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in.raaan% years titanium, the esrth's ninth most abune
dunt element, has rapidly assumed a position of metallurgi-
¢al importance. The slowness with which the technologiecal
agpects of the extractlive metallurgy of titanium have been
developad may be avtributed in large measurs to the doarth
of knowledge of the fundamental %&armaﬁymamia properties of
the slement and its compoundss AS the metal oxidizes rapidly
above 650°C, the thermodynamie relationships in the titaniume
oxygen oystem present a particularly fraitful field for study.

In addition to the naturally occurring dioxide, -the
tritapentoxide, sesquloxide and monoxide have been prepared
(1}« The known thermodysamic properties of these oxide
phases have been summarized in a recent excellent review by
Brewer {2). Thermochemical data currently available in the
liverature pertain prineipally to the solid-state reactions
of interest in the titaniumeoxygen system. Xnibrmatin#,on
vaporisation processes and equilibvrium pressures of the
Varinusvaxiéaa iz meager. Such dakakfar=thazmmnaxiﬁe; T40,
would be of particular interest $0 astronomers and astroe
physielsts, for the spectrum of the Ti0 gaseous molecule

is observed in many stars (3, ks 50 &, 7Tis



Data of the type described sbove may often be derived
from a atudy of the spectra of the gaseous molecules asgo-
olaved with the chemical system of intersst. While zpectroe

seopy freguently ylelds very uccurate values for the dissociaw
tion energy of diatomic molecules, as for example in the
case of I,(g) (&, 9), the dissociation energy of TiO(g) has
not yet been accurately determined. Two values, 159 keals/
mole (9) and 127 keal./mole (8}, respesctively, have been proe
posed, but nelther has roeeived universsl scceptance. The
first of theoe is based on a linear BirgeeSponer extrapolae
tion {9a) of the energy differences of the first eix vibrae
tional lavels of the 3&2:' groungd Btate as observed by Christy
{10) and by Lowater {11}, while tho latter value is obtained
by applying to the value given by the lineur extyapolation
the plausible but uncertain correction suggested by GCaydon
{8) for non-linearity of the extrapolation at high vibraw
tional levels. The uncertainty associated with each of these
proposed values {s guite large, being of the order of £ 1 ev,
or & 23 koal,/mole. Although the spactrum of Ti0(g) has been
the subject of intense investigation (12), 13, 14), no obsers
vation of the energy separations of the higher vibrational
devele bas beocn reporteds In such cases one must appeal

to other methods of experimentation in order to establish



a more nearly reliable value for the dissociation energy.

The available methods of determining dissociation
‘energies of gascous molecules have been adeguately
sumnariged by Gaydon (2) and by Hersborg (9)s These
approaches may conveniently be placed into three classes,
¥iz., those dependent on spectroscople observations, those
relying on thermochemlcal measurements, and those that
utilize the observed "appearance potentials® of various
ions in electren impact experiments. We have noted above
that spectroscopic messurements have not proved especlally
fruitful in the particular case under consideration. Une
should, therafore, gonsider the types of thermochemical
experiments that have proved of value for the determination
of tho dissociation energy of diatomle molecules.

0f the various methods that have been employed by
other workers {(8), most ars baced on a determination of
the equilibidum constunt for the reaction that accomplishes
the dissociation of the gaseous molscule into its normal
gaseous atoms, or on determinations of the eguilibrium cone
stants for varlous other reactions of the olements and their
compounds, By the appropriate combination of the equilibrium
¢onstants for those reactions mentioned in the latter case

above, one may then ¢aleulate the equilibrium constant for



the dissociation reaction. Thus in the case of Ti0{g),

since the heat of formation of Ti0{s) {15); the disscclation
energy of oxygen (16, 17), and the heat of sublimation of
titanium (18, 19, 20} are known, it follows that a determinae
tion of the heat of sublimation of Ti0(s) will permit the
caleulation of sthe dissocistion energy of Ti0{g). The energy
level dlsgram of Figure 1 depicts the pertinent relationships
among those substances of interest in the present discussion.

‘Heats of sublimation of relatively nonevolatile sube
stances are usually derived from messurements of the equilie
brium vapor prassure of the element or compound im guestion
{21)e The purpose of thls investigation is, therefore, to
obtain a wore nearly accurate estimate of the dissociation
energy of Ti0{g)} than has previously been available by
‘combination of the heat of sublimation of 710 with other
available thermochemical data. The heat of sublimation of
Ti0 may be derived from determinationz of the volutility of
Ti0 by Knudsents vate of effusion method (25).

Dischburn and Gilmour {22) éritically discussed vapor
prassure data appearing in the literature in the time
interval 1935-1941, and reviewed tho methods of determining
vapor pressures used by various workers. Methods applicable

10 relatively nonevolatile substances that have vapor
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pressures in the range 107 to 10°% Hg have been dew

seribed by Spelser and Johnston {23) with particular refers
snte to the theory and practice of determining the vapor
pressure of metals by Langmuirts rate of evaporation method
{25,) and by Enudsen's effuslon method {23, 26, 27, 28, 29,
117, 118}, In addition to the methods of Langmuly and of
Ermudsen, briel mention may be made of other mathode such
a8 the manometric {30), transpiration (31, 32) and electrical
{33, 34y 35) techniques, as well as of those procedures
utilising the measurement of mechanical force (36, 37, 38).
VYery recently Honig {38a) and {hupka and Inghram {38b) have
developod 2 method that utilizes the mass epsctrograph. One
distinct advantage of this new mathod is that, in addition
to & determinstion of the wolatility of a given material,
the molecular species in the vapor phase may be identified.
slthough the monometric or static methods are
suitable for use at moderate temperatures, the nacessary
close mechanical tolerances im equipment for such experiments
connot be malntained at high temperatures. Brewer and Lofgren
{32) have used the transpiration method successfully in a study
of the copperechlorine system, but as hag been noted by Lepore

and Van Wazer {39), this method frequently leads to erroncous
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resultd pecause of the uncertain effects of thermal diffusion.
The Lungmuir method can be used to messure pressures
that are a fattor of 10% to 10% lower than those moasurable
by the Emudsen method because of the large evaporating surw
faces employed. At a given temperature and time of runm,
the large welght loss obtained in a Langmiy experimens
ylelds a calculsted evaporation rate of higher percentage
acturacy than that fvom a Knudsen experiment. 4s induetion
heating was used exclusively throughout the work reported
hore, it was necessary to resort to the Knudsen method of
vapor pressurt determination, for the conductivity of solid
TI0 is 8o low that 1% does not heat efficiently in the field
of an induction coil. ﬁm&aﬁ of Ti0 wers, therefore, ¢con=

tained in wmolybdenum Knudsen cellg.



The design, construction, testing and application of
the various items of equipment and matorials employed throughe
out this work are deserdbed in detail im a separate report
{40} The salient features of the vacuum induction furnace
used for the major fraction of the research reported here are,
however, outlined below.

Tun distinet systems capable of producing high vacua,
designated "ipparatus Nos 17 and "Apparatus No. 2%, ree
spestively, were availables Tipparatus Hoe 1%, used throughe
out this work, consisted of a Distillation Products VMP«100W
metal diffusion pump backed by a Stokes "Microvae® fore pump,
Cate Noe 212D, Bers Nos A3L646. The vacuum chamber was cone
stracted of 37 {.d., hoavyewall, flanged "Pyrex™ Brand pgloss
pipes A glass pipe albow was ssaled to the vortically-mounted
diffusion pump with ipisgon-¥¥ waxe The leg of a glass pipe
BT Joined the horiszontal 2iumb of She olbdw in such a manner
that the axls of the arms of the "1™ was vertical. The
upper arm of the "I” led to an optical window which permitted
observation of the sample and readings of the sample tomporae

turs, while vaporization cells of large diameter tuding could
be attached to the lower arm of the "T". 4 magnetically

operated shutter was interposed between the sample and optical



window. Temperatures wers determined with a Leeds and
Horthrup disappearing filament opticsl pyrometer, Cate. Hoe
8622+05 Sers Hos 723042, by sighting on a blackbody hole in
the 1id of the Roudsen celle. OF the two opbical pyrometers
available, that designated "Ho. 17 in the report ecited asbove
was used for all Vemperature messursments reported here. It
should be noted here that pyromater *Ho. 17 had been calie
brated and certifisd by the Natlonal Bureau of Standards on the
basis of the 1927 international tenperatuve scale {41). Cone
version to the 1948 international temperature scale would ine
troduce corrsctions of only 3 to b degrees (42) in the range
of tewperaturss encountered in this worke As these corrections
are well within the absoluts uncertainty of the temperature
measurenents, no corprections to converd temperature rezdings
to the 19,8 temperature scale have been made.

Pressures of residusl gos in the vacuum systen were dew
tornined with a Pirani gavge, & hot-cathode ionization gauge
and a coldecathode lonizatlon gauge. High-frequency power
for induotive heating was supplied by a 6 kva sealedesparke
gap converter manufactured by the Ajax Elaectrethermic Corporae
tion. This instrument delivered 8 to 12 pulses of highly
damped 16 k¢ current every 1/120 second with the particular
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charge vork-coil combination useds The 32«turn water
cooled 3P, work coil supplisd with the gonerator was used.

