo brook1te moditication, both un• 
atabltt at low temperatures w1tb.,reapect to Ntilet are known. 
Rusakov and :Zhdanov (104) re_po~ ,130, to be orthorhomblct 

while T12o3 or,atalUaea in the rhombohadr&.1 eon.mdwa o.tnic• 

ture. Th• cubiq (laCl•tn,e) T10 • pba.ee le toulld to have a 

wide homogeneity range e¥tettdlng from about 1100•7, to 

'fl01•2, at l(iOO-C. 



figure 3 (Upper lett). Phase .Diagram -of ,be 

fl.'lanlum-Molybdenue Bfatem (1', 14). 

flpre 4 (Upper right). Pnaee Diagram ot the 
Titanium-Chromium System (79). 

11gare 5 (Lower). Phase Diagram of theTitanlum-

Aluminus s,st·• ( 9)). 
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Figure 6. Tile Phas• ll1agrwa ot the 

Tit&nlum-Ox,gon Syate:m (51). 
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2. Spectro-acopy of Gaseous T10 

l'I ~• been po1nte4 ou, in the introduction that con• 

alder.able work on the epectwm ot T10(g) baa been accompllslaedo 

The mo-1ecular enegy level db.gram le ahown 1n figure 7 • 
Phllllpe (7, 12, 13, 14) baa recently continued the atudy ot 
the apect.rum, and baa· detend.ned the moleeul.ar constants ot 

the >n0 >A. ~I, ¾1 and 1A sta\es. He has also shown that the 
311 la the ground state with the 1A ata~e onlr about soo ota•1 

higher. 



f1pN ?• Moleculu hera Level Dlagrma 

ttt11 the 'TlO Molecule. 
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1. Vapo,.i1atlon Proceoeea ot Cbddea 

the nature or the phase dlapa is ot importance. in the 

conalde.ratioii ot all e-quUibrium meaeunmenta tor• as ta 

elear tro• 1th& phase law, one fllaJ obta.1n unique values ot 

the preaaure- a'O gtven te:mperaturee only 1n systems posse.as• 

.lng a single degree ot fNedo•• For simple binary •retema, 

the above requinmeat ma7 besattetled, in a nwuber. ot w•ya • 
.. tt a given t-,eratuN, one my obtain a unique 'falue ot the 

preseure in· a s,at.em OOllposecl ot thi-ee phases, ai for example 

two condensed pbaaes and the eciu1llbrl\Uil vapcr phase. The 

condensed pbaaea may· bot.b be aollde or lit1ulds, or may oon-

eiet of one solid and one liquid. The toregoing re·qulremunu 

•1 atao be sa~lafied by syeterna containing a s.lng).e coQdeased 

phaee, solid or liquid, and the e-quil:lbrium vapor phase if 

one variable in addlt-lon to the temperatwre 1a fixed. This 
additional variable to be fixed may be tho pressure. tbe 

compoalt1on ot one of the variable ocmpoe1tion phases or the 

relationship between the o.ompositlona ot t.he dlfterenti pb4aea. 

Xt, in ~be binaey a7atem of pure elements A and a, a compound 

AD 1s tormed that ls inttn1tel1 stable as a gaseous species, 

then the oomposition A8 will behave ae a unarr system, and 



will bo a ecns·tant aubl1mtng compes1t1oa in the same ·eense 

ae pure A o~ pure It. ·syeu .lt AB la not intird.tely at.able 

u a peeoue epect.e•• bul decomposes ~lallJ or completelf 
to tht conatitueQt gaeec,ua atoms upon v-apo:r11a1ion, the 

eystem will et111 be.unary if \he vapor phase hae the·•~ 

compoeitSon aa ,111 condenstd pb~se. At a given temp.er.-atUNt 

therefore, the eqtailibriwa pre:u,ure ln aue.h erstema i-s urd.qu,:a. 

la either even.t, t.h• compound it know aa a congruently 

eta'bllmln& on,1. A phase diagram tor such a •1st.era ls· p.ven 
by atc·ci (1)2) on pagt 128 a, Figure 7•5• 

Fnt11itntl1, howevfn... lt te tound that vaporisation pro-

duces a vapor _phase whoe0 composition .la ditterent trom th.at 
of the single condensed pbasa. Tb• eyetem 1e thon one ot 

two components in whloh, at con•tant tempei-ature, the equill• 

brlwu preaeure vars.ea with \he cqmpos1~1on of the Yapor 
phaue. file composition ot the condensed. plua11e. 10114 o.r 

llqu1d, mar or may not vaf!f depending on whether it is a 
aolu~ion or an lncoapuently -wapo:risd .. ng compound, A phase 

41agran\ shotd.ng both posstbWt;lea is given bf Ricci ,(132) 

Oft page 1)3 as Figure 1-1.s. Since in such systems oontS:nued 

vapor'11a,1on produces a ch~• in the compouitlon ot the 
vapor phase, the pressure will ohdge with lhe extent ot 
va,orl9atlon. 



Me.aritngful va»or preseure metdtUNment-a mar• t.hereton, 

be obtained only und,er the tollowtng condlt1ons: (1) use of 

a con1tant-compoaltton vapori1atlon process aa 1n the ca1e 

ot a eongrttentlf nbl1m1bl c~mpound, or ln: the case ot an 
a1eotrop11 (2) uae or• 1.wo-phaao solid. or liquid syatem;. or 
()) use ot a alngl·e-phase eo11d or liquid system under exped•-

mea~1 conditions wch that o·nly a ver, na.11 qUantd.t,y of 

sample ls vapo:rlaed during the -oourae ot a. elngle uasurement. 
laperl.aenls or th1a latte• type raar be conducted t£1i a variet7 

et oompoaltions to obtain tbe ·preseure-compos1tlon re1.a,1oiish1p. 

J:n oi-der to evaluat.e the-tfapor1sal1on da~a ot oxldea, 
one must eat-.ab11th the nature ot the gaeeous sptcies asso-
ciated with the 911tem being corieldere4. Si-ew:eJ'i (a) baa 

givea an excellent- awamar, ot 1·he vaporization proceasea tor 
oxide ay11em1, and eugons simple experlm.en.cu enterla to 

be WHtti 1n diatlngulmld.nc among the various posaibUltles. 

lt le 4oelrable, however, IO consider the several possible 
vaporization mecbanlsma with part:lcular reference to the 
tltulwa-oxygen system. 

The tir'et -tact t·aat. 1ho11ld. be established ls -whether 

ga.aaous oxtd• molecules eaa be ot importance in the vaporl-
18.'llon process. Brewer p,1nta out tba~ wbtle tlOet oxt.4ea 



4J 

vapori·m• excluelvelJ by d.ecompos.lt1.on to llhe gutiOu• 

elomenta, an appreclable numbest ot oxide phaaea vapor1.1e 

to tona etable ~eoua oxide molecnu.ee. In tavorable in• 

e1ancea, one •r cU.stln;uieb between these two casea rather 

easily. For example, one my oa1culaie the ,a't1a1 preetn11rea 

ot the elements la equtllbriumwtth a l4.von oxide phase al a 
given tempe,.-..4'1ure by uae ot the t.ltemodpamlc datH, tor the 

oJd.d& atl<l to111 t.lua tlemen,a. Xt t.ha calculated deooai,osltioa 

partial preaaure ta. much leas than lbe, expe·r!JaentallJ ob-

eerved total. prea1ur• in- eq~:llbriua wllb the .. oaide,· one ma, 

conclude that gaseous oxide molecules aN ot ilr&Portance .in 

the vaporisation proces:e. ConveraelJ• it lhe-obaerved.prea• 
sure la ·the 1u1• within experimental eri'Ora as the d.eeompoal• 

tlon pNnu1u.re, one mar concllld• that gaseoue odde mol.eculea 

are not impe,~an,. In trbe case ot tbe tltanlum-oxygen- eyat.9mt 

tbe . lhermod,nardo data requl,red tor the above caleulatlone 

are avaUable. 
Ia, a:dd1t1on., one may often make use ot spectroacopio 

da\a ,o determine whether gaseous oxide molecules can ·be 

expeotedit.o be ot illlPOrb:@ca. ,fa view of 1;he fact that, 

tbemlaa1 systems will include all states ot tm.e molecule, 
can raust bo exercised 1n tonmlatlng conclual·ona a.bout 



ohemic·al aystema t'tiom a coat1deratlon ot- epeetro1;opl.c ht.a, 

tor the available mpectroscop1c data trequen111 applr o.nly 

to excited ttetea ot the moleow.e. The work ot Phillips 

(12, 1),: 14,) has d.aflnltely eatabllahed ·that t.he apeottro-

eooptc daiia fer, !iO(g) apply to the -(P'Ounr.t ,siiate o:t the 

:moleeul•• 1•Ci the d1saoc1atlon energy of T10(g). 11 uncertain 

b1 aboul i-1' evbeo.auae lneuttlclent. eta~ aft- available to 

tt= tbe nature of the long extrapolation.to tbe conttergence 
lhll~. ltnc.- we 1ee that not onl7 auet the nature or the 

saaoous .Phase oe.esub1ishe4 in ordet' to evaluate vaporiaa• 
tlon data, but ·ou must; also e1tablieh '1la1i the eoiapoa1tlon 
ot the solid pbaae d.otl no, change aa waporlaa•1on prop-eases. 

Xn the above d:lsounion ~t the cr1"erion to be uaad ~o 

cliai-act.eriae the vapor pbaee, tb.e qua1ittcat1on "la t4vorable 
lnst:U1oe1a" la car11tuU1 chosen, for that criterion will :lu 

general ta.11 OJ:' lead to erroneous oonelusion• unless the 

solid phase under cort$1d.era.tion 11 a co'tlstan~eubl_1ra1ns 

eoapos11d.on. 

-Prior ·to ttu, present work, there we-re no data concem• 

1ng TiO that. would 1nd1c:ate whether the 1rapor had_ the same 

composition aa the conden.sed phase, nor whether •deeompoaitlon 

to the gaseous elements aocompan1es vapor1uat1on.. At le.a.at 



four posa1bilittea £or vapor1aat1on. ot eto!chiometric liquid 
·or so11d TlO existu (1') pure •ttO(g) alone 1.a tomed; (2_) 

Ti(g), and O (g) or 1/2 o2(g) are· torm~d iri equivalent pro• 

portions; (3.) !iO(g) ls formed together wllb exces• Tl(gl, 

O(s>· or 1/2 o2Cs)J or t4) f:L(ah and O(g) or 1/2 02hd are 

formed ht non•equivalen, proportions. All tour ot the 

pos-atble gaaeous • e,peotes will ot course be present, out 

except tor a.a unuaual co1ncldeno• only two ot these. at. moat, 

would. be of muoll .ltaportance. 
:Proceaeea (1) and (2) ta.11 lttto the -category ot con-

gr11entlr eubllm1ng coaposlt1ons whicb have phase dlagr.ma 

11mlla to lha't given b1 at.eel (132) on page S4 as 11.gure. 

J•4• Processes tJ) and (4) .are examples of incongruently 

,aubltmlng compositlona wh1eb have phn.se diagrt1ma similar to 

tha't given by Aloc1 (132) ·on. page ,o aa Figure )•)• Letc us 

consider the above poa$£b11ltlea 1n some dtl'tall. 

lt ptocesa (1) above describes the ma.mier in which 

sto1chiometrie TlO vaporises, one ,may use the available 

themod:,namic and s·,ectroocoplc data to calc\llate the _pu-1,ia.1 

preaauro or flO(g) in equllibriwn wit.h aolld TiOo 1t ie to 

be etQpbasl1ed that J)l'Ocesa (1) 1mpl1ee tha~ fiO(e) ta a 

constant vap0r1s1ng composition. S-1.nce two 41tterent values 



tor- the d:l1soeta1ton eaer-c, of TiO(g) have been proposed• 

the problem ma:, be-dlvidecl into two cases. We sllall constder 
both caaes aa hilowac 

Case l. Let. us 11imm1tba, the d.1saocio.t:lon eners1 of 

TiO(g) -1s glten ·co:n-ectlJ by· the linear B.trge-Sponer extra• 

polation. fttr'stberg ·(9l report,s a- value ot 6.9 ev at 0•1. 

The beat <>t formation ot Tt0(1) bae 'been determined b; Humphrey 

(lS) to be AHJ9a• •l2).9U0.2S koa1./1110leJ ·the d1ssociatloa 

energy o-t oxygen baa been det.erm1ae4 by S~ and Herzberg 

(l?) to be 41,26WS a•1 at ooi, Edwal'd1, Johnston and 

Dlt~.• (20) ha•• det.ermb.84 the heal of sublimation of 

tllanltlll to be AH0 • 1i2.?6Jto.1.S3 koale/ilole. Xt la con• 

•erd.en1:. to choose a ret•rence ·temperature of 298•1t, and the 

values 1l•cm a~ o•a -, be cbang,ed. bf uae ot the hea~ content. 

functions for' o2, o. 'li(e), Tl(g) end TlOCe) given in the 

Rational Bureau of Standarde fables (16), and eiml,ler values 

tor TtO(g) gi:ren b7 Gilles,. Pilson• Gallup and Wheatley (106). 

Converaion .tactore were taken tNUt t:.11• 194 7 ;raluea ot the 

.National -Bureau ot Standa;tda. 

th• rtlationehtpa among these quantities may be ae,.u1 

clearly by reference \0 Flgmte le and they, ma, be •~re,se4 
in the tollowlng equaliona1 



f1(a) + O(g.) •· TlO(g) 1 . AH298 •· --160.:aSS kca1./mole1 (2) 

TiO(a) ·• T.l(e) l/2 02(g), AB298 • 12).91 kcal./molet ()) 

1/2 02(1) • O(g) • AR!9a • S9•S5s kca.1./mole, (4) 

-SWllrlat1oa of tthe abov-e 94uatlou .71elda the tq_uatlon tor 
the pncasa under con.s1deratlon,. while awmaationor tihe 

he.ats ot reaction pvaa the beaii ot sublimation of TlO• 

Thus we tlad tor 
!10(1) • T10 ( g). AR!9s • 136.6)4 kcal../mole.. (6) 

The 'heat ot aubliaatlon ot ?10-may be combined with the 
tree energy tuncttona tor tbe 1olid e\ate, aa oalcula'led. 

from the dala given by lelley lOSlt and tbe tree energy 
tunctloo1 tor the gaseoua molecu.le given by-Gilles, filaon. 
·Gallup and Whea.tle7 (106) to formulate aa equation tor the 

Yapr,r PNSf'NNt ot T10(a). 

(
AP•· • AH•· _ ") AH0 ( log ,,10 •· ~- "" 2L • ,221,,• 7) 

't 4•S76r 
The vapor p~e,ssure of !10 aa calculated in the above manner 

la indicated aa a tunctlon of temperature by curve 2 ot 
Figure a. The vapor· pressure ot t1tan1wa met,al (20), cune 
1 ot the -same Figure• is 1nc1u.detl tor r•terence purPoae$. 

Case %1. lf one ,u1eume• that the disaoc1at1on eaers, 

ot TlO 1s 126 .. 841 kca.1./aole, al eugge1ted by Ga7don (fl)• 



we tben tift4 iJl pree11olr the same ma.mie• aa betor'e, 
TiO(a) • TiO(gJ, AH298 ~· 168.922 kcalo/ao1e• (8) 

fhe vapor preaeui-e otTlO· derived tromthia heat ot subllma• 
t.loa and the tree enera tunotlona tor the eoltd and vapo.r 

la illustrated. 1n .figure & bj.ourve 6. 
The second pnceae auggeetod to desoribe the vaporiaa• 

tion of at.otehiOIJet .. 1c 4!10 waa process U?> • above, and it 

also mar be conaldored 1n· two sepal"ate oaeea.. ln the tu-st 

taatance, we flaJ' ooneidortbe blportant gaseoua epactea lo 
be T.1(.gl and O(ll• iltemativ.elft :f1(g_) and o2(&d may be. 

takea as tht apeolea thtl.'1 characterlse ·the vaporiz,atlon 

It the asewnptiont,bat. stoichioaetric ftO ts an. a1eo.-

txsope la ·retained, ·one may calt.\ulate trom. the data glwen 

pre111ouelr -that, to-r 

TlO(a) • tl(g) .+ O(cd, 6Ba9e ., 296.889 kcal./mol•• (9) 

Sillee lnlb!a case the par1)tal p,:,esaure ot Ti le equal to tbe 
part;ld pressure ot o, the eq_ulUbriws constant la glven bf 

Ip•, Pft''o • Pit, • ~• (10) 

The f'ree enera functions ot tl(g) bavo been computed b1 

Gill••· and ·Wbea~ley (107) and by ltoloky and G·llles (1011&:l-, 

wblle the tree ·energy t\mct;:lons tor O(g) ·are g1ve.i,· 1n- the 
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Nut.lo.nal. ltlreau ot Stanurds Tables --(16). Curve 3 ot Figure 

8 gl11•• tbt Jart.ial pressure o.t ti~an1Wil and ot ox,gen as 

derived -fr-Oll lhe abov• data. 

Similarly• .fo• the reactloa 
noc,, • ,1,,, • 1/2 o2<&>, -cu> 

one cualculatet1 1u;9, •· 2)7.3)1 kou./mole. Tbe· equilibrium 

conat\aat b now gbu bf\• 'n~: whUe th• tlt-1• 
,an:td preesure ls now twice the •xra• part'lal pressure. 

file heat. ot reac,&oa derl.ved above bao be.en combined wlth 

tree enera tunc~1ou tr. the u111al unner to calculate tl\e 
equ1Ubriwa par1:la1 p~eesure ot T.l(g) and or o2(s>, aa shown 

by cunee and S, reapeot1:ve1r, ot f1f;UN s. 
x, la empba.etse4 again that etotehlol!lotrlc 'f10(sl must 

be a constant•&.ublkdng compos:l.t;lon 1t either poaslbWty 

(1) or (2) descr1bea tho vaporiaation pllenomeaa. It much S-• 

indeed the oaze1 reterence· to f1gure s· shows clearly that. 