Although provislons for antomatic temperature control
wers incorporated in the dosign of the vacuum furnace (40),
this feadure was not used during the latter portion of thias
research, for it was observed that manual control gave adew
gquately constant teamperaturss. Temperature readings wers
estimated ¢o be acdourate to 0% while relative temperature
readings were uncertain by no more than £5%.

Enudsen effusion cells and their sssociated supports
and radiation shields were fabricated from molybdenum metal.
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All sawmples of Ti0 used in this work were taken from
a larger sample of materdal prepared by Shomate (1) for use
in the study of the lowetemperature heat capacity of TiO.
Portions of this same original preparation were also used
by Haylor {43) in a study of the highetemperature heat
capacity of T30, and by Humphrey {15) for the determination
of the heat of formation of Ti0., The monoxide used in this
research was furnished the author through the generosity of
Dre Loo Brower of the University of California and Dre K. K.

Kelley of the Us §¢ Burean of Mines.

Shomate prepared titanium monoxide by the reaction of
equimolal quantities of titanium dioxide and titanium metal
at 1350°C in yacuo. Analyais of the product gave 99.2 per
cent Ti0, 0.1 per cent TiC and 0.7 per cent 8i0. Roe-analysis
of the same lot of materisl five years later gave identical results
{15).

In January, 1952, approximately six months after publie
cation of Humphrey's data (15), samplus of the monoxide
subsequently used in this research were submitted to the
University of California Radiation Laboratory for spectroe-
chemical analyeis. The reported analysis in welght per cent
follows: . Si and Pb, 0.0 = 0.1 each; 41, Cu, Fe, Mg, Wi
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and Zp, less than 0.0l eachy Oay Cr, Mn, Mo, 5n and Zn, not
detacteds An analysls of the monoxide by cozbustion in

alr at 1000°C indicated a composition for the originsl
material of ﬁ?i%‘%m‘m uncoyrected for silicon and

carbon impurities, and ﬁg&.ﬁ@%@.@ corpected for impurde
tles, Analyses of two samples by direct reaction with

Brfy and measurement of the voluse of oxygen released yielded

caloulated compositions of Tm@?%iﬁ-@% ﬁ%

and «$9510,005%
respectively, uncorsected for impurities. If the dats are
corrected for silicon and cavbon impurities, one finds

of analyels will be vonsidered in more detall in the followe

ing section. No titanium assay was performed.
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1. assay of TiU Samples

Sufficient amounts of monoxide material were usually
available to permit the utilization of standard gravie
motrice and volumetrie analytical procedures for tho dee
termination of ssmple composition. Five different methods
wore used to establish the composition and purity of the
raw material, and of the residues obtained from various
vaporisation ouperiments.

The original monoxide sample was analysed by two
nathods, the first of which involved combustion in alr.
Spacifically, 0.2462 g of ?10& wad welghed into a tared
platinum dish that had been ignited previously to constant
woight. The dish with ozide sample was then placed into
& muffle furnace that was set at a temperature of 1000-1050°%C,
The combustion wgs allowed o proceed for eight hours. The
combuation product weighed 0.3018 g« If the combustion dats
ave taken at face value, and 1f no corrections are made for
the suppesed silfeon and carbon impurities, then one finds
a caleulated oxide composition of ws.ommm‘m. The
uncertainty limits are assigned on the assumption that
velghlngs were acourate to £ 0.2 mg. I the asnalysis ree

ported by Shomate (1) is assumed to represent correctly the



percentage of silicon and carbon prosent in the sample,
and 4f 1t is assumed further that, on ignition, the B0 ia
oxidized to §10, and that TiC is converted vte Ti0,, the com-
bustion analysis may be corrected for the silioon snd carbon
impurities. One thus caloulates that the composition of the
original material was T’“%,mmm‘
Recently Hoekstra and Kats (43a) st Argonne Habional
Laboratory have developed a method for the direst determinae
tion of oxygen in metallic oxides and soms other oxygen-con»
taining compounds. Samples of Ti0, and of residues from various
vaporization experisents were submitted to Dr. Hoekstra for
analysise. 4 complete roport of these analyses is included
in a subsequent section of this thesis, whiie the principle
of the technique 4is indiscated helow.
MHetallic oxides resct with bromine trifluoride as ine
dicated by the following equation:
3 T80, ¢ 4 BrF, = 2 Br, + 3 TF, + (37/2) 0, (1)
If the resction is carried out in a closed system fitted with
the appropriaste traps and pumps, the bromine and tetrafluoride
formed as a result of the reaction may be frogen out in liguid
nitrogen traps while the oxygen may be pumped off and its

volune, temperature, and pressurs measured. Thus if it is
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assumed that the sample i pure metallic oxide, the unknown
paraseter *y" in the above egquation may be caleulated. 3If
cognizance ia not taken of smell amounts of impurities such
as 810, TiC and T4N, the calculated value of “y" will be
siightly in error. The oxygen in 510 and the nitrogen in
TiH will contribute to the volums of gus evolved from the
samples Sines garbon will appear as c?&, and will not be
tmp@e@ out under the usual experimental conditions, it, too,
will contribiute to the measured gas volume. Hot all oxygen
containing compounds liberate their oxygen cuantitvatively
on reaction with Ws. but form stable oxy-fluorides, or
undergo no extensive rezction at all. Hoskatra and Katz
{43a) found, for exsuple, that Mol formed the stable inter-
modiate iﬂoﬁi‘*&. Thus only twoethirds of the theoretical
amount of oxygen is evolved.

Twe analyses of the titanium monoxide used in this
research were carried out by the above methode These
ylelded caloulated compositions of ﬁﬂmmw.ws and
'ma.ggsm.* respectively. Cognizance was not Saken
of the silicon and carbon fmpuritiecs reported present in
the sample by Shomate {1)s Correction of the analybical
data for these raported impurities leads to caloulated

compositions of Tm@.?%.ﬁ@ﬁ and T:*lﬂa’%m.ms. respectively.
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As hag been noted previously, spectroscopic annlyses of the
same lot of materdial indleated only Ol « 0,01 per cent:
silicon. One is thus led to queation the walidity of the
above corrections. The value of such corrections iz further
placed In doubt by virtue of the faet thut thers is no
experdmental verification of the aspumption made above that
solid solutions of 540 and TiC in T40 will liberate oxygen
and carbon gquantitatively on treatment with Br¥;. The
gorrected compositions should, however, fix a lower limit
for the oxygenetitanium ratlo in the vitanium nonoxide
samples gonsidered. The precision of the dirsct oxygen
anzlyses is better than i0.002, in oxygen-titanium ratioc,
while the estimated uncertainty (43a) is 20,005 in terms of
oxygon-titanium ratioc.

In addition to the above two methods of sample analysis,
limitod use was made of spectroscople and polarographie
tachniques. Thoe spectroscople snalysis of TiO has boen ree
ported in a previous section, while the polarographic method
of analyeis for molybdenum reported by Haight (44) wam used
to estimate the amount of molybdenum present in the ordginal
sample material, and in the residus from a series of vaporie
sation runs during which eight per cent of the sample was lost
by sublimation and effusion from the Knudsen ¢ells The
polarographic analysis indicated 0.5 per cent molybdenus
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in this residue, while s spectroscoplce analysis of the same
material indicated the molybdenum concentration to be over
one per cent. Polarographic snalysis of the ordginal material
failed to indicate the prasence of molybdenum, in agreement
with the spectroscopic analysis performed at the University
of Californias, but in disogreement with & spectroscopic
analysis perforumed st the University of Kansas that indicated
abbut O.1 per cent molybdenum. The poluarographie method was
usod also to chook the resulis of & spectrophotomatric analye
sis for molybdenum in the sublimate ¢ollected during one
vaporisstion experdiment. The abscnce of molybdenunm in the
sublimate s¢ indicated by the spectrophotometrie analysis

was confirmed by the pularographic analysis.

Zeray diffraction techniques were used extensively
throyghout this rosearch, and have proved to be a valuabla
tool for the elueidation of the composition and phase relas
tionships of orystalline solid subatances. Xeray diffraction
techniques weore used to obtain an sstimate of the purity,
nature and number of solid phases present in a given sample,
and to determine the compesition of various T40,,, preparatione
obtalned dariag the cowrse of this work.

Numsrous workers have studied the phase relationchipa

in the titaniume-oxygen system by means of Xeray diffraction
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techniques (A5, 46, 47, 48, 49y 50, 51, 52), but only Bhrlich
{164 47)y Dumps, et alil (51} and Rostoker (52) have investi~
pated extensive ranges of composition by this method. TFor
ousr purposss, we need consider only the lettice paramster
¥g« vomposition relationships throughout the ﬁam {HaClw
type) homogeneity range. General pbase yelationships in the
titenluneoxygen system are discussed in mors detail in the
following section of thls thesis.

The Ze-ray diffraction data reported by Dumps, gt alil
{51) are due to Rostoker (52)« Both Hostoker and EBhrlich
{46) report determinations of the variation of the size of
the unit cell of cuble T30,,  as 2 funetion of composition.
Similar data were obtained b.ﬁoﬂ{ this researche Thess data are
collected for the purpose of comparison dn Figure 2+

It is important to note that while both Ehrlich and
Hostoker report their lattlice paremeber values in Angstron
units, they actually used kX units. As neither Rostoker nor
Ehrlich report the wave-length of the radiation used in thelr
work, there is some uncertainty involved in the conversion
©f their data to Angstrom units. In this research all Xeray
data were obtained with filtered characteristic copper
MJ. and Ka, rsdiation, of waveelength 1l.54050 A and Ye54434
Ay respectively, or uish filtered molybdenum Kal and Kn_a
radiation of waveelength 0.70926 A and 007135k iy recpectively.
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A1l data shown in Figure 2 have, where necessary, been cone-
verted to Angetrom units as internationally agreed upon in
1946 [53)« Since the kX unit is larger than the angstrom
unit by a factor of 1.00202 {43), the data of Ehrlich and
of Hastoker wers converted to Angstroms on this basis.

Ehrlich makes no estimute of the uncertainty limits
of either his lattice parameter data or of his chemical
analyses, 80 no attenmpt has been made to indleate such
liaita for those pointe that represent his data in Figure 2.
The range of uncortainty in ¢omposition ascribed to the data
of Rostoker is that given by Bumps, ¢t alii (51), while the
composition limits for the data obtained im this research
wore entimated as deavribed previously. Analyses of sumples
for which Ieray dota were obtained during the course of
this work wers performed by Hoeketra (53a).

Roatoker reports the uncertainty of his lattice parameters
£o ba about 0,005 Ao 45 Cohen's method {54, 55, 56, 57)
wae used to derive the lattice constants, 1t is the opinion
of the author that Rostoker's cstimates are decidedly pessie
mistic. HRostoker did not undertake a leastesquares treatment
of kis data to gstablish an estimated uncertainty for his

lattice parametor measuroments, but set the quoted limits
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from a knowledge of the fact that values of the lattice
parameter derdved from mossurements of a given filmy roe
peated by the samo observey at intervals of about two waeks,
were in sgreemont to about 20.005 4 (57a)s He was unable

to glve an estimate of the uncertilnty to be assigned te the
chemical analyses of bhis samples, for he did not perform
tho analyses, and had no information other than that of

the samples were assayed for titanium, asnd that oxyzen was
caleulated by difference. It 1s porhaps pertinent to note
that it has been found possible at the University of Kansas

for difforent observers to derive lattice parumeter values

that are in agresment to within about one part in 40,000
foon peasurements of a given £ilm repoabted at an interval
of about eix monbths. HRostoker's evotimates havey however,

been taken at Lace value and are 8o Iindicated in Figure 24

gomprehensive survey and bibliography of the subjects
of systematis errors in Zeray cameras and the precision
meagurement of lattice cunstants has bLeen given by Buerger
{58), while contributions of more recent date have besn made
by Warren {59}, Thomas {60), Ekstelin and Slegel (61) and
Straumanis (62). Cohen's method of analybical extrapolation,
o eliminate the effect of the systematic ayrors inbarent
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in all present types of precision cameras, is now firmly
patablished as probsbly the most generally useful techaique
svailable for the precision deverminatioh of lattice cone
stante, and was, therefore, employed throughout this work.
One of it chiof advantages lles in the fact thut the busie
analytical extrapolation ¢an be extended to a leastesquares
treatmont Lo reduce the effect of random errors in the
inftial data, and to estimate the precision of the csleulated
paraneters {rom the criterion of extarnal consistency (63).
Hess (64) bus oriticized certain aspoots of Cohen's treatment,
and suggeste a modified wethod. Hess polnts out, howsvery
that unless some diffrasion lines oveur in the region of the
film 90°>8 >75% the two methods give slmost identical row
sults. Following the method of Jette and Foots (63), the
probable ervor of lattice constants determined for samples
usad in this vesearch was found to vary from about one to
two parts in 40,000 In Figure 2, the size of the rectangle
syrrounding each datum obtuined durdng this work indicates
the uncertainty in both composition and latilce constant.

In view of the uncertainties a8 to the effect of sample
purdty, analytlical errors and Xeray diffrection technijues
on the data of various workers, it is difficult to assign a

specific resson for the differences among the lattice



22

parameter ¥g. composition data foyr the Ti0 phase shown in
Figure 2 ¥hile all the dats are in falr agreement in view
of the asaignod uncertainties, it will b noted that the
data of Rostoker yield consistently higher lattice parametors
than those found by Ehrlich or in this essarch. This is
the type of deviation to be aexpected if Rostoker's samples
contained TiC 4in solid solution to the extent of two or
three mols pey cent.

2+ Analysis of Sublimates
During the latter portion of this research, collete
tions of the materisl that effused from the Knudsen cells
were obtained by condemsation on platinum or quarts targets.
In genersl, the mass of material collested during a given
exparimont was of the order of a willigram, so methods
suituble for the anmalysis of small amounts of material bad
to be devised.
The polarographic method of analysis for molybdenum
{b4) was, as previcusly noted, used only once for sublimates.
eray diffraction technigues were tried, but unfortunstely
sublimates do not often glve satisfactory diffraction patterns.
Substances sondensed from the vapor phase on & rolatively

eool surface usually depo2it in a highly ordented manner.
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Hence the random orientation of crystallites nccessary for
the producdtion of suitable Jeray diffieactdon patterns does
not obtain in such deposits. If the layer of condensed
maberial is sufficiently massive, it may often be removed
from Vhe supporting substrate by mechanicsl meane, ground

to fine powder, snd then subjected to the usuzl Zeray powder
techniques. This latter procedurs proved possible in only
thvee instances during the course of this work, bub informae
tion of value was obtained in these cuses.

Platinum was employed ag a condencation target in the
first three vaporization ssperiments. Since Xeray diffrace
tion studies pevealed that the sublimate had rescted with
the platinum gollector, all subsequent experiments were
performed with quartz targets.

Ticanium was determined Ly the well-known colorimetrie
procedurs in which hydrogen peroxide is used as the color
dovelopor (65). Weisslor (66} hus extended the mothod to
pormit the simultaneous spectyophotometrie determination
of titanium, venadius ond molybdenum, or of titanium and
vanadiuwm (67} Welsslerts method was used with only slight
modifications 4n all analyses of sublimates for titanium
and molybdenum yeported in a subsaquent section of this thesis.



Figure 2. Lattice Parameter of the Ti0 Phase
a8 a Function of Composition
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Those sublimates collected on platinum ware brought
into solution by fusion with potassium pyrosulfate. The
molt was dlssolved in 3.6 N ﬁzs%, and transferred quantie
tatively to a 100 ml volumetris flask. Hydrogen peroxide
wag then added to give a final concentration of one per cent

peroxide, and the solution was made to volume at 20°C with
3.6 H Kzs%u During the eurly part of this work, the blank
solution used was 3.6 B Hzﬁak. Optical densities of the
solution st 330 myp and 410 op were then detormined with a
Beckuan Model ®DUY quarts apectrophotometor, and the concene
tration of molybdenum and titanium in the solution determined
by solution of asppropriate simultuneous squations. Coeffie
cients of the terms in the simultansous equations had been
datermined previously {rom measurescnts of the optical dene
sity of standard solutions of molybdemwn and of titanium
s a function of waveelengbh and concentration.

It was noted early in this work that the optical dene
sity ¥g. wave-length plots of peroxidized solutions of sube
limates wore of an unusual shape in the roglon 300360 mp
relative to aimilar curves obtained with standard solutions
of molybdenum, titanlum, o mixtures of thewe. This pussling
behavior was firet attributed to the presence of wolybdenum
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in the sublimates. The subsequent change to quartz targets
necessitated a change in procedure to bring ths sublimates
into solution. It was found that a mixture of concentrated
sulfuric and hydrofluoric acids serves sdmlrably. While
silicon is volatilized during this process, titanium is re-
tained in solution if sulfuric acid is present in excess.
Residual) amounts of fluoride wera removed by repeated fuming
of the sulfuric acid. The remainder of the procedurs was
then completed as described aboves

Just a3 in the previous method, only 3.6 N Héﬂak was
used as a blank solution for the specﬁraphnﬁam&tr&n-d@tarmiua~
tion of titanium and molybdenum in the unknown. Again the
unusual curvature of the plots in the region 300-360 mp was
noteds 4&s various considerations led to the conclusion that
an entirely insignificant amount of molybdenum could have
reached the collector plate during eny given vaporization
experiment, the entire analytical procedure was re-examined.