T10(g) rill be tbe lmpor-tant species in tile ••Po• phate if 

the d1saocit\t1on energf ot TiO(g) is as high. aa 6.9 ••• whUe 

the element, will predominate in tho gas it the d1-1aoclatlon 

enera ie ot the order of ,.s ••• Experimetlt.ally, t:be 
-dt.stlnction between these two pcssib111tiea mar be taade 

eaally, tor it, will be noted trom Figure 8 tha,, lf TiO(g) 



flpe a. •Pan:l~l -Pressures ot Varioua Ga.nous 

SpeoJea in lqu11ibriW'1 wlth Solid flO. 
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is qt.due 8\able, the vol.1tlllt.y ot solid T10 will be 

appro.ximatt1J 1rJ tlmea 'that to be expecte4 it decompoa1t1on 

to th.e elt1tante accompanies \tapori.:sat:l.on. 

One tunhei- pou1 deaervesmentlon. lt v111 be not.ad 
b'ont what ha• bee.n said: above that the thet'mOdpwnlo data 

employed ia the caloula.tion of the ettullibi"iuta partial 

pressure ot ·the element.a ov·er solid '1'10 do not -conta.1o ln• 

tomatlon derived trom apectroocop1c. ,ources ot,her- than ·,the 

dtesoclation energy ot o2• -which le aoourately known. Th• 

uncenatntiea fflquent11 ·introduced ··1,, the use o-t tpectro-
ecop.tc data an not. therefore, pre•en~ in the calculated 
partial. pr•seures due 10 the ele•nte. The accwracy ot 'the 

<tata -1s eucb that the equilibrium constant for such reactions 

·TlO(s_)· • fl(g) + 0 (s) 

1• tlr'lflt established. 

(9) 

lt :La interesting to note that U it. could be established 

by tndependent meana, such aa a molecular weight detenainatlor. 

or .a nti.u1s apeotro~phlc determination.. that a compound 

vaporitHHJ by decomposition. to the elements and that. ;no cbanga 

in the composition ot the eolid aoconipanieo t-hla proeeea• 

VaPori1at1on atudlos would 71eld a v·alue tor the equilibrium 



001uitant to• the rea;otion, which could be used to obtain. • 

beat .ot tormatlon. Suppose, tor example, the hea, ot toi-ma• 

lion ot T10(e) ••re unknown. A detendnat.lon ot the C•oncea-

tt'a'tion ot tltanlta tn the vapor- phae• would permit t!Mt cal• 

culatioc-ot \he ~itanlwa _partial. ·preaaure. Since the ox,gea 
prenure ts •qual ,o the \ltaDtu .,roaaure under Int· condition• 
out11ae4 above. the equtil1brl.Uf4 coni•tant ls· gl1ren aimplf by 

',. ~. Que t.be equUSbrt.Wi ccm&tant is Ukbli~d. lt 

may btt eomblned witb tbe appNpriate t,._ energy t\lnations 

and- t.he tbermodpwdo data tor lhe .elements to calculate the 
.beat ot form&t1on of TiO(a). Slmll,u:• cousS.deratlons •PP17 

it the prtdold.naal oxygen apec1ea 1ft the vapor ls o2(g). 

&-Biber than O(·g). 

It posaibllltr (3) or (,.) deecr-.lbta the action ot t.be 

e:,stem. the quantitative iaterpret11tio,,. ot vaporization data 
te •aa:tl7. tr10rtt complicated. fo dle:tlngulsh between a con~ 

1ruentl1 a·ubllmlng (procosa (1) and (2)) and an incongruently 

aublitltag ·('prooeil& ()) attd (4)) aubs'ban<te• one notices that 

.in the former the so114 compos1Uon doee ra.ot, cbunge on ex-

terud:ve v-aportz:1.t.ion, wberea1 in the :1at\er 11 doea. 

Chemical anal.Jaia or the: residual ao11d material.after 
a vapor:iaatiora oxi:,eriaten\ during wbicb an appreciable t~etioa 



ot the original sample baa aubliuled would establish, tire~, 

whet.he_. or not tbe solid had changed in compo&itlon d\:lr.ing 

the ccn.ar1e ot vapon1a.tion. ·it a change 1·n sol14 oom:poe1t1on 

ls noted, one ·may tmmedlately reject posa1b111ti,es (1) and 

(2J. Seoou.4, the dil'ee'tion ot change 1n sol14 compoait.1on 

would. peffllt a dec1s1o• as to. whethe.t' titanla or oxygen 

waa the predom.nant e1.ementar, apecles ill the vapor. 

A 41et:lnct1oa betweeA procosse1 (>) an<! ·(4) may uwul1 

be ma.de trom a cons14er,tat1on ot ,be original and tin41 com• 
position ot \he solid plliuu1, and a knowledge of the total weight, 

l.osa. lt 11 .not- always ·pos,td.ble to d1at1ttgui.sh ·between CJ) 

and (4) ho11 var,oritation wa.\a alone, 'for 1.1. 1s concel,r,1b'le 

th~t. it t.he :s7ste111 departs etitt1c1ent.ly £rota ideality. the 

:pat'tta1 p"esaure ot uttan1um or ot oxygen associated with 

posatbl11t.f (4.) m1ghl be ot the- same ordtr -of ~ltude u 

the tiotal pressure to be expected 1n cue. proceora (3.) or (1) 

ueaorlbes the· eretem. Tb• reason tor the 41tt1culty .s.n 
dietingulebing between _processes (3) &nd (4) may be eeen tr.om. 

,he f'oUowing coneiderat.ions. The equilibrlwa con,tant for 
the rea.otton 

(9) 

le about -10•18 ln the neighborhood ot 2000•1. ?h~.a process 



(4) mq lead 'to appreciable we1gh1i loeses becauae the value 
ot the equs,·110-rlum aons,ant may be ea.tistied when the t1tan1um 

pan1~1 ;,resaure ts quite.high, aay 10•6 atmosphere, 1f the 

ox,gen par-tt,l\l pre·sst.ar~- i.a about 10•12 at1tl0sphereo Bence $ 

vaporisation mecban:1• such as proca-sa C.4l could oonceivably 

yl-old weight losa comparable with those to be· expected. tor a 

pro0$sl aueh aa JJO$aibU1ty (3), SA·whicb old.de mtleoules 

~- importan<&. The compG-sllion ot tbe r.e.sldue .would be 

oxpeo·ted to cbang• more r.a.p1dly tor- a given. pez-centage we1gbt 

loss tor a meolumi• eueb as . 11+) tban would be obserwed tor 

a process 1ucb-as (3), and it. algbt 'be J)O&sible to•• the 

41st1nctif>tl• 
Qae tur-th_. f4ctorot great ,importance baa been ignored 

tbrougbout the above- ·d1$<:uaa1on, namely, the activity ot Tio 

ln the 'f10u. eoltd 00111110n (fig. 6) • .and tbe vartatlon ot 

a,10 with temperature and compQ1ition. In the caae ot 

posm1b111ty (1),. 1'10 ·la aeeumed 1nt1nlbely etablt aa .a gaseous 

molecule and the~ is no change in solid CO$p0eit1on ae 

vapor1zalion occurs. One may, therefore, take aTiO 

aa unity at all temperatures in the ao114 aolution of 

co&Poe1t1on Ua/11 • 1, tlt.it 1a. in eto1cbion\Gtr1o T!O. 
Under auch circwnstances, the ,1,antwn-0::c,gen :i:,ystem •1 



convater1tly btt considered tn terms of th.e two qual1-b1nar, 

systems ti-!lO and r10-02, roapeotlvely. 

ln the ••enl ,bat atoioblometric ttO 1e an aseot,:-ope 

and vaport.1.a b7 deooaptttltlon to the element.a, the a.t.andan:l 

stat• of' Tio ta T10a.. la again oonvenle1ttly taken .aa Wdly 

at the eompoaltlon •a/Hi • 1. ln general. the composlt:lon 

of an aaeot.roplo lllztUN ls a function ot tem~rature .and 

pressure. One mlghb, thereto,:-e,_. desire -to. ·ch()oae the standard 

1tr1te ••• the a:ztotrop:lc· compoa1t1on at- each temp•rature and 

pressure .ot interest.. Por aolt~Yapor equ111bi-1a• and la. 

the rans• ottempft"atm-es and preeo1JN1 l"&adily attleaable to 

eaperlmtnt-, the compos1tton. ot a consta.nt-subUming ... 
does no, Q&ual1y var, rapidly -.d.,h temperature, nor wlth 

p.-,saur,,- It te 11ko1y1 lheretore, that the. aruae at,a11dard 

state could be chosen a• .all temperatures ot inteJ'es~ without 

tncut'ftng eertoua en,or. 

lt ato1chlometr1cTiO 1• not Qti azaotrope. bu-\ vaporina 
according to posalbUtty CJ) or (4), and l.t there la no con• 

etanl-aubltldq compos1tion anywhere within the T101:bc 

homogeneity ~a.nge, tht best Choice ot a atiand.tlrd mtate 1e· 

per-haps not so clear ao 1n the preri.ous eases discussed. 

That. composition_ corresponding to the titanium-rich edge ot 



the TiOl±& eo11d. solution.might 'be chosen u standard etat;e1 

but the compoe1t1on, that ia, the value ,ot tbe parameter "x" 

1n the 1•otherAU equlllbritmli• 

'1':l(a.,cf'J'at.) + .«1,,;,.11 02(1) • no1 _ a.(cr,at.). (12) 

is a function ot temperature 1• ehawn 1a 111gure 6. Hance 0110 

would have to choose .a different atandard at.ate at ea.ob tempera-

ture •. A better choice would be'° take •h• standard. state 

as aoeie composition w1th1a tbe bomogel\elty i'ange, ora'C the 

oqgen-rlch. ••di• ot t:he solid eo1utioa. The composition. ot 

the ogygen-rioh edge 1a, aa ehow.n ln Figure 6., eseent1al1r 

tnd.,pendent or tempera~ure. Xn an.1 event, the cho1ce ot 

a atand&.Nt a,ata ts purel1 arbitrary, and ·ma,- be tbe<l at 

whatever c.ompoal'blon is aonven1ent tor the particular- problem 
under. oonsidera,1ou. 

Prom. tht tlbove lb 1, clear that, ln considering vapori-

1at1oa processes such as (:J) o# (4), one may no longer wd.te 

the eqtd11brltm constant in terms ot the partial preeauree 

alone1 the· activity ot the solid phase: IIU8t appear in the 
equilibrium cone,ant expression. Even .lt one starts with 

etoicblometi-1c t10. and assigns that composition uni~ acti:vltr, 

the a.cti-vicy ot the solid ;will change ctur1ng the course of a 
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simple vaporiaatloaexpei-blenu ae the compos1t1on ot tho 

solid .change•~· It only a v·er, 8taall percant;a.ge ot the sample 

ls vaporised dwrlllg a ;lven nperiment. thus keeping the 

change 1:n solid comp0eltlon to a mr11mum, one may study the 
oo•pcusltion-tota.1 ,remwre rel-atlonabip. Wb-tle: elaple vapoi--

pressure ateaeur-.nts 1>1 the lnudeen or Lanput_. 1.achniqu.oa 

w111 y1el4 information ot value tor such ayete11a. ut·llizatlob 

ot othe .. uperimental raethods to oh-1raaterlae the ey.etem b 
Cl•rly d&td.ftble •. 

aetel'ence- to the phase rule abowa tha~ a binary 

s:,1tua eld.stlng in two phases, say eolld ot· 'faria.ble com-
position and gae, at •Constan, ~empera-ture la un1,arlan1;. 

One· more variable tnUst be fixed for the s1atem. to be 1nYar1ant. 

The only vari.a'bl.ea at. our disposal are the· preesure and. the 

coaPooition of one of the phaaas. Xt 1a not uauuly elQ)Ql'l• 
mentally poaslble t-o tlx the composition of a phase ot 
variable 0011po1ltlon ab1tran1y, nor 1s it convtnleni. to 
fix th• p.-eaaure ot the equ111br1um gaa phase at any partti<ttl• 

lr£r value ot lnte.-as, tor a given experiment. It ii;,, however, 
qui1ie eaer to ftx the pressure of t.he gaa phaea ab one a:~moe• 

phere. ln metal oxide systems tho oxygen partial presaure 



varlea maritedly over the range ot compcsltions usu.ally ot 
1atere;st. Hence restriction of axperlment..a to equilibria 

involving oxygen at a pan1al presei.u:-e ot one atmoaphere 

d.1•1.uit.1c1J limits the range of composition& that. can be in• 

\tostlgated. While,~ la possible to l~t1er -h• oxyg<+n partial 

pressure eomawht'\t bJ admixture with eome inert gas. the prac• 

tJ.cal limit to such a p.-oeedure ls rapldly reached. 

1-be ptoblem ot obtainirlg liD~m oqgoo presaures ot tlie 

order of to 10•12 atmosphere or- lower 1s uaually·ctr• 
cwnvented in the toUowlag manner. The solid phase la 

eqid.libratetl with a aae mtxt.-e auch as carbon mon~'tlde• 

carbon dioxide ot ktsown initial composition. The &qutl1br1um 

constant for the homogeneous gas "action 

CO2 •· CO + 1/2 o2 (13) 

ls known a, a ttmotion ot temperature. At fixed temperature 

an<l totu. pressure, tberetor'3, the part;ial pri,saure. of oxygen 

1,n such a mature mar be calculated from a knowledge ot the 

equ111br11..11n constan~, the total preseuN and the Peo /P00 2 
ratio ln the ffll)$UJ'G a\ l'OOm temperature by virtue. ot the 

additional reqQlrement ot oonaervation ·ot masih Other mixtures 

auch as H2-H2o, a2-cs4 and H2-1n13 may b• used when apprroprlate 

to ~be eyst+em ·under conslderc1tion. 
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ln a strict sense, fhe oqld.1lb~at1on at metal oxides 
with.carbon monoxide-d1oxldt mixture& makes the ·11atem.t,er-
nar,. It la frequently found• however• tha~ the solubllltr 
of cai-bon tn lhe condensed phases 11 ne;llgibly emallJ hence 
the reaction, d 1ntereet simply involve t.he transfer ot 

o:qgen '1ie g~s -rdxtun- to the solid phases, and the 

erete.m m&J bl ,onaidered blnaey- tor all praet1oa1 purpos.Eus.-

»arken and G~ (104, 109) have ·uaed the il&bhod indicated 

••• in- ,&Q excellent study· ot: the iron-oxygen system •. 

lt suchetudlea coul4 be .1u.cceaatu1l1 pertormed on the 
11taa.twn-ox,1en. a,atem, ~he activity ot oxygen as a function 
ot coaposit-ion and temperature throughout the TiOax range .. 

could lle •atabll.ehed. By Virtue ot the Oibbs-Dubem eqwa.tion, 

the corre.s,ondtng-actl-vl~r ot tltitani~,a may be derived~ Know• 

1ng •,t and a0, the acttv1ty ol 'l'iO, or- tn tan anr titaniwa-

oxygen compl,ex. 1n the. fiOli& solid solution may be eatabliahed. 

'ln this instance, by application ot the isothe-mal. propo.r• 

t.ionality 'rto •'. ltaft8c• where k 1s,a constant, the Gibbs• 
lluh• equation reduces to 

log 4?10 • .J O:tfa/N1) ... (d log ~/2). (14) 
2. 

The 11mlts of imegratlon will depend on the part.icular 

choice ot·atandard ataue tor tto and the comp0sit1on of 



In praot,f.ee, however, the method indicated above: 

probably wUl not prove fruitful tor a study ot the TiO 

ao114 aolutloa range, for the available thermodynamic data 

indicate that the eqtliltbriwn oxygen pressure over Tio la 

very low. Retennce -to t.he aquUS.briura con.stunt £or the 

bomogeneoua gas. naotlou given in equation (:13 l shar,s that, 

at a temperaturs ot 2000•&, the expertmentallr practical lower 

limit to the oxygen pr-essure attainable with such a system. 

la ot ~h• order o.t 10•10 atmoaphe~e (16). Hence S:t prob-ably 

will not be possible tc study compositions as stable es 110. 

Welch's obaerva.~1:ons (103) ·on the reduction of T102 by 

bJdrogen 1r.td1cat.e. -however, that comp0slUons down ,o T12o3 
eould probably ba studied by the above method. 

2. Previous Work 

Bo equll1br1um studieo with t-he TiOax, phase ot th.e 

laat type considered. above have been rePortGd in tile litera-

ture.. fhe only datum as to tho vola'blllty of: T10 is the 

rough obeerva:,ion by Ehrlich (46) that about. one per cent; ot 
a ewnple of T10 Yaporlmed ln about lSminu&ea at approxlmtitely 

1600°0. From this 1ntormat-1on and ~be dtmenslona ot the 

containing vessel, Brewer and Maetick (110) have calculated 

an approlCimate vapor pressure at TiO at 187)01: 



Puo • 1.1 • 10•> atmoapbre. Using an estimated value~ 
·the boat of fo~tlon ot T10(a) th1t would make Ti0(11) Juai 

b;aNJ# otable w1 th reapeoti to dlaproponionatlo11• Bi-ewei-

and Maetlek. (110) were able \0 c~lcul~,• t.he equilibrium 

constint.- for- the vaporization of TlO to lbe gaeeoue elements. 

rher tben aaewaed that the b1u,t ot formation ot Tl0(9) i:s 

constarst tbrottghout. it.a entire bomog-en.elt.y range, and assumed 

further 'lh,il t:he parela.1 preeaure ot titanium over tlle 

tltilftl.um met.al :pba.se 1n eqtlil.1brlum w1tb the t10 phase, thii\ 

la, metml containing )3 atomic per cen~ dissolved oqgen,, 

ts th& aame .a& tbe \tapor pre1-sur-e ot pure t.lt.~ntum metal. 

Fl'Oltl these da" the7wen able to cal.oul.at• Prs. • 2.$ x 10-' 
atlliOspbere .-ncl , 0 • 10-:"'14 •tmospbere at lfflOJt tw the 1'10 

phaa• saturated with ·titatd:w:a 11eta1. From ·.td.milar consida .. a• 
tlonefor-1.he f101q compos11ton eatui-atod ·by- T.1203, they 
conclude lb.at the oJCygen partial. preaaure ·will no~ change 
.r&cpldly acrose the flO range, and that T10 11us" theretora-

ios• more Ti a~ than O atoma. lt, would appear troa the 
above caloula.lions_ th.at. there could be no lnvattia11t, vaporlz• 

1ng compos1t1on within the· TJ.Oiu homogeneity ~lUlft•• ,'\1 

Brewer po1nts out (U1) 1 however, the new data (15) fott t.he 

stabilities 0£ ~he· various pbllaee of-the tltac1um-oxygen 



e7stem indicate that f10 is 41u.lte oaa.'ble with respect to dlt• 

i,ro.,o.-t.lona1ti·on. Thus one m!.gbt exptct quite a lari• obaqe 

ln oxygen pree&UN aeroea the TiOlix ~4ni•• and the- po,e.d.:billty 

ot f!ndiJlg • conat.anu subliming mhture within I.be range 

seems not so remote. We shall have occ&s!on to reconsider 
the abovo arguments 1n llsht or the experlmentu ett1d$nce 

pr•eentad below. 

>• The Vola.tlll4'Y of TiO 

(a) Theoey of the ettuelon mathod. fhe determ111u1t1on 

ot the ••por-- preaeure ot aollda ·and liq\llde ham the rate of 

ettuatoa of' a vapor· through an mtico was t1rst su.ggesbe4 
bJ' Knudsen t2,·,. 26, 27. ZS). In this method the va,or flows 

trG4i& .a 1-paoe. whve ii la in equUlbriwa at- some p.ven 

tempera:ture dt- a solid or lf.4uldt th.N>ugb an or1t1·¢4l lato 

a high-vacutL•• The phenomenon variea great.lr· as lhe bole ta 
large oz, e-111;.. ror a eutt1oten~l1 lars;:e hole, the· tlow :can 

be trea.t-od tbeo,.etlc;allY by the 11u&thod1- ot bydi-od,nud.01: • 

• \t t.be other extreme, ·where tbe hole ta small. compared wltb 

tbaaoleoule.rmean tree path, the molecules ia1u AndopeQdently 
of eaob other. Only a t,raoe of mass motion toward• the hole 
develops. lt the dimensions ot the l\ctle are comparable with 

\he mtAn ~•• path• an intttntediflte 11pe of now oecura. 



ln the oase· ot the n,a IM.lJ. . hole the outflow o.t mole•· 

oulee tu-ough tt should be \he eame aa their flow acro1a.any 

.. 1 plane area of equal, else. drawn tn t'be bod1- ot iltu, &a•• 

Xt can be ahown t:'Otll 1me:Unctic "eot7·0~ gaees (U2) tha, 

tho to~•l -tlumber of mole.cules tbatl CftUJI ttnlt area 1n unit. 

time 'Cowar4 •• aide 1:a ;lVOtl bJ S • 1/4 (n;), wh~• n. I.a 

the l\UBtl>tr ot .molocules #.a ult yqlwae ot the ga.e phase and 

• is ·tlh$ mean ·vtloclt:r ot the mol.ectllea-. Foi- prac,toal appli•· 

ca,1oao it le convenient to replace t\V by ·umediatelr ob•· 

,iervable qwint1t1ea 1ueh as the mass m, tb.e volume. V or the 

4uanttt1 or gas :S.o teraaa ot \he pV product. 'The .aaa·o ot gaa 

ie Jwa\ ,a .. , p.11/af, and ; • (SBT/11)tJ1/2• Bence we ha4te 

m • p(M/2dl)1/a (1S) 

as the mast or 1aa oros•ins uni, area in wi• t:lath Thle 

tormui.. ebould apply no·,·· onl7 1n t,he interior ot tho a.a 
b\\ti also to ttfusioa through.a bole 1n the wall ot a oon• 

t.1d.ntn1 ve1ae1. provided ·S.ta .diamete.~ ta ama.11 compar,ed. w1tb 

the molecul.ar l!led. £ree pa-Cbt. and. prov.id.ad further tbat 1.iu. 

•~ur• lt intird.tely 'thin• In .. Sqwa.tt.on (lS)• "P"• then, 

et.rmds tor the pressure on the aide· fi-om wbicb the gas comee, 

lt there ts a gas on ooth aides 0£ the hole, effusion wtU ob• 

v1ou.slr ocC\11' 1n both directions Wepondently., 



Strictly, ~he value ot p calculated t~ the abO'fe 

equation ta- not the same aa the true eqtlilibr-1wa pressure p•, 

tor the opentng 1tl 1;he wall tltsturba 'the equt.U.brlma ot the 

va,or in tllfJ Knudsen oeU. Let ua coo.aid•r tlra., a closed 

cell la iaihlch, at conutant tempetature., eqll11lbr1um ts 
en:r,blithed •• -h• trwe· ,apor pt'$ssure »•• ln th1e 11111,;ance, 

tho number .ot ato11a Iba\ escape trom ,tie aurtaoe ot lhe solid 
1n utd.1 '1me- la equal to the nwnber trbat etrlke ·the wrtace 

per second • sa1~-!1JSfi• lot ever, atom that etr1kes the 

o.ol.id surtaco cond.eMea, bu1· a traction P mar bounce o-tt. ·The 

aumber· tbal strike .and con4enat per unit; till• 1.1 lhen ~por-

tlonal to «p•, when e • 1 .... J ta the condensation coett1oien,. 

%t a hol.e ls now opened 1n the Knudsen cell, as ta 
effusion ezperlatnt.s. a etead.J a\ate will ·be estiib11ahed at 

a lower pressure .ouch thai tme rate· ot ettuttlon.ot atoas 
trom the hole. 1a just balanced b7 the Jlll rate ot evapo:ration 

fro,,11 the ,u.rtac:e ol the condensed phase. From these eon-

atd.ei-ationa lt 111,7 be shown (23) that the pressure p, •• 
e&tabllahed tro:a t.be measured •e1ght loss ot the cell, 1• 
Nl~ted to the equilibrium pressure p• by p•/p • 1 • afa,l (16) 

where a 11 the area ct the orit1ce and. A 1a the ette~tlvo 

area tor evaporation ot t-h• condensed. phase. '11i ta evidenl 
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that when .a/A« a., p t°'• Thus the condltloa for tme equ1-

1lbr1m1 deteX'ld.nation of the vapor 'Pl'•asure ,may be tested 

b7- using cells of •o.rioue a/A value,.,_, XE tJte eff'tls1on rate .1• 

tadepend.ent ot lheae ratioe,.- lbe measured pressure may be. 

taken a1 the equ.tllbrlwa pressure within '1le -error.a.or tho 

\fblle 11ea1ur-Gmen• ot·the lost in weight· of the sample 
tor a atven 'bime ot evaporalionf1e1de the data tor cucu-
hting the i-ate. ot veporisat1on unambiguously, it le tn-
quently desii'a'ble to obtain_ information eu, tbe molecul.ar 

apeoiea· present ln the ettuslvo beam. To thta end, con-
densation l!lrge'ta have- been ver,- fNquently ua.ed- Clll) to 

m,uu1ure the t\tte: ot eftueion from a, Knudsen ceu. Xt toU.ows 

from. the ·ktnetle theor, (112) that the DJ.\Oa ot ga.e c:-oesing 

uni" area at the aper-lure in the ltmt4sen eell in unit\ time 

at. -an engte ·e .from tihe aoftlal to the plane ot' t.he orit1«:e, 

and. lying wttbin an elenien\ dw ot aolt4 angle 11 

a -• p(M/2mt.T)1/ 2J(!9a 9/4) dw. (17) 
7r 

It la thus seen tha~ the 1:nteneitf ot •he \tam at anr .angle 
O· l• proport1orial to cos a. Thia propo.-tionality is strlct.ly 
true 01111 it the orltice le tnt1n.1te1J thin. and 1t 11i taaJ be 

cons·tdered to be a point source. 
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1t a uaraet olra.dtua a is plaeed over the Knudaen 
cell at a -distanoe l from the -orifice. and on the -asaump,1on 

tlil.ll tho. ori.fic• may ·be coQaldered a point source, !ntegra• 

1108. ot tbe above e.qua~lon s-hows that the traction ot the 

1ctal ettuss.ng vapor tn~ercepilted by th.a target le 

tt •--n2/ta2 • ·12,. (18) 
Xt aU 'the vapor elriking tht target· conden,,usa, ·tne weight, 

ot condensate should bo Ilk., wher& ra :ls tbe- weight, 1osa ot 

the budoen call. ln case ,herflttl dlsGoolatlon ot a molecule 
lnto Mff-COlldetltt1ble predu.ote taktu, place, a llQ.SS balance 

•1 not be obtained. l'o• example, 1t ·ttO(a) vaporizes 'to 

Tl(g) llDd O(al, ·perhaps only the ti'Canium may condense on 

the colleclo~ plate. Since a maaa 'balance wo.uld no~ be ob-

tained in thie lnetan-ce, o.ne would be led to suspect that the 

vapor species were Tl(g) and O(g_) rather than T10(g). 

Co11oC\or p1~t• data 4re ihtt1 clearly ot groat value tor the 

elucidation ot tht vapor1aat1on 11echan1111. 
As haa- been noted abov:e, it has been assumed that 1:;he 

etfu!on aperture is int1n1te1y thin and that it may be con-

sidered a pct:n-t source. In the 11sual experimental attangement, 

these condi~ions maJ be adequately eatiatted by reaming the 
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tdge ot .the ettusion ho1e to knlte•edge tbinnesa and. by em-
ploying amal.1 aper'Curea. The problem ot ertuslon through 

cylindrical apertures. ot arbitrary dimonet.one· bae been 

atudied in sre~t deta.U b.r Ol.aua·in4 (114, 115, 1161, while 

contrlbuttons ·Ot. atON recenu da,e. have been made by i~lhtttman 

(29, 11?:l and by Rot111Wland ·tarwood l11SJ. Clausing find& 
that the ettect ot a tubular- orlt1ce on the ettueing molecu-
lar beam ls t-wrold. ft~at the rat.e ot effusion. la leas than 
,hat to be expected .troa a krd.te-edge4 apert,ure, tor aome ot 
tme· molecules are.retlected at \he walls ot the tabe and fln4 
thtlzt way back in1lo tJl1 Knuds.en cell., Sec.ond, the mole1.1uloe 

no long\tr issue· trom the or:-iftce with the usual cosine die-

t"1bution. of dlrecttonsJ a ~argt1r trac-tion ot ~he,~ta.l ma-

ier,· ot aolecul~• ••cape ~., -the to~ dlr•ction t'ban ta the 

case. with an 1nt1n11elr thin o.ritlce. Clausing represents 

the 1ntensu~, or ~b_e eftualng beaaa in an1 ·d1rect1on e, 
aa proport.1ona1 to T coa 9, wl\ere. T le a ra:tl11r comp11C11t•d 

function ot • Q and the- tube dlmensiono. %.t the ge~e,.,- ot 
the a7etem com.prised ot ·xnudsen cell and, eollecto.r plate 1• 
known, the -ett•ot ot the geometr, on the total ettu.alon. i-ate 

and on. the baction of :the eftusate intercept,e4 by the 
eoUector may be calculated in a atrdghttorward manner trom 
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thef tqWJ.t1cu· given by Clausing. Clausing (116) 11.ats valt)ee 

of the·. s,erc,ntQge Nduetlon 1n total· ettasl.on rate as a tunc-

tlon of the ·orlt.lee dillemslone, wbile •aluea ot the .traction 
ot th• total ettuaate collected~• a function of the oritlce 
41mentlons and ,he 10114 angle ·Of collec,1on have been cal-
culaled br Gilles. ;.G Ala& ('119). ·AB has been noted 'by 

\\'bitman (29)• th• Y.all,d.itf ot calculations based on Clausing-fa .. 

equ.attont.is •dependent oa tou- tundamenbal cond1t1onst 
(1) the molecules collid.e -only with tht walls of 

the \uhe- (free molecule flow.). 

(2) The nnectton ot moleoulea a.rte .. -such coUlai-ona 
la dltf'tlse. 

(J) the molecules entei- the orifice with the usual 

coeine d1Slr-1bution ot directions. 
(4) Tbe moleoulea ente .. urd-totmlr o.ver t.he .face ot 

the ortt1ce. 
Oondltton (1) re-quli-ea that the mean• tree path ot the 

llQleeu.lea be at least ton times the order ot Ille dluums-iona 

of the apparatu (120). Plau1ible arguments (ltl, 21, 122, 
123) have bean ottered 111 ·support ot condition (2), but in• 

au.tt!c!ent e2q>etimental evidence 1• available to g1ve it, 

general vallditJ• Condltlon (3) wU1 not be precleel7 
Mtillerl a" tb.a.or1ftce owing to tbe d1stort1on .ot the 



cosine d.istr1but.1on by the Knudsen cell 1tselt ,11s) 1 while 

condition (4.). w111 not be aatistied bJ t-hoee molecules re-

tleotad b:, \.ha U4 on t.he ttnudoen cell• 'Whitman (29) 

estimate1 ·the •a.dmum error ta Claus1..ttg1s correction tac.tors 

.resulting from thea-e 1aa, two- ettecta IO be lua than ttn 

per cent, while lt: mar be mt1oh lea,. 

Ia Yiw ot t.he•o1!e dlacwoaion. the equation Nrl·atrlng 

taPo1' pi-esaure to· the rate.· ot Yi\ptr1eation from a Knudsen. 

cell ma1 be ld'itt:en. 

, .... • tdl/44•:m Eat.> t11/a>ll2• (19) 

trhdN m is the- -rnea ot ca• ettuGJing through the area a in 

tlme t., and the conet1n1 1+4.))1 -rises troa the comb1na\lon 

ot the constanta Sn ,he orlglnu ttquat1on with the tacto~ 
con.vort1ng pressure to untt1 ot atmospheres. Claue1ng"fa 
tacuior. ·1t• cornets the o\u1ened •eight loss tor the atlenua-

tlon occasioned bJ: using an. ontice ot finite length. It 

tbe pressure lt cucul-atecl from the o'b3erved mass ot material 

condensed on a collector plate, the equation becomes 

•atmo• • <•/44•))1 Kka~) (f/M)1/2 • (20) 

where ~c 1• the ••• ot eondensate on the co1lec1)0r, 

k • k(O.,.L/r) :le tbe traetlon ot the toia:1 eftuaate inter-

eepted by the target, Lie the length andr the ra-d1us ot 
the orifice. The qwmtttlea P• m, m0 and ·• muot. ot com-ae, 
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all refer to the· same molecular apeoles. 11- more t.ban one 

epeciea la pre.sent in the. vapor. a similar equation will 

apply to eadt such :speclea. fhe total ,presau.re t:s et coure-e 

the tum ot tb.e partial pre1surea, while the ·observed.weigb~ 

1osa is ·tbe ewa ot Ueindiv.idual weight losses. 

X·n general Ui la. not at all easy to a,std.p a .specific 

ha.ction ·Ot ~he totu weight loss to a given molecular 
epeeies tn of'fuston expe_..S..enta lnvolvlng more than one 
molecular or atos1c substance. ta the gas. lt la in tact.. 