This was deemed necessary for two reasons. First, it
was desirable to establish whether the obaserved high values
of optical density in the reglon 300«360 mp werse owing to
the presence of molybdenum in the solutions, or to improper

enalytical procedures. Large amounts of molybdenun
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in the sublimates might indicate reaction of the molybdenum
erucible with the Ti0 zample to form volatile molybdenum
oxidess SHepond, it was obssrved that, according to the
analyses, more titanium was found in the sublimates than

was theoretically possible fyom a consideration of the oruw
eible weight loss and the geometry of the systems Pressures
of Ti0 ealeulated from collector plate data were a factor
of two higher than pressures ¢aleulated fyom the weight loss
of the crucible. It was suspected that some error in analye
tical procedure had introduced a substance inte the selutions
that not only absorbed strongly as 330 mp, thus making it
appear that molybdenum was present in the solutions, bub
also had an appreciable absorption at 410 mp, thus loading
to apparent titanium concentrations higher than the actual
titonium eoncentrations in the various solutions,

Fresh standard solutions of molybdenum and of titanium
vere carefully prepured from materials of high purity. The
concentration of the varioua solutions was checked by both
volumatrie and gravimetric methods of analysis. Precise
agrosment was found between the two check methods in every
casa. Most important of all, the blank solution was prepared
in parallel with the standard eolutlons. That is, tho blank
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was carried through every step of the procedure in a manner
identical to that used for the standardsy hydrogen peroxide
was included in the blank, 4 neow series of standard curves
was thon estzblished, and new simultasnsous egquations derived
for ths determinatisn of molybdenum and !;isélﬁmim in mixtures
of the two.

Subsequent analysls of a sublimate by the modified
procedure desgribed above gave a curve of optical density
¥8e wave-length fidentical in all respects to similar curves
obtained with solutions ¢ontaining tivanium alons. Curves
wers alep deternined for solutions free of titanium and
molybdenum, and that had been carried through the pyrosule
fate fusion method and the modified method, respectivelys
In these latter two castes, only 3.6 B 52-33& was used as a
blanki no peroxide was added to the blank solutions. is
kad been suspseted earifer, the curves rose sharply to
highar valuss of optical density in the region 300-360 mp.
The optical density values for these latter solutions do
not fall to zero in the region of maxinum absorption of
peroxidized titanium solutions, ¥ige., in the region of
L10 mpe

The shove considerations are of lmportance for the

following reasonss First, one may conclude from the above
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that molybdenum was not present in any of the sublimates.
Partial additional confirmation of this conclusion was
obtalned by polarographic analysis, as montionaed proviouslye
Secondlyy the titanium detorminations carrded out prior to
the time thut blank solutions were prepared in parallel
with the unknowns should all yield results that are teo high
by an indeterminate amount. The effect on the determination
of titsniun is slight, but nevertheless present.

¥hile the standard curves for titanium found in this
work indicaite o precision of about 22 per cent relative to
total titanium, 1% 48 well known that precision and acouracy
are quite different matvers in spectrophotometric work (68).
It i3 gensrally conceded that errors of 110 per cent are
cominone In view of what has been said above, the estimated
uncertainty in the spectrophotometric determinations of
titanium reported in 4 later section of this thesis s at
loast 110 par cont relative to total titanium, and all dew
torainations except those for vapoisation experinments
labeled Ho. 1) and Noo 4ehy respectively, are probably
high by an indetorminate amount.
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3« inalyais of Residues

During the course of this work, residucs were obtained
from vaporisation experizents during which approximately
8¢ 14 and 27 per cent, respectively, of the original sample
maserial had sublimed. In addition to the residues, a
deposit that formed on the under side of the ocrucidle lid
during the course of exporiments that ylelded a total welght
1oas of about eight per cont was obtained. These four
samples were analyszed by diraect d&ﬁeMmﬁim of oxygen by
the :3.:'3‘3_ method {43a), and were alwmo subjected to analysis
by Xeray diffraction technigques. Theso dats are presented
in graphioal form in Figure 2, while a tabular summary is
deferred until a later seetion of this thesls in opder to
facilitate the collation of these data with other data.

Ko chemical analysis of residue composition other
than the dirsct deteruinstion of oxygen was undertakens
That restidus obtalned from the series of experiments that
yielded a total weight loas of eight per cont was, howaever,
subnitted to spectrographic analysis, and wam also analysed
polarsgraphiely {44) for molybdenume.

The spectrographic snalysis was reported ofi a semie
guantivative basis, and was based on %the assumption that the
original, unheated monoxide sample contained D.7 per cent
silicon. That is, the silicon content of the originasl
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materdal was taken as an internal standarde The reported
analysis of the original material, in weigzht par cent, is,
8BS 07y B Qul3, Mg 029, Fo Q.15, Mo 0e2¢ Analysis of the
game material at the University of California gave, 51 Q.1
- (01, B not reported, Hg 0.01, Fe 0.0l ¥o not detected.
The residue analysis performed ut the University of Kansas
gave, 84 O.di, B 0053, Mg 0,33, Fe 0.7, Mo over 1 per cente
By polurographic analysisy the molybdenum content of the

recidue was estimated to be 0.5 per cont.
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1. Phase Helationships in the Titanium«Oxygen Syaten

Hany of the binary phise diagrams and some of the tere
nary disgrams of titanium systems have been determined. &
recent excellent compilation of bimary and ternary titanium
phase diagrams has been published by Hansen, HePherson and
Rostoker (68a)« A5 has been noted by Rostoker and Kessler
(62) and by Hansen and Kessler {70), the solid phase
relationships observed in titanium binary systems are of
four basiec types. These are classified principally as to the
offect the alloying element has on either raising or lowere
ing the transformation tempsrature of the pure mstal, and
on the phase changes that immediately follow at the titaniume
rich end of the systems. The pure metal undergoes an isoe
theraal transformation ot 882.5% (71, 72) fyrom the lows
tenperature, hexagonal close packed a form ¢o the highetemporae
‘ufe, body centered cuble p modification.

The first type of system is reprosented by Figure 3.
The binary sysztems of titanium with molybdenum (73, 74},
niobiun {(73), vunadium (75, 76, 77), and tantalum (78) are
known to belong to this group. The phase disgram is churace

terized by terminal o and f solid solutions with the formation
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of an u*l field that grows wider with decreasing temparatura.
The continuous series of B solid sclutions is stabilised
to low temperstures by ineressing percentages of allowing
element.

The second type of system a9 represented by Flgure 4y
is typieal of the binary systems of titanium with chromium
(77, 79 B0, 81, 82, 83), iron (79), silicon (84), nickel
{85); copper {86, 87, 88), and with hydrogen {29, 90, 91, 92).
The phase relationships are similar to those shown in Figure
3s but here the § phase decomposes below the eutoctold temperae
ture into a plus an intermediate compound.

A third typs of behavior is deplosed in the dizgram of
the titaniumealuminum system, Figure 5. Here the addition
of allowing element raises the a=) transformation temperature,
and thus restrioets the § fileld while the o solid solution is
stabilized to high temporatures. The known members of this
group include aluminum (93, 94), and carbon {48, 95). Wherew
28 aluminum shows extensive solubility in ae-titanium, the
maximun solubilisy of carbon is less than 0.5 per cent.
Aduminum, the only metal in this group, forma substitubtional
801id solutions; carbon is dissolved fnterstitially.

The binary systems of titanium with nitrogen (48, 95)
and with oxygen (46, &7, 51 95, 96) have equilibriun diapraus
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similar in most respects to those systems included in type
thres sbove. The foature that distinguishes thia fourth

elass of titaniun systems from the third typs is the formation
of the § phase by the perdtectic resction of the liquid with
the o phase, as shown in Figure 6.

Bunps, Eessler and Hansen {51} have recently reported
a study of the tituniumepxygen system up %o & composition of
30 welght per cent oxygen, and the squilibvrium lings of
Flgure 6 from pure metal through the Ti0 phase reglon are
based on thely datsae A4s pointed out by thess authors, the
difficulty of aceurate temperature measurement renders the
precise determination of the solidus and liquidus lines of
the T10 homogeneity range extremely difficult. Thelr data
do not, therefore, definitely exclude the possibility that
stolchiometric TiO melts congruently as shown in the insert
of Figure 6.

Brewer {2}, in a recent excellent review of the thormoe
dynamie properties of the oxides, has summarized most of the
dats employed in the construction of the phase diangram for
sompositions richer in oxygen than Tit)l- o+ HNo thorough
investigation of this portion of the titaniumeoxygen system
has been reported; the equilibrium lines shown must, therefore,
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be regarded a® very approximato.

The melting point of ?33102 has been determined by Bunting
{97)» von Wartenberg et slii (98, 99, 100) and by 5t. Plerre
{101). Bunting's value of 1850%0C wus used in the construction
of the phase diapram. 5te. Plerre used pyrometric cones for
temperature measurement. Tho melting point of Mzi}; given
by Junker {102) i3 based on very uncertain extrapolation
techniques that omitted consideration of the 4,04 phages
The disproportionation tempersture of *i'iaﬁs was estimuted
from the observations of Welch (103) on the reduction of Ti0,
by hydrogen. The homogeneity ranges of the solid phases
correspond approximately to those found by Ehrlich (46, 47).

The structures of the solid phases found in the titaniume
oxygen System huve been summarized by Brewer (2). In addie
tion to the tetragonal rutile form of Ti0,, a tetragonal
anatase and an orthorhonbic brookite modification, both utie
atuble at low temperatures with. respect to rutile, are known.
Rusakov and Zhdanov (104) report m,e,j to be orthorhombic,
vhile ﬁa% eryatallises in the rhonbohedral corundum ntruce
ture. The cubie (NaCletype) TiQ phase is found to have a
wide homogeneity range axtending from about W’e.vs to
m‘zh% at 1600°C.
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Figure 3 (Upper left). Fhase Dicgram of the
TitaniumeMolybdonum System (73, 74).