1mposetble to make such. an ualgnmont trom weight loss data 

alone. If ot fl'. epeclea, ff • 1 oan bt :Collected. on a :condensa-

tion target., and 1f the mass of each ot these M - 1 apecies 

can- be determhetl by fN!ta:blo. analytlca.1 procedures, the. Qaea. 

ot the- other· species •-•Y be determined b7 d:ltterenoe if the 

total. wei$b't los1 ·is known. l'NqUtntly, however, not all the 

m • l species are chemlc11U1·clistinguisbable. For exwaple, 

1n a condensate ot ti ~d. T10u.x• one mar determineonlt 

total tita111·um •. Even U .the we1gb1; gain ot the collector 

is known and it. is aeaWlU!.d t,hat thlo ''.weight. gain is -due to 

Ti and. TiOlix al.one, the relative proportions ot-·the· 'two 1n t.be 

oondeneate cannot be fixed• for "x11 ta not known. In this 

instance, l•ray dithacticn dala would help to establish t.he 

composition of the oxide phase (P'lg. 2). 
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The case '.ot a conatan, vaporising mixture· is ot special 

intereat. Let us asswae that stoichiometric TlO 1a a.con• 

stan1l 'Yaporlsing compoa1tlon• bu, ,aporiaee by decomposition 

,o the gaseous elem.eats (process 2). Zn an ettusion 

expertms~, 1ihe nquintMnt tha't flO be coru-1.tJmt vaporieinl 

meana ·that themolas ot U(g) ettusug in unit time must 

equal tb.e mol.es ot Ole) ettt.,aing tn unit time. It •, repre-

sent, the rate ot eftuatob ot speolea "1"• the vapor preasun 

equation tate.s the ;tom 

91 • Pt /(2fll\Il'f)l/2. (21) 

Since we fff(Uire a11 • •o• ve: tlnd. tba• 

Pti • 'o CI\,./Mo>112 

1n this apeclal case. Beace one need detemine onl:, the 
rate ot ottuaion ot fi(g), t!J41· fz'oa collec:tor plate data, 

to eatablleh 'the partial preseuree ot both Ti(g) and O(g) 

1!!1\l!l the Knudsen cell. x, should be not.ed that in ettcb a 

caoe l'Arl ;/ P:o inside ehe Knudsen cell, ye:t the product ot 
partial prosaurea.may still be equato4 to the equ11ibr1WI 

constant tor the reac~1on. 
(b) Th• ettusion aa·sembly. ~QUI the work N• 

ported. her.1 molybdenum metal wae used as the pr1mu.r, 

ma"t+lal ot COJ:a.sti-u.ction. fhe Knudsen eftueion cell• werie 

.fabricat.od tram mol7bdenwa oruclblea 1/2" in -diiUter bJ 1" 



1n heigbt;,. aad ltav:lng the 1aboraton' dts1gnatilon ttiTne &9 • 

The wall tblckneas waa o.060"• while- the bottom was -l/8't thicli. 

A snugly n.,,1ng ltd was formed trom 0.060• molybdenum sheet• 
A emaU, knlte-edged ettuat.on. hole was tomed lft the ceriier 

ot the :Ud 1>1 cut·tlng a )06 bwel on \he under aide ot. the 

114. the lauds.en cell and a 10-~rn oplral of l ld.l molfb• 
denua aheft; ,tested on a aback ot· t,en ·1.3/6• diameter o.,O)Qtt 

thick molyl>tlenua radt-ation sble.lda wblCJh were· eepa.rated. bJ 

o.060• molybdemm ep.acera. A a.lmilar alack ct-molybdenum 
radl•tlon eblalda fNl'tllOUCted the ltnudsen coll, except; tMt 
ln thie la.tier cuise each shield was pleroed by a. centrallf 

bored hole whoae 41ametei- 1nc¥"en.aed llneai-lywitb th• di.8-

tauce ot a gtven ehield tram the e.ttuslon chamber. ·TluJ. 

d1ame,.- ot \be eenta-al bole ln the shield .ta~he.,, mm the 

oruclblt aubtended an angle ot: about 30• at tbe orifice. 

The ueembly of e,ruotble Md sh1e1-ds was eUl'roundecl br a 

5-turn-epl_.al of 1 mU molybdenum eheet which waa 41Jnp1ed. 

on one•inob centers to afford slight but _positl,e separation 
Of the itum&• 1'hree OeOSO• molybdenum rods• eq'"11l7 ,epacecl 
on a 1u o.trolet traversed. \be entlre assemblJ to lldnt.aln 

the relative orlenlation of the •ulous components. Molybde_o\ltl. 

lube apacers• placed over the rode., e11pported a molybdenum 



co111Jlalqr and a platinum or qwu:1;s collector plate •bove 
tho Knud.sen cell. fho.oritioe-colleotor d1stano• waa .about 
ttve cent.imelers. The geometry ot tlle design vaa such tha~ 
approximately 6 per, cuim- ot the total ef'tus.ate was intercepted 

by tbt target. !hie aesemblt rested on a molybdenum stand 

whtoh r•ated, la ·tum, on a one centimeter thick elr<:on plate. 

in the bottom ot lhe PJNX vacua chamber• 
Deta11-4- demerlptiona o.t lhe ettwd.on assembly, Tacuu.m 

l11duc,1on tunace and a11oelated equlpmont 11ave be.en reported 

elaewheN (t+Ol. 

(c) lxperlmental prc,cedure. aeterence to the equation 

gtven pnv·1ousl1 srelatbg vapor prtssure to rate ot ettusion 

diocloeet that Iha qWUltitl~u• tbai mu.s, be establ.lshed ex• 

periaentally to permit calculation of a. preesuro are tht 
weight losa ot tho a.ample, tb.e elapeed time, the temporaturo1 

the. dlmensiona et the orlflee and the geometry or the -ool'lec-

tor plate relative to. the orlttce. l.t le usawaed tihat the 

molecular weigh, ot the ga_eeous species ie kn0¥''1n• The ueual 

procedure was, tberetore, as tollowa:, The initial mass of 

santple, Knudsen cell, lid and coUector plate were detei-mined 
by weighing on a standard analytical balance. Tho welghta 

used had been ca11brale<l by the sborte.r method ot Pienkoweky 
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(124) apinst. • standard set ot we1gh\a bearing a Rational 

Bureau of Standards Certificate• The diameters. of ~he etfu-

alo.n h.ole, coU1M.tor-an.4. cenval hole in-lbe collector• .-e• 
apectlvelr,· were meaaaNd to the near-en tdcron with a 

Gaer1-nv micrometer elide comparator, ca-.. Bo. 131+2, . Ser. 

110. 294.3, whlle the tbtckneae ot the orltl.te waa established 

by meaaunmenit 'idtb o. aiandard mlcroacope that· was tl\ted 

with aa.tctoaete• tlne.-adjU1t1Aen1-acnw •. The 'thickness ot 
the co1itcto~ plat• was mtaatlt'e4 witdi an oftiinar, eorev 

mlcr.ometer. while ,he colllrator-orUice .and. collector-
ont1oe dlstan.cea were eatabl1ebed br·aoana- ot a screw 
mlCl'Olll$1Ht~ depth gauge. The oi-Ulce dlamoter a, ·the high 

temperature of a given ex,erimen,wae oblatned br oor.rocting 

thct #'Qom-lempera•ur-• value tor th$ thermal eapansioa ot 
aolybdenwa. The thermal expanalon-ot.molybdenwa has been 
de,eftlined by Michel (12$_), Demarqua.7 (126), Edwards, Al 

1&&& (121) and by Wortblna (128). The data ot Demaa-quq·, 

which ara ln excellent agreement, w:l th those ot !dwarcls, a 
@W•we.re uee4 throughout. tbla work, and.111ar berepreaented 
by the equation. 

11 • 1
0 

(1 6.S 3 lO•J • $ X 10-6 t. 4•4 S 10-9t2 ). 
•. (2)) 
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tbe et.tu.st.on aasembl7 waa placed ta tbe pyrex Tapori1a• 
tion cell an4 the en.lire untt·waa then attached to the 

vacuwa •1stem, The water jacke\ that sUJT<>unded \he va,ori• 

1ation cell wai, ,o deslpe4 that ~be water level roae to 

approximately one inch above the ·top ot the ground-glaia 

~oin.1 at the .t·1.1netUJ.'1J or VaPor1aatlon cell and ,·acuwa mani• 

told. A 32-tum. watt~ cooled induction coil, designated 

)P4 by the ltallufaolver, Stlpplylfta bigh-treqt1.enor power wae 

pla$od aroun4 the- wa.t:er jaeket 1n .such a position that the 

·Knudsen cell would be al the center ot tbe- 0011. 

Power waa no'l supplitd. to th-e sratem until the -residual 
gas preseuro, a.a read _b,om an ionlsatton gauge, had taUea 

to about S X 10-' • Hg. After some experience had b•en 

gained in the manipulation ot blgb vacuum systems, 1t was-

tound tbat tbe ra~e ot power lnt)UI NqU1Nd to reach the 

desired ultimate operating ·tempe.rature tor a g:lven rtm· could 

be applied £roll the beginning of the experiment. Xn such 

oaaea the presaUN would rlse ,-apidly to about 10•' • Ba, 
and then fall slowly to J-X 10•6• nm Hg Ott ltes over a pett1od 
ot about thi~y nd.nutea. During; the latter portion ot th1a 

work, the ret1dua1 gaa preaaUN b the vacuum srs~em never 

rose above 10-4 m Hg in an1 g1,en experiment, and was usua.Ur 



less thaa S a 10-' • Hg tbroughou1; the hlgh-tempetature 

portion ot a glvearun. 
the elapsed t:ime a/& any tnatan, during a. given export-

mtmt. was read from a o,nehronoua moto~dri.-en dlal•tne·timor 
readable to tbe neared 0.01 minute. The temperature w-ae 

read bf eightuse ·t.brough an ·optical window an,o tb.e orltlce 

ot the eftusl.on cell with a Leeds -and lfortbNp disappearing 

tllamenl typo opti.cal pyrometer, havi.1 the laboratory 

4es1anat1on "Prnrtteter tto. 1•. tltndow oorreotlons. and P)TO• 

-.~er calibrat,icn COffeCtlone were applied 1n the usual 

manneri. The total '1cae ota run \farted trom a'bout ,one hour 
to ovw tb1ny hours depending on t:he temperature and th• 

weight lose desired. Temperature waa recorded at heqUant 

interval.a aa a twicrtrlon of the elapsed. ,1me. 

ta order 'GO correct Ille tempWature readings tor th• 

et.tee, ot s1lch\ tempef'ature vadatlons during the·l'UD, and· 
particularly tor lh6 ":beating up"· and •cooling· down." port1one 

Of a gtven eaperlment, the method suggested by Johnston 

if.did cowork•re (129)'waa us$d, The assumption wad made ~hat 

\be .-.ate ot ettueion, m(T), eould be expresaed as a tunc,tion 

ot temper-atUN by an equation ot the tom 
log m(f) • A/T- + c, 
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where A and C •~• qonsbanta de'terminttl from observed weight. 
10a1e11 .and tlmea at high. tentp1rature1. An •ettective Mme• 
of run •' "'aone'taat• temperature ls then calculated br 
graphical. tntegralion ln the equation 

t -,,r • ; 0 t, [ •l't)/m(f 11n>] c1,. (2$) 

where a(T) 1s evalua\e4 at ea.Ch observed temperature during 

a gl•ora ftDl .from~ •'luationglven abOve. andm(t-4,,.> ta 
the t.ate of ettuelott- a, ,11e Qi.tmset1a a•erage lemperatttre· 

to~ t.be bl&b•lem,a~ture- portion oc r-un. The quaatl,lea 

·t•tt and'••• were then Insert-eel into the Knudsen e<auat1oa to 

obtain, a .calculated preaaure a\ the temperature '•Ye. 
Al the ·e.oActualon ot a g1 Ye.n- heating period, tbe et.tu• 

slon assembly waa left la t,be hlgh-vacuura system until the 
temptl'Atur-e ot the Knudsen 0,11 had tallen to aboul 10000 •. 

The dlf"futtion pump was ,hen turned. otf and allowed to cool 
down to rooa temperature. fhe vacuum wae iben. br,oken bf ad• 

mittlng air to ~be system,. and ·the Knudsen oeU and oollector 
plate were then removed tor ,1e!ghing. After the collect~ 
plate bad been weighed, the sublimate was dlesolfed and 
anal71e4 tor t-ltanlua according to the procedures gl•en 
prevlou11:,. 

It wae f'owd that some ot \he ettuaate trom the Knudeen 
cell that co:ndenaed on the under· aide ot the uppe~ radutlon 



ahlelds ,.,vaporim.ed .and eventually £oUDc/l ita way to tho 

collector plate, thus sl•ing a greater amount. ot: condensate on 
the target than waa to be expected from tbe total weight loss 

and the geOD1etq. ot the a71tem., In order' to correc, tor th1s 

ettect, 'two •blatll(tt runs were catt1e4 out. These were aocom-

p11shed b)t replaoing the Knudsen cell that, contained the 

sample with an &mplt cell, .and CU'ry1ng the systea through 

the same procedure aa ,tor a vapol" pressure determinat.ton. 

The time of run an4 temperature were made as near.1,-. t·h• same 

as JJI/Hsaible wi\b t;hose ot the va,or pressuN run thal imme-

41a:tely preceded tho blank na. As no sample waa present, tn 

the Jtnudaen cell, any titard:wa that rea.ched the collector 

plat• mua, have come tr-om material NViipor1zed from t.he, h.o~ 

radlatlon shlelda.-

ln thl.s· manner it wai tound .that from 11 to .16 per c-ent 

ot -the -total titanium collected during a Yapor pressure r,m .. ; 

could be accounted tor by material ra,rapor11ed troua the 

shieldtte Where no 41.s-ec, e,tperimantal data are aYaS.1,able, 

the pressures calculated from collector platt data are, 

therefore,. lowel'ed by 14 per cent to cor;-ect tot revapos-iUc• 

tion trom the ehS.elda. It should be noted that the above 

correct-1.on will st•• oaly a lower lWI ~. the GCtual error 

inot.UT1ed trora. this aource, tor Sn a vapor pressure run 
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material is being deposited on the aldelda continuously, 

thus Nplactn1 aome.ot th& material that ·revaporS.ses. :it 

S.e also posetblo that the condensation coeffie:tent ot t.he 

va,or on tbe J).U mo-lJbdenua abielu ls ta.r tNa unity. Thus 

all the faotor.,s that one mlgb.t consider lead to t!le oonclu• 

sion that the error due to revaportsation 11 greater than the 

oorreot1oa es-t1mate4 ·t,ymeans ot a blank run. 
(4) The experimental data. Both. quantitative and 

qualitative data.were obtained during the course ot this in• 

'Yeatigalton. While emphasis vu placed u.pon the determtnatlon 

ot the volatility ot· T10, ii beoa.me evideftt durlng t-he latter·· 

parb ot t·hia work that in.f'ormatlon ot a ,ontlrmatory or- supple-

men1ary na~ure was des1rablto Var1ou1 e,cperi.menta olber than. 

those eonoerned directly with the de.termination ot tbe vapor 

pressure ot T10 were, therefore, conduotedo In view ot the 

neceaear.tly complex arguments ·to be pr-eaented. in a. subaequent 

section ot th1e·thes11, the data are presented :ln the approd• 

mate chronological order in which they were obtained• and are, 
wherever practicable, aumr.aartzeci in tabular torm.tor con-

1'en1eaoe ot reference. 
The prtmary data £roniwh1ch the volatlllt,y ot TlO mar 

be calculated are aUlllftUised in 'fable It wbil.e, add1t1onal 

data ot interest and aome quantities derived from the 



Table I 

Vaporiz-atioa:»ata tortib(s) 

. E.t.tective "· ve OrUlce are~ Weigh:t·· 
Sample wt. ~ime a. · at :T•lt LcH.\S 

Run .. . hd. -. lk .(see.}',.·f•Kl u M ,-
21 ~t/2,£:. Jm,J 

2 --- 4168 1645 0-.09611 0~007)2 1.4 

4 ··-- 501S. 2016 0.09224 c·o.ooot 15·.21 

s - 1499 19~ 0.0920a .(Q.000) 10.4 
6 ...... m6 ~970 0.09213 (0.000) 4.9 

1 1.2717 14-707 ~14 0.04611 0.049 26.9 

s 1.2448 1)969 1964 0.04434 0.113 6.9 

9 1.2379 10143 1964 0~044)4 0.140 ?~2 

10 1.2307 l46S7 194? o_.0443-1_. 0.164 ;.7. 

11 1.2250 110921 1921 0.04433 0.220 -~oS 

A-4 1.2005 40SU 1998- 0.044,41 o_.322 ,o~, 

(a) Platlnia colleetoro ·tbJ Quartz collector •. 

Wl• gain rd dtlB!um Tit.aniua 
Collector Collectod • Blank 

lmt. . ,, , (1.11) 1 -. i• {.mg) 1 

----
.......... 
.......... 
....... 

2.7Ca) 

o.9<a)' 

.1.0 (a) 

.. 1.2lb) 
--3.4(b-l 

2.5tbJ 

,..._... 

........ 

...... . 
........ 

1.2789 
o.s694 

0.537) 

0.5423 

2.3423 

1.7)): 

~· 

--
-----

(0~1790) 

(0.0797) 

O~Od60 

(0.0759l 
.0.2479 

--
8 
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lntol'IUttion given in Table- I ue t.abula'ted ta Table II. Run 

No. l.. la not- reeordedt •• i:t vaa • ro\igb ,..11m1nary exper:lment 

and •he data obtained are not ot· au.tt:lc:lent. a.ccuraor to warrant.-

lnolualoa 1a 1;.be 1able. lun lo.) 1• ollit.ted because the 

vac\l'Ull .s7atem CJM$tked. durlng, operation; the e-araple was, then• 

fore, destroyed. ·TJI• ettecl1Ye time and average temperature 

ot a gtven wnwere calculated aa d.eaoribed previously, while 

the orlfict area waa oa.loulated trom the diameter-- of the e~tu.-

ato» bol• ial \he temperatve· ot the Nn• 

Co11AlflA 6 ot Table I 11ste the vui-ous .-.iuea ot orltieo 

lengtb tG d1m11ite.r to• each run. Ia run lo. a, the crucible 

Utt wae a piece ot S mil molybdenum sheet.. The ettuslon 

bolo was dr1Ue4 in the oenter of tbla •beet, and no attempt. 

IO NW'A thct bola to lffltte-edge thinness was made. A• nna 
4-, J, and 6 employed an oritice r•amed to- kn.1.te.-edge thinness, 

the i-atlo o.t length to dlamete~ ls aeaumed to be sero. In 

runs 1 through A•4-, a lmite-edged ~1f1ce was also employed. 

It was toundt however, that at the conclusion or run Mo. 7 

tbe ·CNC1b1a ltd. bad. become welded tightlJ to the crucible. 