Figure 4 (Upper right)s Phane Diagram of the
TitaniumeChromiwn System (79).

Figurs § (Lower). Phase Diagram of the Titaniume
Aluzinum Systom {93).
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Figure 6. The Phase Diagram of the
Titanium-Oxygen System {(51).
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2o Spectroscopy of Gaseous T4O

It bas been pointed out in the introduction that cone
siderable work on the speetrum of Ti0(g) has been accomplished.
The molecular energy level dlagram is shown in Figure 7.
Phillips (7, 12, 13, 14) has recently continued the study of
the spectrum, and has deteérmined the molecular constants of
ehe 32, 28 ¥o, L and *a states. He has also shown that the
31 s the ground state with the 14 ptate only about 500 cm™

h-igher-



Pigure 7. Molecular Energy lLevel Diagram
for the Ti0 HMolecule.
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1. VYaporisation Frocesses of Oxides

The nature of the phase diagram is of importance in the
consideoration of all equilibrium measurements for, as is
¢leay from the phase iaw, one way obtaln unicue valuses of
the pressure at given temperatures only in systems possespe
ing s single degree of freedoms For aimple binary systems,
the above requirement may be satisfisd in & number of ways.
it a given tempeprature, one may obtain a unique value of the
preasure in a system composed of three phuses, as for example
twe condensed phases and the equilibrium vapor phase. The
condensed phases may both be sollds or liquids, or may cone
gist of one solid and one liguide The foregoing requirement
may also be satiaficd by systems contalning a single condensed
phace, solid or liguid, and the equilibrium vapor phuse if
one variable in addition to the temperature is fixed. This
additional variable to be fixed may be the pressure, the
composition of one of the variable composition phavses or the
relationship between the compositions of the different phases.
If, in the binary system of purs elements A and By, a compound
AB 1s formed that is infinitely stable s a gaseous species,
then the composition AB will Lishave &8 a unary system, and
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will bu a constant subliming compositiocn in the same sense
a8 pure A or pure Be Even if AB fs not infinitely stable
as & gaseous species, but decomposes partlally or completely
to the constituent gascous atoms upon vaporization, the
system will atill be unary if the vapor phase has the sams
composition as the condensed phases AL a given temperature,
tharefors, the equilibyrium pressure in such systens is unique.
in either event, the eompound is known as & congruently
subliming one. A phase diagram for such a system is glven
by Ricci {(132) on page 128 a8 Figure 7e5.

Frequently, bowever, it is found that vaporization pro-
ducas a vapor phase whoso composition is different from that
of the single condensed phase. The system is then one of
tuwo components in which, at constant temperature, the equilie
brium pressure varies with the composition of the wapor
phase« The composition of the condensed phase, asclid or
liquid, may or may not vary depending on whether it is a
solution or an incongruently vaporizing compound. A phase
dlagram showing both possibilities is given by Ricei (132)
on page 133 as Figure 7-15. &Since in such systems gontinued
vaporigation produces s change in the composition of the
vapor phase, the pressure will change with the extent of

vapordzation.
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Heaningful vapor pressure ueasurements may, therefore,
be obtained only under the following conditions: (1) use of
a constant-composition vaporisation process as in the c¢ase
of a congruently subliming compound, or in the case of an
azeotrope; (2) use of a twoephase solid or liguid system; or
{3) use of a singlesphase solid or liquid system under exporie
neatal conditions such that only o very saall quantity of
sample 48 vaporized during the course of a single measursunent.
Exporiments of thia latter type may be conducted at a variety
of conpopitions to obtain the pressure-composition relationship.
In order to evaluate the vaporization data of oxides,
one muet establish the nature of the geseous speties assoe
ciated with the system being considered. Erewer (2) has
given an excellent summayry of the vaporization processss for
oxide systems, and supgests simple experimental eriterdia to
be used in distinguishing among the various possibilities,
1t 4is desirable, however, to consider the several possible
vapordzation mechaniema with particular refersnce to the
titaniumeoxygen systomus
The £irst faoct that should be established is whether
gasegous oxide moleculas can be of importance ia the vaporie

zation process. Brewer points out that while most oxides
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vaporize exclusively by decumposition to the gasdous
eloments, an apprecloble number of oxide phases vaporisze

to form stable gaseous oxide moleoules. In favorable ine
stances, one may distinguish between these two cases rather
easily. For example, one may calculate the partial pressures
of the olements in equilibriun with a given oxlde phuse at &
glven tomperature by use of the thermodynamie data for the
oxide and for the alements. If tho caloulated decomposition
partial pressure is such less than the experimentally obe
served total presgure in eguilibrium with the oxide, one may
conclude that gaseous oxide molecules are of importance in
the vaporization process. Conversely, if the observed prese
gure 45 the same within experimental eryors as the decomposie
tion pressure, one may conclude that paseous oxide molecules
are not important. In the tase of the sitanfumeoxygen aystem,
the thermodynamic data reguired for the above caleculations
are avallable.

In addition, one may often make use of spectroscopie
data %o determine whother gaseous oxide molecules can be
expected to be of importance. In view of the fact that
cthenical systens will include all states of the molecule,

cars must be exercised in formulating conclusions about
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chemical systems from a cousideration of spectroscopic data,
for the avallable spectroscopie data frequently apply only
to excited stotes of the molecule. The work of Phillips
{12, 13, 14) has definitely established that the spectroe
seopic data for Ti0{g) apply to the ground state of the
molecule, yot the dissoclation enorgy of T40(g) is uncertain
by about £ 1 ev because insufficient data are avellabls to
fix the nature of the long extrapolation to the convergsnce
limit. Henco we see that not only sust the nature of the
gosebus phase be established in order to evaluate vaporisae
tion dava, but one must also sstablish that the ecomposision
of the solid phase does not change as vaporization progrosses.
In the cbove discussion of the eriterion to be used to
charscterdze the vapor phase, the qualification "In favorable
instances™ 49 carefully chosen, for that eriterion will in
genaral fail or lead to erroneousz conclusions unless the
solid phase under consideration le a coustantesubliming
composition.

Prior to the present work, there were no data concersw
ing Ti0 that would indicate whether the vapor hed the same
conposition as the condensed phase, nor whether decomposition

to the gaseous olements accompanies vapordsation. it least
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four possibilities for vaporization of stoichiometric liquid
or solid T40 exist: (1) pure Ti0{g) alone is formed; (2)
Ti{g)s and O {(g) or 1/2 0,(g) are formed in equivalent pro-
portions; {3) Ti0{g) is formed together with excess Tilg),
0lg) or 1/2 0,{g); or (&) Ti{g), and Olg) or 1/2 0,(g) are
formed in nonegquivalent proportions. 4ll four of the
possible gabeous spociss will of course be prasent, but
except for an unusual coincidence only two of these, at most,
would be of much importvance.

Processes (1} and (2) £2ll into the category of cone
gruently subliuning compositions which have phase diagrams
similar to that given by Ricel {132) on page 54 as Figure
3ehe Processes {3) and (&) are examples of incongruently
subliming compositions which have phose diasgrams similesr to
that given by Ricei (132) on page 50 as Figure 3=3. Let us
consider the sbove possibilities in some detail.

If process (1) above describes the manner in which
atolchiometric T40 vaporizes, one may use the avallable
thermodynamic and spectroscopic data to calculate the partial
prossure of Ti0{z) in equilibrium with solid Ti0. It is to
be emphasiged that process (1) implies that TiC(s) iz a
constant vaporizing compositions Since two different values
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for the dissocliation energy of TiO(g) have been proposed,
the problem may be divided into two cuses. We shall consider
both cases us follows:

Case I. Let us agsume that the dissoclation energy of
T40{g) is given correctly by the linear Birge-Sponer extrae
polation. Hersberg {9) reports a value of 6.9 ev at 0%K.

The heat of formation of Ti0{s)} has boen determined by Humphrey
{15) to he AHS 4> =123.9110.28 kealo/mole; the dissociation
energy of oxygen has been determined by Brix and Herzberg

(17) to be 41,261£15 eat at 09K; Edwards, Johnston and
Ditmars (20) have determined the heat of sublimation of
titanium to be AHS = 112.76340.153 koals/mole. It is con-
venient to choose & reforence temperature of 298K, and the
values given at 0°K may be changed by use of the heat content
functions for O, 0, Ti(s), Ti{g) and T40(s) given in the
Rational Bureau of Standards Tablea (16), and similer values
for T40{g) given by Gilles, Filson, Gallup and Wheatley {108}.
Conversion factors wers taken from the 1947 values of the
Rational Bureau of Standards.

The relationghips among these guantities may be seen
¢learly by reference to Figure 1, and they may be expressed
in the following equations:
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Tilg) + 0lg) = 710(g) » Al20s ® «160:244 keal./mole, (2)
710(s) = Ti(e} + 1/2 0,(g), ifes ® 12349, keals/mole, (3)
1/2 0,(g) = 0(g) » AHZg, = 5955, keal /mole, (%)
and Ti{a) = Tilg) ’ &!iﬁggs ® L13elgy koals/mole. {5}
Summation of the above equations yislds the equation for
the process under consideration, while summation of the
heats of reaotion gives the heat of sublimation of Ti0.
Thus we £ind for

Tio(s) = 740 (g)y 8HJ.y = 136,634 koal./mole.  (6)
The heat of sublimation of Ti0 may be combined with the
froe energy functions for the solid state, as caleulated
from the data given by Kelley {43, 105), and the free energy
functions for the gaseous molecule given by Gilles, Filson,
Gallup and Wheatley (106) co formulate an equation for the
vapor pressure of TiG(a),

, (BF° ~ahs,\ _ sg
log Poyp = =1 - 298 . {7)
T10 57% ( ) be 5767

The vapor pressure of Ti0 as ealaulamsd in the shove manner

iz indicated as a function of temperature by curve 2 of

Figure 8. The vapor pressurs of titanium metal (20), curve

1 of the same Figure, is included for reference purposes.
Case 11. If one assumes that the disaociation energy

of T10 is 126. 86‘? keal,/mole, as suggested by Gaydon (8),
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we then find in precisely the same manner as befors,

T10(s) = Ti0(g), AZo, = 264,922 keals/mole. (8)
The vapor pressurs of T10 derived from this heat of sublinmae
tion and the free energy functions for the solid and vapor
ia illustrated in Figure & by ourve 6.

The second process suggested to desoribe the vaporisae
tion of stoichiometrie Ti0 was proceas {2}, above, and it
also may be considored in two separate ¢ases. In the first
instance, we may ¢onsider the important gassous spacies to
be Tilz) ond Oz} Alternstively, Ti{z) snd ﬁg(ai may be.
taken 285 the species that characterise the vaporization
processe

If tha assumption that stolchiometric Ti0 i2 an ageos
trope is retained, ome may calculate from the data given
previcusly that, for
Ti0{s) = Ti{g) « 0l{g), SHSen = 296,889 kealo/mole. {9)
Since in this case the partlal pressure of TL is equal to the
partial pressure of 0, the equilibrium constant is given by

Ky * Ppaf = Py = Fge 10
The free energy functions of T4(g)} have been computed by
Gilles and Wheatley (107} and by Kolsky and Gilles (107a),
while the fres energy functions for O(g) are given in the
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Nutional Bureau of Btandards Tables (16). Curve 3 of Pigure
8 gives the partial pressure of titanium and of oxyzen as
derived from the above datae
S4milarly, for the reaction
Tio(s) = Tilg) + 1/2 0,(z)s (11)
one ealculates mz’% o 2374331 keals/mole. The equilibrium
conshant is now given by K L Pﬁ‘%a' while the tivaniun
partial pressure is now ws.na the oxygoen partial prossurs.
The heat of reaction derived above has been combined with
free energy funetions in the usual manner to caleulate the
equilibrium partial pressure of Ti(g) and of 0,(g), as shown
by curves 4 and 5, respectively, of Figure 8.
It 45 emphasized again that stoichiometric TiO{s) must
be 4 constantesubliming composition if either posaibility
(1) or {2) describes the vaporisation phenomena. If such is
indeed the caze, refersnce to Figure 6 shows clearly that
Ti0(g) will be the important specles in the wvapor phase if
the dissociation energy of TiO{g) is as high as 6.9 ev, while
the elements will predominate in the gas Af the dissoclation
energy is of the order of 5.5 evs Experimentally, the
distinetion betweon these two possibilities may be made
easily, for it will be noted from Figure 8 that, if Ti0(g)



Figure 8. Puartial Preasures of Various Gaseous
Species in Bquilibrium with Solld Ti0.
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is guite stable, the volatility of solid Ti0 will be
approgimatoely 163 times that $o be expected if decomposition
to the slements accompanies vaporisation.

One further point deasrves mention. It will be noted

from what has been sald sbove that the thermodynamie data

employed 15 the caloulation of the equilibrium partial
pressure of the elements over solid Ti0 do not contain ine
foruation derived from spectroscopic sources other than the
dissoelation emergy of 0, which is acourately kmown. The
uncertainties frequently introducod by the use of spectroe
seopie data are not, thorefore, present in the caleulated
partisl prassures dus %o the sleméents. The accuracy of the
data is such that the equilibrium comstant for such reactions
as

Ti0(s} » Til{g) + 0lg) (9)
is firaly established.

It 1z intersating to note that if it could be established
by independent mesns, such as a molecular weight determination
or a mass spectrographic determination, that a gompound
vaporizes by decomposition to the elements and that no change
in the composition of the solid accompanies this procesa,
vaporization studies would yield & value for the equilibrium
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conatant for the reaction, which could be used to obtain a
heat of formation. Suppose, for example, the heat of fordae
tion of Ti0(s) were unknown. 4 determination of the concen=
tration of titanium in the vapor phase would perpit the cale
gulation of the tivtanium partial pressure. Since the oxygen
prossure is sgual %o the titanium pressure under the conditions
outlined above. the eguilibriuvn constant &8s given simply by
M& o P;'i' Once the equilibtrium constant is established, it
may be combined with the appropriate free energy functions
and the thermodynamic data for the elements to caleulate the
heat of forustion of TiO(s). Similar considerations apply
if tho predoninant oxygen species in the vapor is O,(g)
rather than Olgl.

I€ posaibility (3) or {4) describes the action of the
system, the guantitative interpratation of vaporiszation data
is vastly more complicated. To distinguish between s cone
grusntly subliming (process (1) and ial) and an incongruently
subliming (process (3) and (4)) eubstance, one notices that
in the former the solid composition does not change on exe
tensive vaporization, whersas in the latter it doos.

Chemical analysis of the residual solid material afcer

s vaporization experiment during which an sppracisble fraction
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of the original sample has sublimed would establish, first,
whether or not the solid had changed in composition during

the course of vaporization. If a change in solid composition
is noted, one may immediately reject possibilities (1) and
{2)s Second, the direction of change in solid composition
would permit a decision as to whether titanium or oxygen
was the predominant elementary specien in the vapor.
4 distinction between processes (3) and (4) may usually
be made from a consideration of the original and final come
position of the solid phase, and a knowledge of the total weight
loss. It 42 not always posaible to distinguish between (3)
and (4) from vaporisation data alone, Tor 1t is concoivable
that, if the systesm departs sufficlently from ideslity, the
partial pressure of titanium or of oxygen associated with
possibility (i) might be of the same order of magnitude as
the total pressurs to be expected in case process {(3) or {1)
describes the systen. The roason for the difficulty in
distinguishing betweon provessas (3) and (4) may be seen from
the following considerations. The equilibrium constant for
the reaction
T10({s) = Ti{g) + O(g) {9)
is about 11‘0'13 in the neighborhood of 2000%K. Thus process
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{4) may lead to appreclable weight losses because the value

of the eguilibrium denstant may be satisfied when the titenium

partial pressure is quite high, say 3.9'6

o2

atwosphere, if the
oxygen partial pressure ls about 1 atmosphere. Hence a
vapurdsation mechanien such as process (4) could conceivably
yield waight losa comparable with those to be expected for a
process such as posaibility (3), in which oxide molecules

are importsnt. The composition of the residue would be
expected to change more rapidly for a given percentage weight
loss for a mechanism such as (4} than would be observed for

a process such as (3), and it might be posaible to make the
distinction.

One further factor of great importance hus heen ignored
throughout the above discussion, namely, the activity of Ti0
in the Ti0,, solid solution (Fig. 8), and the variation of
%240 with temperature and composition. In the case of
posaibility {1), Ti0 is assumed infinitely stable a8 a gaseocus
molenule snd there is no change in zolid composition ae
vaporisation oececurs. One may, therefors, take 80
as unity at all temperatures in the solid solution of
composition 213/&1 = 1, that 18, in stoichiometriec Ti0.

Under such eircumstances, the titaniumeoxygen systen may
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conveniently be considered in terms of the two quasiebinary
systens Ti-T10 and %’Mz, reapectively.

In the event that stoichiometric Ti0 iz an azeotrope
and vaporizes by decomposition to the elements, the standard
state of T40 in Ti&w is again conveniently taken as unity
at the eampaaitienxﬁzjﬂ& = 1. In general, the composition
of an azeotropic mixture is a function of temperature and
pressure. One might, therefors, desirs to chonse the standard
state 28 the ageotropie composition st esch temperatura and
pressure of interest. For solidevapor equilibria, and in
the range of temperatures and pressures readily amenabls to
experiment, the compusition of a constantesubliming mixture
doss not usually vary rapidly with temperature, nor with
pressures It is likely, therefore, that the same standard
state could be chosen at all temperatures of intearest without
ineurring serious errors

If stoichiometric T40 is not an ageodrops, but vaporizes
according to possibility (3) or (&), and if thore is no cone
stantegubliming composition anyvhere within the *mm
homogeneity range, the best cholce of a abvandard state is
perhaps not 50 ¢lear as in the pravious cases discussed.

That composivion corresponding to the titanlumerich edge of
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the ’I'mlu solid solution might be chozen as standard state,
but the compesition, that ig,; the value of the parameter "x®
in the isothermil equilibrium,.