The cnolbl.e was not opened tor examination until nn A-4 bad. 
beoa ·cOflpleted. Exaud.ilatton ot the ltd then showed that. an 
even deposU; ot material had accutm.114te,d on the 114 durlng 



la .. - Jt(Ll2a:l 
2 0~9929 

4, (l.:000) 

s (1.000) 

6 (1.000) 

7 0.9-534 

s· 0.8990 
9 0.8778 

10 o.ss99 
u o.a210 

A.-4 0.-7600 

Table ll 

Vapodaation D~ta ror-TiO(o) 

lfeti Tltaniwa Caleula1teri 
Collected aei; no 

httd - I l•sl r ItSLlira t) 
..... ---- ·---

-..- ---..... ----.- ---...... .... -----
1.0999 1.4673 0.05424 

o.z,.a97 0.6»3 0.06026 

o.4s13 0.6021 0.06341 

0.4664, 0.622, 0 .• 06;43 

2.0944 ~-79)9 ,o.0661s 

1.~7), a.312 0.071)2 

'Mea.n.l'Ne B.ettdual Gaa 
Path, TiO Pressure 

hmd ·~ ta.H&l 1 I I 

Sit•- 7 X 10•$ 

5.9 4 z 10 .. 5 

12.d· 5 x 10-S 

19.a -s 1 x: 10 

4 •. 9 6 X 10-6 

17.) 3 x 10-6 

12.a 1 xlO .. s 
22. 2 x 10 .. s ,,. 2 X 10•6 

U.6 l: xio--' 
OJ. .l\) 



the com'ae ot wns 7 through A-Ir• fbe ori.f'ice was', therefore, 

no 1on;er:tt;ntfe-edge4 'but ·waa a shore tube. While the 

diameter ottlle orifS.ce had not changed, it was found 1;hau 

the ·tbicluleu of the orUice waa now 0.90 :t ··O.OS •• Slnoe 

no dtreet lmowledge ot·tne oritice thickness, otherghan tb• 

lnltt.ttl and tual thiokne.1a, during the course of run•· 7 
tht'Ougb A.~4 waa .avatlable, it bas been •a.eaumotl that lhe in• 

-cr.aae ln oritloe tbt,ckne-sa during a given experiment waa 

proportional to the weight 1011 tor tb4t r,m. · Tbls asswap. 

ttori pe,•t• the •O&l.cul"'tion ot an •·ai,erv4ge•• hole thlcknese 

foj;t an:r given ~, and 1, Sa tbia tt•average"· 1ra.lue ot L/2r 

that ia t•bulated tn column. 6 ot Table I. 

Column a ot Table l li•ta the observed we•iaht. g.ain ot 

tb• condensation \a~e1) fo'I' each 11Lln• Plat,lnum targets wen. 

ueed tor runs ·7 ·through 9, wbUe quarts waa the colleo~ 

material ln subsequent experimentu.. It will bs noted ;tbat 

in .r,m 10, the :ttrat use ot a q1aar,ts collector, -the ttu:"get 

loet weight de.spite the tact that a au:bl1mate was clearly 

vtaible. Tide ancmal.111 believed to 'be ~he result ·ol lose 

ot adsorbed water- vapor and gaaea tt1om the quarta when it 

waa warmed by radiat;ion from the ettueion. aeaemblytn the 

blgb vacuum eyetm1~ In all subseqUent runs. \ht cleaned 

quarts collector waa heated in the tlwne ot a Meeker burner, 



and was cooled ln a des1ocator before weighing. 

Column 9 INlbulatea the total maas ot t1tan1um round in 

th• aubl!raa.t•• ae determined epectrophotometr1cly by the 
procedure• deecri'b-ed .PNYloualt, As point.et! out earlier, 

tbese.valuee are.uncertain by: 10 per cent, "d all bu\ -the 

1.ast two mar be b1gh b.r an tldetendnatu• mnoun~. Col'WIJA 10 

give.a the coweotioa to be applied tot" revaporl1atlon ot ma-

tei-ial from t.beJ'adiatioa shield•• Aa, no~,d previously• 'il\e 

third ud.t1Rh·correot,1onawere .determined by •blankn runt, 

aud thos• t.n ,parientbesoa are 14 ·per oen, ot ~he t1tan1um 

co11ectecl. lo correction ls &.iven. tor· experiment :A•4 bec.ause 

tbare were no· ahittlda ln the a.pparaiws. lt ls important to 

note that the H!tll ma•• of titanium collected is, in ever, 

case except tor ·run 10, lo•• than the weight gain ot ~h• 

coUeetor. Since the d1$ore.pancy· :ta ... greater than can be 

accounted tor on the baa1• ot analytical .errors, l\ is clear 

that s-ome specie• other than titanium ia contributing ·,o the 

•ublhutte. 
·the taotor, calculated by Claualng (116) to correct 

vaporieation data tor the etteot- otualng a tUbular w-lt1ce 

rat;ber than a tmit•••d.l•d or:ltice .are given S.n column 2 of 

Table Il.t vh11e the fraction ot tbe ·eftluenti 1n\ercepte4 b7 

the collector plate, aa derived trof4 the work ot G1Uea,. 



!1 slU (119), 18 tabulated ln column s. Clolumn' la a1mp1y 

the. dltterenoe of ¢olumna 9 and. 10 ·ot Table l, while lhe data 

·of colu.ta114 aN der1ved b1 application. ot the appropriate 

gravtmet.nc factor to the dat.a ot column ). The meaa tree 

patb ot a 110 moleaul• !Bo&stl the X:nudaon. cell wae calculated 

trom. the fJHtaaured vapofi ·p:r•swre,, the temperature ot tile 

c.n1olble and an atHNattd generous upper 1.tmlt. of 5 A tor the 

!10 aolecul.ar· diameter. Th• mean :tree- path thu, calculated 

will be -• 1owe~ limi1h These va.lu•a• tabulated in column 6 
of Table XX, are not onlr1arger t;Jwl the oritiot by a -t•ctor 

of 10 or more-, but are wltb two exceptions largeri \ban th• 

di1Hnsto.na ot ~be ottu,ion eeU by a tactor· or 10. Hence 

"free ao1eculen now mar be expected :to occur within the-

CNQibl:e att weU ad through the- orit1c•• 

from- the d.ata 1n Table 11, one may caloUlate the v·apor 

pressure o.t TS.O at ea.eh experimental -,em,e-r,iture. Comb:tnittlon. 

;ot the vapo,;- presiure data with "the tz-ee enorgr t.tmctl..ona to..r 

10114 and gas 11•lr1 a value tor the. heat ot sublimation ot 
!to at 29a•x to~·each e3Perillental temperature. The tree 

ene,:-17 tu.nctlona used are listed in ·Table III. 

lt la ot 1ntere&t to comment brietly on the free energy 

tunctlona uaed tor T!O(g) aa ·tabulated. tn t.able III. Available 
tabulations (16, 130) ot the tree ·•n•i-a func'tiona tor· TlO(g) 



t.(•1.) Ti(a)(l.6) 

-----
1800 14.03 

ld50 14.17 

1900 ll.o)2 

1950 14.4s 

2000 14058 

AB.•r. 298 o 
(Kcal._) 

Table U:t 

Free Energy,fuaci;lonstor Vari.ow, Substeacea 
!• .. a•22a I (e.u.l 

T' 

flO(a)(43) T!:(g.)(107) O(g)l16.) 1/2--:0 1,,t16>uo(g)(l06.) 
_._.,...... . ......, .. · .. 2 . . . ·- . ........... 

20.,, 48.223 
-

20.69 48.)t,J. 

21.oO) 4S.46J 
21.36 48.5$0 

21.69 4-8.694 

- .. ,,_. I If • __ _ 

43.3 6-0S 

43.4740 

43,.5"1+ 

i.;.6969 

43.8064 

2-8.202 

26.295 

28.)49 

21.479 
aS.569 

64.112 

64,.:su 
64.eSO? 

64.698 

64.8S7 

-12)o9l(lS) 113.421.(20) 59.s;afl?) 0 ---•· 

it 



ar• 1li1htly- 111 error t'or,, two ·naa-ons. Firstly, the earlier 

kbulatlon1 were derived by treating the molecule ae a har-

inonlc oacUlator. raigtd rotator, and used va1uea of i;he 

moleoula~ coaataata lees praciae than tboee cta'Nntly aTall-

able. SctcondlJ, onl1 the ground electron.1c state was con• 

lli4ered in the cdcul-atlons. 
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l\ will be fl()ted in Ficur- 7 that tbe 1A atate llea oalJ 

about. 500 wave number• above the3n ground state, and will, 

~luuretore,. make a etgnttleant. oontrlbutlon 10. the fr•• energ 

1\mct,ions to_. TlO(g) al the temper11tures ot intereat ln 'bhla 

work. 
la View of the uncertainties 1n the ,abulations not-ed 

above. the tree ene-ro funr:tiona ot TiO(g) were recaloulated. 

The details ol the ca1culs:t1ona appear 1n • separate report 

(106.) • but it may be, noted. here tha- the molecule· va• treated 

a.a e.n anharmonic: oscillator. non-rigid roti\tor; tersns to 

account tor, the interaction o~•1bratton and rotation wette 

included, ae waa the contl'ibutt.t>n ot the 1A at.ate. The re-
aul~ing functions are onlr .about two pe11 cent larger in ab• 

101u1;e1ralue than thoa• given :ln previous tabulations. 

fab1• XV cont;aina the result• of the calculations ot 

the 'Vapor preseure and heat. or sublimation ot 110 trom- t;b• 

data ln Tables I and II, and Ube tree energy functions tn 

Table III. fhe •alues in the third column ot Table tv were 
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obtained asawalug tb.a:t the tot,al. weigh, losa ,,of the sample 

aose ,from lo:aa ot TiO(g) al.one, 1•.i•, by using the 'V'aluea 1a 

tihe &tYentll colur,m ot Tabl•. 1• fhe, valut·a· tn the fitbh column 

ot Table lV were obtained by assuming that- all the titanium 

on the collector plate, •• tound by the analya1.a, wiu1 deposited 

by the t10-(g) t,ha.t had effused 1n the direction ot t.be collector, 

1•.I• • b7 uslo& the Yal\les • in tl1e tovrtb coluan ot T,able .ll. 

the •xperimental d,$.tA tor· the vapor p~seur-e ol T10 tb&t. 

are lial·od in Table IV· are plotten1 in U1gure 8. fhe ene·llent 

agreement ot th• experialentu data wit.h the vapor ·pre&sW'• 

cun•• tttt!' T10 calculated from available thermod)'tlatnic dat-a 

and.an asawaed 41ssoc1at1on eneeg7 ot about 159 kcal./mole 
lends. etrong aupport to the theaia that. T10(g) 11 t.b.e iraportant 

epec.:te& in the vapor, an<l that. the dissociation ene:rg ot 
T10(gl is given correctly b1 the lineal' Sirge•Sponerextrapt1•~ 

tion. We eball, however, ~~v• oc.oaaion t.o ro-enmin.e· th• 

Yali41ty ot this uonclusion in tho light ot data to be pre• 
aeute4 .shortly. 

The data of Table lV are preaen.ted 1n lho ord•r o:t 1n• 
craa.a!ag te,mperature 1n order to tao11it'1te the oxamination 

of 1)be AH298 ••luea tot' s1stematlc errora. It the treo 
ener11 tunctlona are correct, and it there are no 91atemat10 

error& in the measure.taonta, the AH298 valuea should show no 
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tt-end wit,b t.eaiperature, and. anould be constant wltb.ln the pn• 

ciston ot the measurements. This is aeen to be the case. 

It: is et interest to ·note ·thati the di-lta aa presented 

i:n fable l.V do nou give a J:uot !mpresston ot the pncision 

atta1at.ble t.1 the Knudsen mecbod. ot vap0,_. pressu:te measure• 

tUn~. J:t t-be datLt in col"Wllt .S ot Table lV ara examined cloae-

i,, i'I wl11 k· onnned that \;he ecatter t:rom the moan ot those 
value• obtdne4 earlr in tihla lfOrit ta much greater t~n ~-, 
tor tboee va:1u,s d:erived .troll Ille last ttve expor111ont.1. 

Hence it ~mta2, 41 St'• and 7 were omitted from considera• 
tion, th• m1.rktdlt reduced scatter of Nna s, 9, 10, U. and 

A-4 trom theU mean would be !mediately -app.Nnt. One S.a 
thtta led to oon1lder whetb0• the unweighted mean ot· aU 

available tb\ta, al- presented tn Table IV• repreeenta the 

"beat.tt va1ue tar· the heat- ot aubl~tion ot Tio. 

Rderenoe to Tabl.e XV dlsclosee th~t. 'WhU• all the 

data yield about th• ·•am• calculated bei4t of' aublima~1oa. 

the collector plate dat'.a ,teld heat;& tbat are oonad.stea,11 

lower than tl101e obtained tr.om welgbt•loea data. 1, baa been 

tmphaalsed prev·1oualy tha\ the ooUectcr plate dak are -coa-. 

aldored to be quite unoe"a1n tor at .least two Naaons. Theaa 

are, (1) tbe chemlc:al analysea ot sublimates to~ titanium are 

uncertain by at luat ten po,- cent. while all except tor l.'UM 
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11 and A•4 ·are probabl7 high by an unknow• amount, and (2) 

the correction app11e4 tor ~ovaporiution ot ma.t;erial. tl"O• 

tho ahielda repres.ent1 only a lower- t!.ml.t to the true correo•· 

tion, facto!!". All the co13.ect<>r plat• ut.v. will,· theretore, 

be rejected tat.he calculation ot ·the "beet" value tor the 

beat: of subl:baat:lon ot !10 • 

Stats ot vapor1Ba.t:1oa calcu1at.ed trom welght-loos d~" 

obaiaed eari, ln th1a work are. also coneidored unre11abl•· 
relattve kl lat,ei- '.l'esults because (l) uperienoe 1n the o-pera-

t.ion ot the h'lch.•Yacuua tumace h,ad ·not. yet been gained; h.ence 

tempe.rattare. control and aeaoureaent w3e aot. a.a good aa· 1n 

l..atti- runs, and tt:u1• res.1.dual gas pre11su.re 1a tlie sys·tttm was 

high~ th.an in the.final aeries o~ u:periftlente, (2) tbe geome•17· 

ot t.h• ettu.aioa aoeembl.7 was not at well defined and •fapro• 

duc~:ble as 1n later runs, and ()) e&cb ol the earl:, expcri• 

menia involvtul. relativel7- short periods ot t·tme a1' hish 

temperature• thus, leading 'tlo .. rel.•1¼.t-ivel1 large perce,ntage erroita 

in the thie and. w:eigbt-losa data. further, run.e a, 4, and ? 

are believed to -have 71elded bi,gh weight lossea, fo.r tho 

,samples used bad nt;,'t been degaeaed at high tomperature p:aior 

to ttse _while the weight loss tor rtm 6 is bttlioYed to be l.ow. 
beca:use 1\ wae tound _at the· conclusion of _the ·run that 
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praotlcally all the sample had been vaporised. Only tracea 

ot th.e- sample material remained on tb1 wall ot the crucible 

and 1n a lmaU cup.shaped. crucible insert. Thus 1\ is doubt• 

tu.l lhal the va_por •• saturated with re1pect to ·the aol.td. 

throughottt run 6. 
·xi le the op1n1oA ot the author that, ln vlew ot th• 

abo•• dleoGset.on, the; •i.1e1t• 1'alue tot! the heat ot sublimation 

ot T10 o.i,. the ae~lcn ·tba.t proceaa (1) is the only important 

on.e 1.a atv•n W the mean.' the val.uea calculated from tbe 

weSght.,loae data, fo• rune tt, 9. 10. 11 @r.l A-4• the mean of 

these da.t• Jield a Yalu• ot 137.1510.04 kcal../mole, where the 

unoe~a1nty limits ,i.~e the .Probable error ot tho mean at 

calottl.ated on tu baste of th• criterion ot ext,ema1 conaie• 

tency. lt·uacerta1nt:, Umlts are asalgnod. on the baste ot the 

o.rtteriQn ot :internal eon111atency, ,he uncertainty. ot :t ~7.g;1•g 

in the t.emperatuite is tar mo:r• important 'tban tbt uncertainty 

tn 4D1 ot 'bhe other quantities involved 1n th• calcul..ation. 

The quoted t.em,per.ttur• uncertainty- leads to an unee~a.1ntr ot 
:i: 0.6 kcal./rnole in AH29s• 

Wbtle the daea of Table IV indicate that T10(a) vapo,rizea 

to give '1'10 molecules, proce1a (1), it ia ot ln\eree,~ to 

examine tbe ·other poul.b1lit1e• tor the vaporieat;!on ot TlO 

tU,eousee4 1ft section '• above. A comparleon. of the .ne, Ti 
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o~ oalculated net tU) found on the collector plate with the 

mass ot raater1:a1 lo be e:cpeoted on. th• baaia of the oi-ucible 

weight losa and the geometl1" ct the system is given in Tab.le 

v. Oolt.lS'I 2 ot Table V ltste,values ot the qll.anlit7 .ink, cal• 

culated, -from t.ht observed. weight loss ot the crucible, m 

(colmnn 7, Table I), and the geometr, tac-tor. k (co1wnn 5, 

fable- 11). Tb••• are the••••• that should be· collected, 

and the1 are not- dependent on any assumption ttegardlngtbe 

eftua1n1 apecl••• Oolt.nraa 3 and 4, tabulate the net masa ot. 

t11eJdunt or, ot tto, reapect,ively, found on the target by 

chend.cal analysia ot the Gubllmate tor titanium. These value• 

an unce~aln bJ "t 1eaat. ten per oen\ w:l·th vae tiret tour 

11lte1J too blgb. Because they have been oonected tor re-

vaporlaatlon, one ael ot· these should cheek the values in 

coluan 2, Column ,. tabulate• the 'Weight g~in of the colleotoz-

correctted tor rev,aporiwation from the sblel.ds 1n the same 

manner a.a tbe deposit wetgbts were correoted. These tteight 

gains ot the collector are a.ubjec~ to relatively large errors 

because ot their G!UaU absolute 'Values. They, too, should 

check 1.he "alu,s tn column 2. 