Tila, cryst.) *...(.!,_.g_m. 0,(g) = 110, _  (cryst.), {12)
is a function of temperature as shown in Figure 6. Hence one
would have to choose a different stundard state st sach Lemperae
ture. A better cholce would be to take the standard state

as some composition within the homogeneity range, or at the
oxygenerich edge of the solid solution. The composition of
the oxygen~rich edge i3, as shown in Figure 6, essentially
independent of temperature. In any event, the choice of

a standard state is purely arbitrary, and may be fixed at
whatever composition is convenient for the particular problem
under consideration.

From the above it is clear that, in considering vaporie
zgation processes such as (3) or {4}, one may no longer write
the equilibrium constant in terms of the partial pressures

alone; the activity of the solid phase must appear in the
equilibrium constant expression. Even if one staprts with
astolchiometric Ti0, and assigns that composition unit activity,
the activity of the solid will change during the course of a
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simple vaporizsation experiment as the composition of the
solid changes. If only a very small percentage of the sample
is vaporised during a given experiment, thus keeping the
change in solid compoeibtion to a minimum, one may study the
compositionetotal) pressure relationship. ¥hile simple vaporw
pressure mossburements by the Hnudsen or Langmir techniques
will yield information of value for such systems, utilization
of other experimentel mothods to charactordse the system s
¢learly desirable.

Reference to the phase pule shows that a binary
system existing in two phases, say colid of variable cone
poaition and gos, at constant temperaturs is univariant.
Une more vardable must be fixed for the system to be invariant.
The only vardables at our disposal are the pressure and the
composition of one of the phases. It i3 not ususlly expori-
mentally possible to fix the composition of a phase of
vordable composition arbitrarily, nor is it convenient to
£ix the pressure of the equilibrium gas phuse at any particus
lar valug of interest for a given exporiment. It 1s, however,
quite easy to fix the pressure of the gas phase at one atmoge

phere. In metal oxide systems the oxygen partial pressure
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variss markedly over the range of compositions usually of
interest. Hence restriction of experimenta to eguilibria
involving oxygen ab a partisl pressure of one atwosphere
drasticly limits tho range of compoeitions that can be ine
vostigsted. While 3t is possible to lower the oxygen partial
prossure somewhat by admixture with some inert gasy the prace
tical limit to such a procedurs is rapidly resched.

The problem of obtalning knovn oxygen pressures of the
order of 16'-"5’ to 1&'12 atmosphere opr lower iz uvsually ¢ire
cusmvented in the following manner. The zolid phase ia
equilibrated with a gas mixture such as carbon monoxides

carbon dioxide of known initial composition. The equilibriun
constant for the homogemsous gas resction

0, = 80 + 1/2 0, {13)
i9 known as a function of temperature. At fixed temperature
and total pressurs, therefors, the partial pressure of oxygen
in such a mixture may be calculated from a knowledge of the
equilibrivm constant, the total pressure and the Fw ./:v?fm
ratio in the mixture at room teumperature by virtue of the
additional requirement of conservation of masse Other mixtures
such as Hy=H,0, Hz-m&_ and az-zms may be used when appropriaste

to the system under consideration.
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In a strict ssnse, the equilibration of metal oxides
with carbon monoxidee~dioxide mizturss mskes the system tere
narys. It is frequently found, howsver, that the solubility
of earbon in the condensed phases is negligibly small; hence
the reactions of interest simply involve the transfer of
oxygen from the gus mixture to the solid phases, and the
system may ba considered binary for all practical purposes.
Darken and Curry (108, 109} have used the method indicated
sbove in an excellent study of the ironeoxygen system..

If such studies could be successfully performed on the
titanium-oxyzen system, the setivity of oxygen as a function
of composition and temperature throughout the T&Qlix range
could be established. By virtue of the Gibbs-Duhem equation,

the corrssponding activity of titunium may be derived: Knowe
ing By and a,, the activity of Ti0, or in facb any titaniume
Oxygen complex, in the T&ﬁm golid solution may be satublished.
In this instance, by application of the isothermal propore
tionality Bpig = kaﬁ%. where k is g constant, the Gibbse
Juhem equation reduces to

10g agyq = = [(Ny/t)) ~ 1] (4 105 P""/’?). (1%)
The limits of integration will depend on the pasticular
cholcs of standard state for T10 and the composition of

intareat.



In practice, however; the method indicated above
probably will not prove fruitful for a4 study of the TiO
solid solution rangs, for the available thermodynamic data
indicate that the eguilibrium oxygen prossure over TiO is
very low. Reference o the squilibrium constunt for the
homogenesous gas reaction glven in equation (13) shows that,
at & temperaturs of 2000°K, the experimentally practical lower
limit to the oxygen pressure attalnable with such a system

18 of the order of 10”10

atmosphere (16). Hence it probably
will not be possible to study compositions as stable as TiQ.
Welch's observations (103} on the reduction of Ti0, by

hydrogen indicate, howsver, that compositions down to Tizog_

could probably be studied by the above method.

2, Provious Work
No equilibrium studies with the Ti@m phage of the

laat type considored above have been reported in the litera-
ture. The only datum as %o tho volatility of Ti0 is the
rough observation by Bhrlich (46) that about ome per cent of

a sample of T10 vaporiszed in about 15 minmutes at spproximately
i600%C. From this information snd the dimensions of the
containing vessel, Drewer snd Mastick (110) have calculated

an approximate vapor prassure of Ti0 at 1873°K:
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?ma = l.l 2 19"5 atmosphers. Using an estimated value fop
the heat of formution of Ti0(s) that would make Ti0(s) just
barely stable with respect to disproportionation, Brewer

and Mastick (110} were able to caleulate the equilibrium
conotant for the vaporization of Ti0 o the gasoous elements.
They thon assumed thut the heat of formation of TiO(s) is
constant throughout its entirs homogeneity range, and assumed
forther that the partisl pressure of titanium over the
titanium metal phase in eguilibrium with the Ti0 phase, that
is, metal containing 33 atomic per cent dissvlved oxygen,

is the same s the vapor pressure of pure titanium metal.
Fyom thoese data thsy were able to caloulate FT.‘,L = 205 2 1@’6
atmosphera and Py = l@”u‘ atoosphere at 1873°K for the Tid
phage saturated with titanium metale From similar considerae
tiong for the Ti@m composition saturated by ?12‘33. they
conslude that the oxygen partial pressure will not change
rapidly acrous the T10 range, and that 710 sust therefors
lose more T4 atoms than O atoms. It would appesr from the
above saloulations thot there could be no invariant vaporige
ing composition within the Tiﬂm honogeneity range. As
Brewer points out (111}, bowever, the new date (15) for the

stabilities of the various phases of the titenlumeoxygen
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systonm indlcate that Ti0 is quite stable with respect to dise
proportionations Thus one might expect quite & large change

in oxygen pressure across the wm range, and the possibility
of finding a constant sublisming mixture within the range

seews not go romote. We shall have octusion to reconsidex
the above argumants in light of the expordmentul evidence

prosented below.

3o The Volatility of Ti0

{a) Theory of the offusion method. The determination
of the vapor pressure of solids and ligquids from the rate of
effusion of a vapor through an orifice was first suggested
by Enudzen {25, 26, 27, 28). In this method the vapor Ilows
from a gpace, wheres it is in oguilibrium at some given
temperature with a solid or ligquid, through an orifice into
a high vacuun. The phencmenon varies greatly us the hole is
large or emall. For a sufficlently large hole, the flow can
be troated theoretivally by the methods of hydrodynamics.
At the other extreme, where the hole is swall compared with
the moleocular mean fyes path, the molecules issue independently
of each other. Only & trace of mass motion towards the hole
develops. If the dimensions of the hole are coumparable with

the mean free path, an intormediuate typs of flow occurs.
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In the case of the yery gmall hole the ocutflow of mole~
cules through it should bs the same as their flow across any
small plane area of squal sise drawn in the body of the gas.
It can be shown from the kinetic theory of gases {112} that
the total number of molecules that eross unit area in unit
time toward one side is given by H = 1/, (n¥), vhere n is
the number of molecules in unit volume of the gas phase and
¥ 45 the moan veloclty of the molecules. For practical appli-
satlons it is convenient to roplace n¥ by ismediately obe
servable quantitiss such as the mass my the volums V or the
quantity of ges in terms of the pV products The mass of gas
1o fust mm = p/eT, snd ¥ = (8R7/n)Y2. Hence we have

m = ply/amar)t/? {15)
as the mass of gas crossing unit area in unit time. This
formula should apply not only in the interdor of the pgas
but aleo to effusion through a hole in the wall of a cone
tuining veassel, provided its diaveter is small compared with
the molecular mean free pabh, and prowvided further that the

aperture is infinitely thin. In Bguation {15}, "p", then,
stands for the pressure on the side from which the gas comss.
If there is a gas on both sides of the hole, effusion will obe
viously occur in both diresctions indepondently..