It ta clear tJ."Offl Ta.bl·• Y that the collector gain is 

gre.ate~ ~han that to be e~pected fN>m the sample welgbt lose 



.. am, nm 

·1 1.4s9 

8 0.1,.1, 

9 0.442 

10 0.1,2 
11 1.620 
A-4 2.160 
I Pl .• 

table V 

J J . ti(f 1 l I 

lat Tl-
Q~llt!!St-lMl,, 

1.100 
0.490 
0.451: 

o._466 
2._094 

1.7;, 

1111 IJb'.1'.J! I Jll • j 

Net TlO H•t Wt. gala 
C,0Jl1stt4.<ms). P&·tiu~12du> 

1.46? 2., 

o.6S) a.a 
0.602 o.a4 
0.622 -1.4 
2.191+ _).O 

2.,12 2.5 

: uav ski·. r I fl . • I I ff • ii P . ·, If" 1 ..... n: I P lllrr I 



aad trOII the ne, metal collect,ut. The- maaa ot metal collected 

ia tu reaaontlbl:r good agNement with the weight los.a data, 

and. \he eollector weight ~•in is J.n reasonably good agreement; 

w1th the; ca.leulated net:••• ot T10 colltc~ed, 1•4•• coiuae 

2- aad 3 agree re-a.1onabl7 well, as do columns 4 and S• 

The bigbo.r· vapor preeaure• and. lower hei,ta. ot 'fapor1s&a• 

t1on ob'laloe4 tr-om '11• collec\Qr· dat,a 1nd1cate· t~-t pro'\lQbly 

too •all a Ntitaporlaatlo» correction W$1 Mde. lt a much 

1u-ger correotlon were madet the valu•t in col\iM& 4 and 5 

ot Table V could 'be ma.de to a&r•• wi.th those· 1n coluum a. 
·Since tbe value, 1n Table V 1uggest that the ettuaing apeelee 

1.a T:L(g); and ·tb4lt residual pressure- ln tbe •1~t1m t>xidisea 

tlMt -.t-1 toT10 on tM collector, it 111nstructtv• to .follow, 

to_. a IIOlftent, a different line of ar~nt. 

te't uo •uwne tllal proeeea ·(2·) occure, 1•S•• TU)(t) 

¥'apori1e• eonp-uen\lJ and. exolusively b7 decomposltton to the 

.sa,eoo•a -eleaont•• 
W• shall calculate on the ba•i• ot tibia assumption and 

the data tn Tables l atld l.l, ihe equ111br1um constant tor 

proceea (2). Sine, we have assumed T10 to be a conatant 

vaporls!ng compo·sition1 the oxygen partial pressure 1• cal· 

cul.able trota tbe tttaniwa J)Nssur,-. The product; ot these 
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TlO(a) • TS.(g} + O(g)o (9) 
Xn ·fable VI, this eqtdllbriua·constant 1& tab\lla.ted. and eom--

pared with !ts ·,alue calculated. ti-om the known thermodyn-11110 

4ak tos- the oxide anti tor the elemen-ta. tbe third ooluam 
contaihe values of the ~ial preeaure ot fi(g) obtained 

·tro.ii th• K'rmdeen equa,ton. and column J ot Table 11. Thia pro• 
Ced.UN i.a based 9.a the asamnption that Ti(g) ia th• otllr apecles 

traaepotting Utaritum. Valtun1 in column 4 o.t Tabl• Vl were 

etaloula,ed ho:a ooluvm) a.n<i equaU.on (22). V41uee ln the -nut 
oolumn were obtaltled from the two previoue, and 1talues 1n ·the 
last column hawe be• obtained f"1i the known tbe,-oqDallic 

Al fable Vl ahowe cle~rlJ, the experimentfll clata, when 
,reated accori:t.ng ·to the. aaatune4 \fapon.za~lon macllantem, 

oanaot be i>ro'tlghl 1.nto accord with ·the, known thermod,nud.c 

p.-operti1ea of' th• system. Th• equll.lbrlum constant oalaulated 
the tiknium. and oxygen p~ial preaaurea 11 larger than 

ihe eq:u111btttua co.-r1atant ••tabllsbe4 bf reliable thermodynamic 

dat.a by a tactox- of 106• Thua; 1n agreement w1,h \be conclu-
sion reached earlier, proce1a (2) cannot account tor the 

Tapodzatlon otTlO. 
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Le\ WJ now exatd.ne the data to see lt procesa (4). e.an be 

t11e mttehaal.am ot the vapr,riaation. Thus. 1t one drops the 

a1aUt1pt:toa lh~I TiO 1a a constant Yapori1ing compo11~ion, 
re, ireta:lna the-bypothtaia that vaporisation occurs byde-

comp0eitloft to the .el.ementa, it le then cleaz- .tnm a cons.tdo:ra• 

tioll ot tbe tt.tdlum .PN·#IUNB atv•n 1n column) ot table VI 

an4 the kaown e.qulllb.~lwt co111t4mt tot· the. vaporiaat1on of 

flO t.o the eltmtats thaf. the, partial. ·pressure ot ox,s.en over 

TtO·(a') a.t the tx,erimtntal temperature& repoi:-ted in Table 

Vl aust be .ot the- order ot 10•12 atmosphere. It ·Ouubwore 

tnde.od tbe. cue, lbe obs•l1"e4 vol~t1ltty ot 11'10 could be 

upl~inedon the bat1a et va.porltation ot· 11tQftiura al.one, 

anrl ·tbe comp0a1tion ot the eolldwuld. change r.-apldly toward 

an oxide ot peater oxygen conr.ent a.a Vt:tporiaation·progrosaed. 

The td.lure to ob:tait\ a oatietactor, 1aa1s balance 111 the oaae 
ot collector plate data, and the posslb1l1~J thut T10 might 

va,orizt incangr.ueatly by decomposition to the elements led. 

to ••••ral experiments designed to clartf)' theae po.1nt1. 

(e)· Sttppleraentary up1r1ments. AU experimeDit.l· pet-• 

formed during the toUl"se ot thle work othe~ thatt thoae in-· 

tended primarily to eat.abli•b. the Yapor iptrfulaure ot '1'10 

have been gi vo t..he prets.x letter "·A"• Experiraant A•l it 



not included here, tor· it merely invo.lved a test of the 

heating ettlciency ot a mod.1t1e4 ettus1on assembly and ·ls 
not relevant ·to this d1eoussion. 

Two eaperi~nte. designated. l•1 and A-2, respectively, 

were pertormad to obtain an •vap0r~ted t1tanium·meta.l. film 
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on a quartz collector plate. An etrusion assf;lrAbly esaentially 

the aame: as that employed tor the detendnatit>n of the 

volat.111tr of 1'10 wae used. Th•- !mad.sen cell ltas in th1e 

case a graphite crucible. 

Soth e,;pe~lmenta yielded an even, tightly adherent film 

ot-t1tanill14 on tbe qua.rt• collectol'o In tlle case ot run A•l• 

the ttlm had the char:acte:r1st1c bright- aetallS.c luster ot a 

tront•aurtate• mirror. and was ·tMok enough to prevent. llgbt 

transm1se1on. The film surface as viewed from th& back. 

through the q\UU'tz plate. had a_deep golden color. The tame 

deecription ~ippl1es to the t1t.anium tilm obtained 1n run A.•2, 

-except that the £11m was mueh tblnner and had the appearance 

ot· a halt-silvered mlrror, la neither case· had visible oxi-

dation ot the t11rts taken place ae a ~•eult. ot ba1ng subjected-

to t-he temperatures and. pressures prevalent in the •acuum. 

turn.ace during thei~ preparation. 

·aotb deposits were allowed to stand exPOsed to the 

laboratory atmosphere tor· a period ot 24 hours without vialble 
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signs ot oxldatton. The thinner fJf the two films baa been 

retained tor a; period ot ovor• re~r, ,at.ehowa no Yisible 
trace of oddatlou to the cheotnut•brown to golden oolored 

ftO phase. The ih1(:ker of the lwo tilras was pl.aced. in an 

ordinar,., laboratory cb7ing oven tor succeaa1ve 24-hour periods 
au temperature.a ol 10s0e. 165•0 and 2oo•c, respectively. No 

elp ot old.dtttion was· eviden\ after- the trei'ltments at lOS and 

l4s•o• bu, a .ellght tam1shing.ot part ot the tilmvaa dla• 
eemib1e after the period a, 200°0. The above observations,. 

although of a rough qual.ita.UYe nature, auggest·that a tl• 

tan!um me,al tilm would nol. ·b·e oxldtzecl r-opidl.y at the .1ow 

oxygeQ pnsauNtt enoountei-ed in the. •acuum tttmace. While lt-

la,true. t:hat the. oxygen pressure in the vaC-\lWB tumace ia very 

low d.uri.q a tJpical ,rapor preaaure wn, 1~ is probable -that 
the t.empel'ature of the target, -whlch 1s heated b1 the high 

S.nteniity radiation from the·eftue1on crucible, ie-muob 
higher, than. 200-c. A rea.eonable estimate would place the 

,emper-atu::re· ot the collector al roughlr JOO • 60o•c. Xt ie 

0011celvab1e that a,'t; these temperawres a t1lm ot tltardum 

meld, or ot TiO, might. picl< up an apprecla'ble quantitr of 
oxygen even. a~ the low pressure edstifla during 11:ormal opera-
tion of the vacwa tumnce. 
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A fourth experiment, designated run Ha. A•4, was con .. 

du.oted. 10 teat 1'be • hypotheat,a ,bat the abnormally large 

amount ot 1i1tnn1ua found on the collector plate relative to 

the crucible wetpt; loss tor a given vapor pressUN nm 

was ·the result ot revaporization otma1..erlal from the hot 

mol7bdenum radiation ehlelds, The ettuaion assembly employed 

wae PNOleelJ the same aa th.at used toi- vap01- pressure runs 7 

through 11 wilb one imponan, exception. ln tbistnstanoe, all 
the radlatlon eb1e1ds that normallylAy betwe•n the eftus1on. 

cell and the-collector platew•re removed trom the assembly. 
A vapor· pre-ssUN determlnatlon was then made br uactly the 

stm1e procedul'e aadeocrlbed previously. Ho blank run was 

Utade, torr it-was a:sswaetl that revaporisat,ion trom,tbe throe 

molybdenuarods tha'I eupported the collect-or and eollimator 

lfOuld be·negligible. 

leterence to-Table ff ehowa the marked improvement in 

the agreem.cmt of the vapor preaauro and heat of ,aporisatioa 

ot tiO ealculated troa the weight loes data and tl"OT4 ,he 

ool.1ector data, respectively, tor run .A•Z. as compared wltb 

elmild quaratttlea tor the other· runs. Reference to fable V 
111uatratea the agreement obtained. la this case among the 

oollectof'walgt1t·gain, T10 tound on the oollect.or by cherd.cal 

analysis and the orucible weight loss. While the agreement 
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!e mucll better~ tor the other runs,. 1, still. lea.voe some-

thing· to be desired. '.I• ia possible, how.ever, that the dis• 

crepanciea.tha~ st,1ll exla\ mar be within the combined 

anal,tlcal. and weighing error,. %n any event, the data ot· 

,un A•4 strongly indicate that the presence ot radiation 

shields between the crucible •and collector leads to a.b-. 

norm.Uy 1arge amounts or aubllm&to on ·tbe targe,.,. 

One qui.ta anomalous obsenatlon rolevan~ to ·r,m A•I+ de• 

senes ,ment.iob. It was totlftd at the completion of the run 

tbail the aubllma'&• on the quarts coUoctor plate did 11ot 

h&'te the deep chestnut brown colorchancterlstlc ·ot t'lnely 

divided fiO ·ao did ,all otber' sublimates obtained t.hroughout 

the courat ot \bls ·!nvest:lgatlon. !he tightly adborent 

tUm of aublifflateexhibS.tocl·a grqishmetal.lic luatjer·when 

V1twed .troa t.'1e tron~ SUl'face, yet appeared deep golden 

yell.ow in color when viewed £tom the back of and through· the 

quart• plate. Evet7 other deposit observed througbou'U tbls 

work, whether it ooeUtted on platinum targets, q\M.\ns targets, 

molybdenum rad1.a.tlon. eblelding, the under· elde ot crucible 

lids or on the water-cooled p,rex wall ot the vacuum chamber• 

was without ucept1on either golden yellow· 1n color J.lke HO 

ln aaesl11e .tonn, or deep chestnut brown as 1a finely· dlY1de4 

TlO. An attempt told.entity the sublimate ·by X-ray dltfr.action 
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teohn!.ques tailodt tor sublbatea rarely field sat-tataeto147 
dlttrao~ion patterns. ?he deep bro,m. eubllmate that eondens.ed 

on tlle wate.-. cooled wall-ot the va.ouwn chamber gave a ·weak 

ditfraction pat1iem ot poor quallt1, bu.~ the lines cbu.act·eris-

,10 ot tbe .RaCl•typa 1'10 phase could ·be lden,Uled. No ••· 

planation. fo'r tbe above anomaly le immedta,el7 torthcomlng-
One· fta-tbereer1es ot \faporlaatlon experiments was con• 

eluded. Tbta· final eer1es was inttnd•d. to ·yield large .Per• 

cen,age weight. loseee ln order tlha.t any change in coml)Oait.ion 
of tho eol.td that 1;0ok place ae vap0rimat1on progresae4 mtgh, 

be easl1J detected. ·to obtalll large trs.ct!onal weigh, losses 
la a reasonabl.e tlme t.he lid was removtd. rrom the ettusion 

ceU. and ~be tempera.tun of the sarA_ple was held 3us, below 

fih• aelt!ng point. Accurate temperature measuremeutts could 

not beaade becau.se blackbody con41tione did not oblairh 

fhe design ot the aaaembly was·1n all other reapeota the aam• 
as tha, used in the 'fapor presaure e.xperimente desc.ribed pre• 

viouslt• ftle ettua1on cell wae, theretore. an open cru,etble 

8Uf'B10W1\ed by a at.act ot ten radiation sh1•lds. the lowest. 

ot these shields rested on the top ot the crucible, and had 
a centrally bored 1/4• diameter hole. A quartz collector plate 

was plao•d above trha assembly aa ltt the case- ot vapor preasure 
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Three runs were eorapleted and wei-e given the designations 

A•5•1• A•5•2 and A•S•), Nspeotively. Runs A•Sol and A•$o2 

are to be oone1de~e4 a alngla experimen~, tor no deftnitlve 

data wen taken b.11tw1en the two rune. lt wae noted during 

the course ot ·rw A•S•1 that the aublilu\te was not forming a 

"if).ltly adbei.-ent depos.it ·oa the collector plat.•• but waa 

thkiq ott. The rim waa theretore terminated and the 
oolleotOI'· ·plate was thoroughly cleaned. Tl1e ex_perlment waa 

subsequontly Nmaed under lhe deslgnatlon A•S•2• In thla 
latter t.natance, the eubUmatt oondonaed. on the target ln. an 
even, ~lghtly adherent .t11a. When viewed from the tron1 &US-• 

.tace, the: sub1Smate had a black color w1th elight mat.al11c 

lust~e. When viewed.- trom tbe back of and ihrough the quartz 

plate, ihe brownish color chnraoterl.etic or· T10 could be ob-

aerve4. Art a'ttempt to 1dent1t, the sublimate by direct record-
ing X-,.ay 41Uraction t.echnlquea .tailed f'or, as is trciu.1uently 

the ca.ae with aubltmates. the deposit was eo thin and the 
atriacture so highly oriented with reapeot to the aubetra~• that 

only one broad1 illy defined dlttraotlon atlld.mwl waa observed. 

An interpretation ot the pattem was therefore 1mpoealble. 

tho eaaple raa•erlal bad not been molten at ant time d.uring 

rune A•S•l or A•S.21 . but remained os a sintered but;ton on the 
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bottom ot the molybdenum cruelble. The entire sample 

bulton wa• removed fro11J the crucible and ground ln an A120:, 

mortar to pasa a. 200 ••ah screen.. Portions ot the powdered 

residue were then :r·erQOved for X-ray and chemical ana1ya1e, 

,while the remainder waa reserved ~or nm A•S•l• It was found 
that 1).7) per,cenl ot th• sample had vaporised during. nms 

A•S•l and A•S•2• 

Ian A•5•) waa pel'to:rmed. in precla-ely the same raannei- as 

A•S•i ant A•5•2• except- thal ~h• sample material waa ~• 
rteldue troll the prevloua two runs. The sublimnte agaln 

flaked ort lhe quatis condcmsation target, but a auttlclent; 

quantit7 ot f,n.abllma'le was obtained· tor exmninatlon by X•rar 

diftraotlon teebniques. The weight loaa during i-un A•S•J 
&ltM wao found t.o be 15. 9) per cent et the material preeenl 

at·the start ot the ·nm, wbile the total equlvalent weight 

loss toi- the serle-s ot three runs ns 27.;o per cenu ot the 

ortg1na1 sample. 
The residue and eublimat• trom run ,\•S•3 were ground ill 

an A¼O,mortar to pass 200 meeh, •nd. portions were reserved 
tor chemical and X-ray eum1nat1on. ln a.ddltlon 'to these 

two eamplee, it was found that a deposit had formed on the 
radiation ehie1d that rested on the top ot the molJbdenum 
crucible. during nm A•5•3. Thie deposit, which had the 
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cbuactei-1at1o golden 7el1ow color ot TlO in massive tom, 
wa:a mechanlcally remov&cl from the molybdenum shield and re-

tatnetl ttnt 1•~'11 aD$lya1a. The observational data. tor 

i,ma ,.,.1 through A•S•3 are presenled 1n Table VIl. while 
a .eua14ry ot aamplea obtained during thla worit1 sample 
composltloo and 1a~t1ce parameters of the 1rar1oua mat-erlala 

ta gt,ren ta table- vui. 

fable v-11 

Vapor-lsation Data tor Runs A•S•l through A•S•J 

Sample Orit1ce Weight lfe1ght 
Weight ' Time . Aria toss Loss 

Iva. . !imsli 11 Jsl. 1•1u .. j.11!h l !sm I -.h.d •• .J:U 

0.0611 1,.n 

• • 

TlOl.O)d 
Red.due • 0.2926(a)2000 45e000 0.32 
from 
1-s.2 

0.046S(b)1s.99(b) 
27.50(,c) 

(a) ,.\ portion ot ~he residue from run A•So2 wae removed to• 
X-ray an<l chemical analyaia. The remainder was used ae 
at~~1ng ma:terid. tor run A•S•3 

(b) For run A•So) alone _ 
(c) Total equ1vdent percen~£tgewetgbt loaa tor runs A•S•l 

thJ'ou;h A•S•3 
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Table Vlll 

Summar, ot Samples and ot Lattice Para.meier 2m:s»1 
Composition Data 

•c :; a 1 !\l:H:tPrne :m 1 • , , ea; .m= u, ' == £' C.L =IL. =:1 I I I l; ' 1 II 

_sa,;ate ,;DeaQrJ:Olon 
Orig!nal.; ·eur. of 
Rines "TiO" 
Besldu.e -_from_ Runs 

Sample(•) 
pom29td.\!on 

tiOo.993 

?tb!'ough.A-4• ftOl.006 
?•941 wt_. loaa 
Sample limd melted. 

Depo.el.'1 on en., 
cible ltd after t'lo0.~1t4) 
Runs ?·thl'ougb A-4 

Residue h.ola· Rima 
A-.s_.1 through ·a-s.2. uo1•038 1,. n;C "'· 1osa. 
Residue tram awi 
,\.,.,. 15.9- fl• 
loss.. S.ta:rting 
• __ ater1a.1 ,101_ .0_11s• 1'101.1.)7 
tot.al •4• d• 1oss 
tor A•5•1 through 
A•5•) le 27•50J' 

---
4.17458 :t 0.00011 
Film. S7l; Sharp iniense 
lluea1 few.weak 11nea., 

••• 

4.111,. :t 0.0001 
r.Um s;2; ebarp 3tntenue lines; 
Several extra lines. 

4.169)6, :t -0.0001, 
Filu S29 and S30J Sharp 
intense lines. ten extra 
11-IHHJ• 

Depo!i1~- on sh1e14 
attex- Run A•S•) 

uo1•105(b) 4.17048 .t 0.00020 

Sublimate on col• 
1ector, Run A•S•) 

Fila .$32; Sharp in.tense 11•••• 
A12o3, Mo included 

fto1•132(b) 4.16956 * 0.00014 
r11m 5:34; Sharp 1ntense Unea1: A¼ o3_ 1nclUded. 

(a) Anal,zed by direct determination ot oxygen. 
(b) Eatimate4 trotA lattice parameter and.Fig. 2. 
(o) ,- (cu I.ft) • 1.54oso A; (Mo Kci) • 0.10926 A .• 
(d) After.l"Wl A•4 the sublimate on the collector plate ha4 the 

anomalous metallic-like appearance. 
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An uam1Mtion ot \he data pz-esen.ted tn Table vnx makea 
ii quite clear that tba compoeltton ot ·1me residue .troa a 

stven vapctrlsution experiment lo rich~ 1n oqgen than ti. 

starting mater1a1. lt may i\leo be noted tha.t tho oxygen en-

1'!.cb.moat increases as _the ·percentage tfeigb.e loss tnci:-eaees .• _ 

•r• are lbroe poaslbll1tlea that might explain tbls 
change .ln the resldue composlt.ion. Proceea -(1), the con• 

pw\tn, su.bllullon tor tom T10(g), may have associated w.1th 

it -a contaminatton ot the reeidue bJ -the N-sidua.1 ox,:gen and/or 

ailngen tn the •acuwa ayatem. They may entter t,be cruci.'ble and 

react wlth the sample to such an extu~ aa to ac-count tor the 

observed oxygen ennchaent- ot the-- residue. 

h-acesa (JJ, the 1noongruent. sublimation with lncompl•te 
diasoclatlon, may produce T10(g) and f1(g) :ln such proportlona 

aa to :explain the change bl composition ot the residue-. 

Prooeaa f-4) • the incongruent subl~tion with comple1tie 

dlsaoe1at1on, may produce a anueb higber pressure ot 1.'1(g) 

t:ban O(g), t,hue 1ea.viftg an oxygen rtcb residue. 

Let ue treat the last ol these t1rat. We have noted 

pt,evloue1y in the dietussioa ot the data presented in 'table 

Vl lhad;,1 U cbe.- vola.tUitr data are to be explained -on the 

baa1s ot a mechanism involv!ng vapor1ntlon by decompos1\1on 

to the elements, conaidero.t1on. ot the obsel'\fed titania 
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pre·ss'IU'ei attd th• blown e4uiUbrl:um constant tor .the dissocia-

tion nact1on (Sq. 9) leads to the conclualon that the tltardum. 

pre·esure 11Uet be ot the order of 10•6 atmosphere and that tlie 

o.x,ge• pressure must be ot the order ot 10 .. 12 atmo.asphere. Thus 

the volat1Uty ct· fiO mlgb~ be explalne4 on the basts of 

•aporl:aatloa ot litaniua alone. hem. an examination ot the 

w.lpl l·o1s and reatdue· compos1Uon data a1ven tn Tables VII 

anti n:ct lt ts seen th,Q:t the various eamplea oan not have loot 

tlt&Uium a1onet tor-.1f euch bad been the case tlto Neldues 
would be iauch ·richer ln oqgen than is observed. ln the case 

ot the apple that. underwent. a 27oSO per cent weigbt loss, 
one ·calculates that tt onlJ tltanlwa vaporised t.h• com.position 

ot ~he • .residue stto·uJ.4 lte within the two-phase field between 

tt2o3. and ,,,o,. 'Examlnntion ot the retlduea ttj)ta v-aporiza• 

tion experiments bf. X•.-at • dl.'tfi-action techniques tailed ·10 

disclooatht presence of an7 phase other than ~be 1'10 phase, 

while ch$inleal anal711e ot the rea1duea.: eatabliehed that au 

had ~omposltlona that. lay well within the !'10 £1eld.. 
Xt may:be argued that; as vaporisation. proceeds to give 

·• re.sidue of higher ox,,ien content the· oxygen partial preeeur• 

will increa1a while that ot t:ltantum wlU decrease, thus pre• 

venting .a change ln eompositton so great. th.a~ a new od.de phue 
1& tormed. In view of the faotoi- of 106 between the titanimn 
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and oxygen preslllNta at tbt composition r101•000• the above 
a~n~ cannot, beUltdlltained, tor· eves:a it the oxygen pressure 

tnoreaa,a ext,remelJ rap1d11 as one ptoc•ed.s to compositions 
riche-r in oqgtn, th• •l\anlum px-eaaure mus'\l then tall. equally 

rapld17. Bence when the ox,gtn preesu.re baa risen to 10•11 

atmospher••· the t\ltaaltm preeSUN wlll have: decreated to 10•7 

atmosphere, When this htt.ei-·sltuatton.obtaine. the vo1at11ity 

ot t.be sample will siUl be due to tbt lone ot tiknlum al.one. 

'The .tmpori~n, pot.n, 1s, however, tbat the total volatility 

w111· bavedoet-eaeedby-a tactor oE 10, while the total pressure· 
ie st:111 es·sentlally that- -due to tit.anium. lo euch 11arke4 

decreaae·tn total presaur& waa observed to accompany enensive 

changes s.n sample composition. ·while the relation.between 

tltanl.\Ui·preaaure and oxygen preaaure.may not. be precisely 

reciprocal. a.s haa been assumed above, the aasumptton seema not 

1lld1'easonable by analogy with Darken an4 Gurt,•a observ!ltions 

(106, 109:J on the re1 •• o (Ra01•\Jpe) phase 1n the· iron-oxygea .,,., .. 
Wt coDclud•• theretore, that th• volatility of T10 ancl 

Iha ehange tn. aample eompos1tion with the ex.ten~ ot va.poriaa1-1on 

cannot be explained on the btisia ot vaporization ot 1iltanim 

alone• and hence reject proaees (4). 
Let ua .now· -Ulldne process ( 3) • which was the third 
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mechanlem ot vaporizatlon euggeatttd as an explanation ot the 
ohange in n1:ldue ·composition with t·he extent ot vaporlqtlon. 

fbat. la• we el\411 assume that, •lid Tio vaporizes to ·give both 

ftO(g) and Ti(g), and that these caaeous apecles are preaent 
in auch proportion& ae to account tor the observed change in 
residue eompoattion. 'fbt sublimai;e rewl~.ing from such a 

,roceee would be expect•d to· be titanium. riob.. Table n 
al ve.a da'8. ooacer-nlng these 1ubllmateu,. 

The, tlnal c:olUillll ot Table n Uata tho masses ot the 

eublimatu.1• tor the· various ~lment1 and theh-· composltiona 

aa calculated by.performing a masa balance or as eatlulated 

from tlu~ observed latt·lce pas-ameter and the. curve of Figure 2,. 

·the d:eposS.ta on the under slde of; the lid. after t'lm· A•4, 

and on the under aide ot the tis-at radiation shield attor-

run A•S•3 pr.esant a d.:lffi.tulty, tor the vlaual o:camlnatlon .. d14 

not; reveal definitely whether they appeared because ot epatte:r-

·lng• creeping, or sublimation. l.t 1s not clear, then, -.mether-

tbey should be corudtlared as part of ~he reeldue or ,be 

iubllmate. 

Further, it will be noted that the data for runs 7 

throU&h A-4 appJ.r to the total aeries ot experimtnte. Each 

experi.ment ·within the group was conducted t-A:' a· ditterent. 

temperature. In. general, one would expect. the ratio 
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Table IX 
Summar:, of Sample Maes and Oompos1t1on Data 

illlillR' II! J'I ti. I I 

Start.1ng-
!!as~u~sl nms:t,dy1 

!&la& (g) t lo2717 l.0448 

Mase (g). 

Mass (g) : 

Composition: 

Starting 
Hate£~!! 
0.4451 

• 
Start·ing 
!!t;(?~tal 

0.2926 

TiOl.038 

I. 

'-ts!ffll! 

0.3640 

Rg.g A-~•l 

Bes&dl!i 

0.241.S 

fi01.1;7 

IPII di. 

Deposit on 
Pmclblg Lid SubliJ!&!ct 

0.1254 O.lOlS(a) 

Dtposit on 
. SJ!iels& ... 

ilf FI 

Deposit· on 
Sbbl!i • 

0.0010 

I F 

,10-i.ios<b) 

u . 

§11~1m~, 

o.0611tal 

§»b:tiEMl!t, 
0-.046,J(a) 

t1ol.1)2(b) 
T100.sts<c> 
TiOo.597(d) 

(a) Wt. loss; (b) From lattice parameter and Fig. 2; . 
(c) rrotamaes balance. Deposit considered pan of residue; 
(d) From mass balance. DepQsit considered part ot sublimate. 
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P(fl.OJ/P(Ti) to be a funotion ot 'temperature aa·well aa ot 
sample oomposttS.on. While the compo1Bit1on ch#.lDge wae slight 

tor tbls aeries ot l'\ms, the temporatuN range was about 100•0. 

The· temperature during runs A-S.1 to. A•S•2• and run A•·Se) was 

tbe same in each case, but the sample composition changed. 

~k.e·dly. We thus conclude that calcul~tiona ot the type 

suggested abovo will, 4t beet• yield only a rough estimate· ot 
the ttaverage•• ntlo P(TiO)/P(Ti) in each o,,se tor which d:lta 

.are ava11abl.e. 

It the deposit la ·ce>n&1dered pan o.t tbe residue tor 
runs 7· through A•4, one calculateer a sublimate comp<>sition 

that la :a-ieher ln oxygen than ln titanium. Thia is incon• 

eiaten, with the original premS.1e tha~ TS.(g) and !lO(g) tare 

the only species in the vapo11 _phase. lt the deposit ie con-

eide~ed to be a part ct tbe sublimate• one oalculat.iua a gros-s 

sublimate composition ot Tto0•934 • Thia latter reeult 1e con-

eiate.nt. with t-he aeaumption or TS.(g) and T1.0(g) aa vaPor epec1•e• 

Examination of the data tor the succeeding two experitnents 

discloses ·that the apparent gross sublimate compo&itlon, a1 

calculated trom a mass balance, becomes increas:lngly rich in 

tl~um relative to oxygen, or· to TiO, as the aolld be.comes 

rtche~ in oxygen. Such a trend in vapor composition. with 

solid composition is UIU'easonablo. Ono would expect, rather• 



t!v~t ~• tho eo114 became richer in oxygen the partial pressur-e 

ot tit-aftlum would fa.11 while that ot oxygen and ot T10(g) 

wo\lld rise, thue g1v1ng a Yapor pbasa also richer 'tn oxygen 

t•,n the lniti.al vaporo 

One additional notewortby,fact appears in Tnble IX. It 

wtll be noted t~~t, ln the. case ot run A•'•'• while a masa 

bal®ce Jlelda a:calculat.ed sublimate coml)Os1tion ot about 

T1o0•19• dine, establtabaient otthe subl:tmate composition 
hom 11easuremet1te ot the 1Q.tt1ce parruueter ot the 1'10 phase 
tound 1n the auWmate 'lttd lnterpolatlon in Figure 2 yleldsa 

compt>sitloa ot Tt.01013• :t.n vbm ot tb.e high re11ab11tty ot 

the chmn1ca1 analyses and ot the lattice paratneter detemS.natlons, 

this groai d.ieagreemettt, 11 oerta1nl7 real and, tbereto~e, • ia 

the oplnion ·ot the author, necesslt,1tes tile rejeot.1.on ·ot pro• 

c,,s (3)o lt :ls the wrlter•s opinion that the or1ly vlrlue ot· 

th• assumption that both Ti(g) and T:lO(g). are important S'pec1ee 

t.n the vaporiz.at:1.on _process io ti.at one might then have a 

plausible explanation to~ the appeare.nee ot the depoeil ot 
composition tto0.$4? ln runs 7 through A•4• For thia reason, 
and tor the sake ct txbaustive treatment ot the av~ilable ex• 

perhent.al data, the dlseued.on of this latter hypothesis will 

be cont.1nu.ad a blt turther·o 
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The data -of Tables l and n, when treated on the 

assumption of proce.ss (l), that T10(g.) is the only important 

species tn·the vapor. ·will clearly give an upper lird~ t.o the 

va,or pnsaure ot T10, and heace an upper- limit, to the 

dlssoci~t1on. enera of 'l:LO(g). l:t ts desirable to esta.blieb 

tJMm the available daia, it possible,. a lower limit tor_. tbe 

Ynpor .. pressure ot Tto. and hence a lower 11mlt for the disao-

ctation energy ot T10(gJ. ·It one is w:llling to asa11me tor the 

nioment. d.espltthow unlikely it •1 appear. that both Ti(g) 

and. tiO(g) ar• important speciea 1n the vaporization ot TiO(a), 

the datta ot T&ble XX may be used as follows to ra,.lke a ·rough 

estimate ot the lower 11m1t tor the \fapor pressure ot TiOo 

Let us consider t,he data tor runs 7 through A•4 presented 

tn Table IX. The first aubltma,e compos11;1on tabulated 

obvlously luls no meaning tor tbie discussion, as the oompord.• 

tlon 1 .. a inconsietent with the assumption of Ti(g) and T10(g) 

ae the only vapor species. The eeoond sublimate composition• 

uo0•934, may be used to calculate the ratio ot Ti ·to no in 

the sublimate. Itt ma7 be argued, however, thal the vapor 

phase mun have been at least as rich in titanium as the 

deposit on t.he underside of the crucible lid £or rune 7 through 

A-4• The occurrence ot this deposit, ot composition fl.00•847_, 

·might thus bo explained. lt may be argued turther that the 



ll6 
-

ttapor pb.aea must have boen_ even richer in titan.tum than ·the 

deposit• tor under the aaswnption that Ti(g) and TiO(g) are 

the vapo·r species the 1~1rst trace ot deposit that tonns must, 

be richer l.n titanium than the original aol1d. This deposit 

will tben partially revaporime to give a vapor pha$e tttll 

richer in tttaflium. Hence the remaining deposit must change 

in composition toward an oxide richer :1n oxygen. ·That ia to 

sq, the deposit of composition Ti.~0•047 baa undergone con• 

tinual tra.ctional eub.limation during the series ot Nns, and 

therefore represents only an upper limit to the proportion of 

f10(g) in the vapor pb.aae. In ot'der that we might h'lve a 

generous lower limit tor the TiO pressure, it .ts assumod that 

the sublimate to-,, runs .A•5•l tbrOugh A•5o2, .whose composition 

aa calculated trom a maaa balance le Tio0•732, represents a 

generous lower limit to the TtO pressure tor runs 7th.rough 

A-4. Hence we· tind that, £or- the VapO:r phase during runs 1 

through A-4, 

a(fl0)/11lT1)' • o.•132/0.268 • (PuJ'P,1 H~/!4.r
10

)1/2 , (26) 
or P11JPT1 • 2.36. Thus, under the foregoing assumptloru,1 

we find that t,he partial pressure of T10(g) is roughly twice 

the partial pressure of titanium. For simplicity ot calculatlon1 

and to get an even more generous low.~ limtt to the TiO partial 

pressure, let us assume that the _pressure ot TiO(g) ia equal 



to that ot titanium. It the factors in molecular weight are 

negl.eCt$d, the above aaoumptton me&na. t.b1t the pressures of 

TiO- reported in Table Ill a.re high by about a factor or two. 

This is an error ot 0.301 in log P1 which when mult,lplied by 

4.;76 T leads to a calculated. error in AH298 for the vaporlsa• 
tlon ot Tl.Oto '£10(g) ot only 2.76 tcal./mole, whore T has been 

taken as 2000•1t. 

We have concluded t~.at ·proeeas ()) alone cannot account 

tor the change ln the comp0sitlon ot the residue. Boca.use 

ot the ·Slight possibllitr 11»1t this proeesa may occur along 

with others, we have -ebown th4t only a BlMl.1 error will be 

introduced 1ft tho calculation ot the dissociation energy of 

Let us turn ~ur attention to the remaining pose:lb1l.1ty 

proposed to account tor the oxygen enrichment ot r·eslduea 

from vaporization experiments. Let u·a aseume· that, although 

TlO(a) vaporizes congruently to give TiO(g) alone, oxygen 

and/or nitrogen ettuse into the orifice from the vacuum system 

1n mutt1cient quantities to produce the composition changes. 

Both ox,gen and nitrogen mus~ be considered ae possible 

sources or contam1Mt1on in the residues for no distinction 

is made bet,1een oxygen and nitrogen in the chemical analyses. 

Furtber, since T.:lO and Ti» are 1somorphous and form a continuous 
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series ot solid solutions, the addition of small amounts 

of nitrogen to a given TiOx solution will have approximat•lY 

the same effect on lattice parameters as tbe addition ot an 

equal amount ot oxygen.: 

Table X contains data that trill ena.bl• an e'laluation ct 

this pc,siibility. Column 2 .of Table X lists, tor- each run. 

the oxygen found. in the residue in excess ot that to ·be 

e,cpeeted it vaporisation 1e to T10(g) exclusively. The mass 

and eompooltion data in Table IX were us&d with weight losses 

tn Table I. In column 3 are tabulated the mass ot oxygen and 

nitrogen, respectively, that could ha•• eI1tered the crucible 

and reacted with the aa.11ple during tbe course ot a given 

experiment. 

These ivalueo have been calculated. by use otltnudsen•s 

equation (Eq. 15) from a knowledge ot the pressure and 

temper1ture ot the gas at the crucible orifice. These latter 

two quantities are not sub.jtct to di.rect measurement in the 

usual experiniental arrangententa used, but itr has been estimated 

that the gas temperature wae about 1000•1. at the crucible 

aperture and that the total pressure wa.s about ten t1m.oa the 

residual gae pressure indicated by the pressure gauge eltUAted 

near the diti'tlsion pwnp. The required residual gas pressure 

and ge.ometr, data have been g1von previously in Tables I, l:1 

and vn. 



Table X 

Comparison ot Excess O~gen in Residues 
-.i.tb Oxygen Entering Cruciblo 

Excess oxygen 
remaining 1n 

.~.- ·aun, ., .I•• ii , • 1E~tais\Yt• hd 
7 th ... -•O.OOU (a} •• ··.·rou~• +o.oo·· ,2al(b) A-4 o4 

A•S•l 
through 
A•Se2 

Oxygen and nitrogen 
entering crucible 

l l WU:ing mn.• ,,, 
,0.00072 Q2 
0.00290 •2 

o.ooose o <o.oo,so 12 
2 

,0.00113 ~-2 
0.00,.,2 •2 

(a;,) .Dep0111t. considered pan ot re1Jldue. 
(b) 1lepo$it considered part of sublimate. 

U9 
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ln the case or experiments 7 ~hrough A-1., two values tor 
tt·ucesatt ox,cten are listed. These arise bec&uae ot the un• 

-oertaint1 as to how to treat the deposit, or compoa1t1on 
t 

!100•647 round on t.'ha under side ot the oruciblo lid at the 

conclusion of ~he series ot runs. If the deposit 1s considered 

part ot the residue one caiculates tha.t there is in .tac, a 

detlciency rather th!ln an excess ot oxygen ·in the ~as.due. 

The magnitude ot tbe dettciency is perhaps within the exper1• 

If the deposit ls considered to be a 1•subllmaten rather 

than a •ro&itb1e"'• 1t ·is tound that· there ls an .excess ot oxygen 

in the residue over thlit to be expect-ad it TiO(g) a.ion.a is 

lost trom the crt1elbl•• In this latter inet.anc•, reference 

to column 3 ·of T1,1,ble X dtsclos-,s· that &uf£1cient oxygen and 

nitrogen could have er,tered tbe crucible during· the course of 

the experiment to account tor the observed change in residue 

composition. In the other two runs for which data at-e 

avallablee it is .again seon that the change in composition ot 
the residuos c~n be explained on tho assumption that T1Q(s) 

alone ia vaporized• and th.at oxygen and nitrogen enter the 

crucible and react with the sample. 

Perhaps the sost conclusive evidence favoring the con-

tamination mechanism is to be seen in Table 11. Every recovet'ed 
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material trom- ·run .. A•5•3• residue, deposit, .and sublimate 

showed an oxygen content greater than the original smnple •. 
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i• Q2nsiunion1 
The foregoing sections ot this thesis have presented the 

experimental details and results ot an investigation of the 

volatility ot ·TiO(a_) by Knudsen•a ettu.sion method at several 

temperatures from 184,5•1 to 2014°1. Four different vaporiza• 

tion me~hanlems were originally proposed to explain the 

observed vaporization phenomena. 

Process (2), in which T10 is assumed to vaporize con-

gruently by complete depomposltion to the elements, waa re-

jected b,ecause the observed volatility is a £actor ot 103 

gr~ater than that to ·be expected for sucb a ·process on the 

basis o~ the known thermodynamic properties ot the system. 

The ,equil1br1umconstant calculated from the experimental data 

ls a taqt_or of 106 larger than the equ111br1um constant eetab• 

lishecl by reliable thermodynamic data for the reaction in question. 

" vaporization mechanism in which Tio ia asswned to sublime· 

incongruently by complete decomposition to the elements was 

designated Process (4). It, was found that the titanium putial 

preasures, as calculated from the amount ot metal tound in 

th~ sublimate by chemical a~alysis and on the assumption that 

T1(g) is the only metal-bearing species in the vapor, are higb 

enough to account ·tor the observed volatility ot TiO. Consldera• 

tion of tll• known equilibrium constant for the reaction des-

cribed by Proce3s (4) leads to the conclusion that the oxygen 
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partial pressure must..tben be so low that the contribution.of 

oxygen to the volat111·ty ot TiO must be entirely ·negliglbleo 

Under such conditions the composition of the solid must.- change 

very rapidly to ·an oxide or bi.gher oxygen content, and should 

in one instance·during thts·work hate 7ielded an entirely 

different. oxide phaS<h Since ·x-ray and chemical .analyses 

ot residues frome:va.por1zat1on experiments disclosed no suc.h 

••~ rapid change 1n composition nor any phase other than tho 

TiO phase. :Process (4.) cannot be a \'a.lid explanation or the 

experimental facts. 

~he •• simplest .. vapor! zati.on mechanism considered was 

Process (l) • in which TiO is assumed to vaporize congruently 

to give T10(g) molec\lles. fhe we:lght-loes-a111d collector-plate 

da~a:treated according to this process yteld a value tor 
' . -

the dissociatio11 energy ot· T:lO(g) -in· excellent agreement with 

the value s11ggested by Herzberg (9) trom epectroscopio· ob• 

servations. While analyse~ disclosed that the residues trom: 

vapor1nation experiments were somewhat richer in oxygen than 

the original s1il!Dple material, it has been shown that this change 

in sample composition. could have been occasioned by :,contamina• 

t1on of the se.mple with oxygen and nitrogen from the atmo&pbere 

in the vacuum fur.naceh Such an explanation ot the change in 

sample composition is given further strone support from the 
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obsewat~on that, tor one experiment, all materials such ae 

residue, depost~ on radiation shield and aublimate on qua.rta 

~ol~ector ~~lit w,re. recovered at· the end of the experime-nt 

were show1'_by analysis to be riche~ in oxygen than tlle 

original sample m~~eriai. 

ln view ot the .tact·tha.1. a change in sample composition 

w1th_.,~ent ,..r vaporization \fas noted, Process (3), in which 

TiO 1.~ assumed to Taporlzt incongruently by partial decomposi-

tion to give both 'l10(g) and_Ti(g), was examined, 8:1.nce then 

change !n solid composition is toward an oxide or higher 

oxygen content, Ti(g) must1 tor tbe process under considerationt 

be the most important elementary species _in the vapor. ltn 

apprppriate X--4\tio of TiO(g) and 'l'i(gt partial pr,.,aeures would 

exp~ain-the- change in sample com.position, the ivolatility da~a .. 

a~~- the observation .~hat- a titanium•ricb deposit; formed on 

the underside of the- crucible lid in one series ot experiments. 

ln all-oth~r experiments, however, the deposits·ancl re.sidues 

ob~ained .were oxygen-rich. This single observation ot a 

titanium-ric_h product ie anomalous. 

ln any event, 1t has been shown tha~ even it the TiO(g) 

presaure is only half that calculated on the assumption that 

Process (1_) is the correct vaporization mechanism, one thereby 

incurs an error ot only 2.7 kcal./mole in.the caleula.ted 

dissociation energy ot '?iO(g). 
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we·conclude, therefore, tha~ the volatility ot TiO can 
best be explained on the ·assumption that fiO is a congruently 

eublirtd.ng composition and that T10(g) is '\1hEf only important 

species in the vapor. .:The ,iaaumption that both TiO(g) and 

1'i(g:) u-e important vapor species leads to a lower lim.it for 

the dissociation enei-gy of TiO{g) while a definite upper limit, 

it not the true value, tor the dissociation energy is given by 

the as$wnption tbat TiO(g) alone is importa.nt. 

Hence, we conclude trom the above d$.ecueaion that; a 

generoua upper limit to the beat of vapori2ation ot TlO to 

T10(g) 1s AH!s,s, ,,~1)9o0) Kcalo/mole9 and th~tt a. generous 

lower limit to the dissociation energy ot ·r1o(g) is, tberetore0 

o:(TiO)~ 156.?4. Kca.1./mole. I~ is the opini.on ot the auehor, 

however, th,1t the change in eolid composition with the extent 

ot vaporization ts adequately explained on the b,isia or con-

~amination by the atmosphere- in the vacuum furnace, and th.at 

Process (l) actually describes the vaporization phenomena ot 

T10o Hence, the "best" value tor the heat of sublimatlon of 
Cl 

T10 is, in this writer's opinion, t-H29g•v • 1)7.lS t 0.60 

Kcal./mole. The dieeoc1at1on energy ot TiO(g) is, therefore, 

D0 (T10) • 1;8.62 ± o.60 Kee.lo/mole. In any event, the vapor 
0 

pressure dat, as treated on the assumptio:n that TiO(g) is the 
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only important species in t~e vapor yieldt at worst. a lowei-

lim1t to th•· heat ot va.p0rization or TiO 0£ AH296,.,~137.1s 

lcal./mole, .and thus an upper 11m1, to the dt,oociation energy 

of T10(g) ot o:(T10)~15So62 Kcal./mole. 
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i• S'9i$ffl§ti99s tor: ·rlltYJ:1 Wg£k• 

The present work bas yielded-a. value £or the dissociation 

energy of TiO(g) of a much higher order ot accuracy than 

has previously been available. While the vapor. preeeure 

experiments strongly indicate that TiO vaporises to TiO 

molecules, ·the data do not permit an unequivocal Qboice be-

twee.n this vaporiiation mechanism and one in l'ihich both Ti(';E) 

and TiO(g) are considered important vapor species, Furither 

experiments to clarify this, point would be desirable, and 

several procedures' that would yield.· the necessary informa• 

tion are lis\ed below: 

(a) A sample ot atoich1ometr1c TiO may be- heated 1n 

an -open oruc1bl.e to a 'temperature we-U below that at which 

appreciable volatilization occur-a. Under such conditions, very 

little a.ample would be ·1ost by subl.1ma.t1on, ye-c the satnple 

temperature would be high enough so th~.t oxygen and nitrogen 

entering the crucible trom the furnace atmosphere would reac~ 

with the sample. It such an experiment were continued tor 

a s~tfi.ciently long time, the sample should. gain weight if there 

is oxygen and nitrogen piok-up. Analysis ot the'sample 

would further establish whether a change in comp0sit:Lon had 

occurred. 

(b) The gae evolved from samples of TiOx on treatment 



128 

with· BrP) could be subjected to•unalys1s by' the usual methods 

to establish:: whether the , ·gas consist.ed entirely ot oxygen 

or whether nitrogen was also present. Analysis ot the evolved 

gas by mass spectrometer-techniques would be ext~emely 

\'aluable. ·· The presence ot nitrogen in the gas would confirm the 

hypothesis that TiO vaporizes· to TiO(g) • and that the oha11ge in 

·sample composition with extent or •u.por1zat1on. as· nottJd in 

thla work, is· due-to·contam1nat1on ot the ·sample by the re-

sidu4tl· gae"1n the vacuum system• 

(c} ,•Direct determination ot the species present in the 

vapoi!- phase above T10(s) ·by the mass s_pectrometer techniques 

developed by Honig ()Sal and 1·nghram -ar1d Cbupka (3Sb)· would. 

allow one'-to make- a definite choice between the two p0asible 

vaporisation mechanisms suggested in th1e present work. 

(d) Samples ot TiO could -be heated in a very higb vacuum. 

say about 10•7 atmosphere, to establish whether oxygen and 

·nitrogen contamination occurred at such reduced preasureso 

Our present knowledge·ot the'. titanium-oxygen phase 

dii1gram at compositions rioh~r in oxygen than 'l'io1•25 • is tn 

a deplorable etateo Completion ot the phase diagram up to tbe 

composition Ti02 would btf a valuable addition to our knowledge 

of this system. The methods or thermal ·analysis• high• 

te.mperature I-ray diffraction techniques, metallograpb1c 
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analysis, electridal resistivity measurements and equilibration 

with appropriate gas mixtures would prove valuablth The method 

0£ eq~ilib:ration with various gas mixtures, sueh as 00-002 
and H2-H20, bas been discussed previo~sly. Darken and Gurry 

(lOS• 109) have used such a method in a complete study ot tbe 

iron-oxygen system, while Welch (10)) has made a partial study 

or the ~1tan1um-oxygen system by equilibrating oxide samples 

with H2-s2o mixtures. The expansion ot Welch's work to include 

greate.r temperatur,e ran,ges and different gas mixtures would 

not only help to establish the nature ot the phase diagram 

at the .high oxygen end ot the Ti-0 system, ·but would also 

yield val.uable inf~rmation ~s ~o t~e activity ot oxygen and 

titan!:um in compositions do~: to ~bout Ti2o3• 

The low oxygen aide ot. the phase diagt-am m.1ght be in-
•. 'f', 

vest~gate-d by th_e method ot. __ .~ubaschewski and Deneb (131). in 

whicb titanium-oxygen alloys of various c;ompositions wer,: 

equilibrated in bombs a~ a known temperatu~e with calcium, mag-
,,.i, 

nes1um or barium mixed with its respective oxide. After quench-

ing, the excess alkaline eartb.-metal and ite oxide were leached 

out ot>;the residue and the concentration of' oxygen in the 

titanium determined by the vacuum fusion method. 

The method bas several serious limit,1tions in that it 

1a di.ftlcult to tind structural materials for the bomb that 



will not, react with the charge, and ·that will withstand tem• 

pera.tures ub~ve,_.1000°0. Further. t,he active metal employed 

must,b~ tnsol.uble in th, titanium charge :and in the bomb 

material at th~ temperature of the experiment. l~t another 

serious .limitation to the method 1a that the equilibrium ·oxygen 

pr,essuN in; ~he bo,mb cannot be varied continuously at a given 

temperature. qne may thus.obtain only one oxygen pressure at 

a giv~n teml)$rature tor e,ch active metal used. l)eapite tho seri-

oi.is llmitatio~•• .1~ ls believed that the method.merits turther 

study. 

The ~ie diagram studies • indic,ated above should be 

supplemented by vapor pressure studies ot the other oxides ot 
titan~wn such .as T12o3, T:t3o5 and' Ti02o Any· such studies should 

inciude experiments. tn which·tno volatility of mixtures ot each 

pair ·ot oxide phases 1s esta.blished. ·with two solid phases a.t 

tixed temperature, the pressur·e 0£ the vapor phase is unique. 

Thus the pressure at the:· edges ot the homc,geneous field ot each 

oxide phase could ·be established. 
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