Strictly, the value of p caleunlated from the above
equation is not the same as the true equilibrium prossure p°,
for the opening in the wall disturbs the equilibrium of the
vapor in the Enudsen cell. Lot us consider first a closed
cell in which, at constant tsmperature, equilibrium is
established at the trus vapor pressure p% In this instance,
the number of atoms that escape from the surface of the solid
in unit time is equal to the mumber that strike the surface
per second gnd gondénse. Not every atom that strikes the
solid surfacoe condenses, btut a Lraction B may bounce off. The
numbey that strike and condense per unit time 2 then propors
tionsl to up?, where o @ 1 = 48 the condensation coefficient,

I£ 3 hole is now opened in the Enudsen cell, as in
effusion experiments, a steady atate will be established at
& lower pressure such that the rate of effusion of atoms
from the hole iz just balanced by the nel rate of evaporation
from the surface of the condensed phase. From these cone
siderations it may be shown (23) that the pressure p, as
established from the measured welght loss of the cell, is
rolated to the equilibrium pressure p® by p*/p = 1 + afod  (16)
where a is the area of the orifice and A 42 the effective

area for evaporation of the condensed phase. It is evident
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that when a/A<«q, pa p® Thus the condition for the equie
1ibrium determination of the vapor pressurs may be tosted

by using cells of various a/a values. If the effusion rate is
indopendent of these ratios, the measursd pressure may be
takon ag the equiliverium pressure within the errors of the
DERGULSNEHTS .

While measurcment of the losas in welipht of the sample
for a given time of evuporation ylelds the datva for calous
lating the rate of vaporisation unambiguously, it is free
quently desirable to obtain information as to the molecular
species present in the effusive beams To this end; cone
densstion Sargets have been very fregquently used (113) %o
neasure the rate of effusion from a Knudsen coll. It follows
from the kinetie theory (112) that the mass of gas crossing
unit area of the aperture in the Xnudasen cell in unit time
at an angle ¢ from the mormal to the plane of the orifice,
and lying within an elenment dw of solid angle ia

m = p(WEﬁR‘ﬂlf r (‘#,2_7@7;9#3 Ao {17}
It is thus seon that the intensity of the beam at any angle
@ i3 proportional to cos 8. This proportionality 1 strictly
true only if the orifice is infinitely thin and 1f it may be

conaidersd to be s point source.



If a target of radius R is placed over the Knudsen
¢eld at a distance 1 from the orifice, and on the assumption
that the orifice may be considered a point source, integrae
tion of the above equation showa that the fraction of the
total effusing vapor intercepted by the barget is

k= 22/(62 + 2%, (18)

If all the vapor striking the target condenses, the welght
of condensate should be mk, where m is the woight loss of
the Enudsen ¢ells In case thermel dissociation of a moleculs
into nonecondensible products takes place, & mass balance
may not be obtained. For example, if Ti0{s) wvaporizes to
Ti{g) and 0(g)}, perhaps only the titanium ramy condense on
the collector plate. Since s mass balance would not be obe
tained in this instance, one would be led 4o suspect that the
vapor species were Tilg) and O(g) rather than Ti0{g).
Collector plate data are thus clearly of great value for the
slucidasion of the vaporisation mechanias.

A% has besn noted above, it has been assumed that the
offusion aperture is infinitely thin and that it may be con-
sidered a point source. In the usual experimental arrangement,

these condisions may be adequately satisfied by reaming the
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edge of the effusion hole to knife-edge thinness and by eme
ploying small apertures. The problem of effusion through
cylindrical apertures of arbitrary dimensions has been
studied in grest detail by Clausing {114, 115, 116}, while
contributions of more recent date have been made by Whitman
{29y 117) and by Rossman and Tarwood {112). Clsusing finds
that the effect of a tubular orifice on the effusing molecu~
lar beam is Ywofold. First the rate of effusion is less than
that to be sxpected from a knifeesdged sperture, for some of
the molecules are reflected at the walls of the tube and find
their way back into the Knudsen ¢ell. Oecond, the molecules
no longer issue from the orifice with tha usual cosine diee
tribution of dirsctions} a larger fraction of the total nume
bor of molocules eacape in the forward direction than is the
cage with an infinitely 6hin orifice. Clasusing reprosents
the intensity of the effusing beam in any direction 8,
a8 proporticnal to T cos &, where T ia a rather complicated
I‘ﬁmﬁim of § and the tube dimensions. If the geometry of
the aysten comprised of Knudsen cell and collector plate is
known, the effect of the geometry on the total effusion rate
and on the fraction of the effusate intercepted by the
¢ollector may be calculated in a straightforward manner from
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the equations given by Clausing. Clausing (116) 1ists values
of the percentage reduction in total affusion rate as a funce
tion of the orifice dimensions; while values of the fraction
of the total effusate collected a8 a function of the orifice
dimensions and the solid angle of cellection have been cale
culated by Gilles, gb glii {119). As has been noted by
Whitmam {29}, the valldity of calculations based on Glausing's
equations is dependent on four fundamental conditions:

(1) The molecules collide only with the walle of
the tubs {free molecule flow).

(2) The reflection of molecules after such collisions
is diffuse.

{3} The molecules enter the orifice with the usual
cosine distribution of directions.

{4} The wolocules enter uniformly over the face of
the orifice.

Condition {1} requires that the mean free path of the
molecules be at lesgt ten times the order of the dimensions
of the apparatus (120). Plausible arguments (121, 27, 122,
123) have been offersd in support of condition (2}, but ine
sufficient experimental evidence is available to give it
general validity. Condition (3) will not be precisgely
fulfilled at the orifice owing vo the distortion of the
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cosine distribution by the Knudsen cell itself {115}, while
condition (4) will not be satisfied by those molecules ra-
flaoted by the 144 on the Knudsen celle Whitman (29)
eabimates the maximum error in Clausing’s correctlon fastors
resulting fyom these last two effects to be leas than Sen
per cent, while it may be much less.

In view of thesbovs discussion. the equation relating
yapor pressure to the rate of vaporization from a Knudsen
cell may be written
Popmeg ™ (0/bbe331 Kat) (/032 (a9}
whore m is the mass of gas effusing through the ares a in
time t, and tvhe constant Al«l3l arises from the sombination
of the constants in the original equation with the factor
converting pressure to units of atmospheres. Clavsing's
factor, K, corrects the observed welght loss for the attenun=
tion occasioned by using an opifice of finite length. If
the pressure is calculated from the observed mass of material
condensed on & eollector plate, the equation bsoomes

Poraos = (Bgfble331 Bkat) (1/mit/%, (20)
vhere m, ia the mass of condensate on the collector,
k = k(8,L/r) is the fraction of the total sffusate intere
cepted by the target, L is the length and r the radius of

the orifice. The quantities py m, m, and ¥ must, of course,
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all refer to the same molecular species. If more than one
species is present in the vapor, a similar eguation will
apply to each such specles. The total pressure is of course
the sum of the partial pressures, while the observed weight
losa is the sum of the individual weight losses.

In general it is not at all easy to assign a specific
fraction of the botal waight loss to a given molescular
opeeias in effusion experimentz involving more than one
molecular or atomic substance in the gase It 1s in fact
impossible to make such an assignmont from weight loss data
alone. If of N specles, N « 1 can be vollected on a ‘condennae
tion target, and if the mass of each of these N -« 1 species
¢an be determined by suitable analybleal procedures, the mass
of the other species may be determined by difference if the
total weight loss is known. Freguently, however, not all the
B ~ 1 spacies are chemically distinguishable. For oxample,
in a condensate of Ti and Ti0,, . one may deteramins only
total titanium. Even if the weight guain of the collector
is known and it is assumed that this welght gain is due to
™ and Tiem aloney; the relative proportions of the two in the
tondensate cannot be fixed, for *x" 4s not known. In this
inastance, Xeray diffraction data would help to estsblish the

composition of the oxide phuse (Fig. 2)s
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The case of a constant vaporizing mixturs is of specisal
interest. Lot us assume that stolichicmetrie Ti0 is a cone
stant vaporising composition, but vaporises by decomposition
t0 the pgaseous elements (process 2). In an effusion
ezperiment, the roquirement that Ti0 be constant vaporising
means that the moles of Ti{g) effusing in unit time must
oqual the moles of Ulgl) effusing in unit time. If 8; repre-
sents the rate of effusion of specles ™17, the vapor pressure

equation takes the Lform

2 = py M2man)2, (21)
Since we require 5, = S, Ve find that
Py = Py (ﬁﬂlﬁailjz {22)

in this apecial case. Hence one need determine only the
rate of effusion of Tilg), say from collector plate data,
to ectablich the partial pressurss of both Ti(g) and 0{g)
ineide the Enudsen ¢ell. It should be noted that in such a
case py, ¥ p, inside the Knudsen cell, yet the product of the
partial pressures may still be squated to the equilibrium
eonstant for the reaction.

{b} The effusion assembly. Throughout the work ree
ported here, molybdenum metel was used as the primary
material of construction. The KEnudsen effusion cells werse

fabricated from molybdenum crucibles 1/2" in diamster by 1t
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in height, and having the laboratory designation "Type A%.
The wall thickness was 0.060", while the botbtom was 1/8" thick.
A onuply £itting 1id was formed from 0.060" molybdenum sheot.
A small, knife-adged effusion hole was formed in the center
of the 14d by cutting a 30° bevel on the under side of the
lide The Knudsen cell and a JOturm spiral of 1 mil molybe
donum sheet wested on a stack of ten 1.3/8% diameter 0,030%
thick molybdenum radiatdon shields which were separated by
0.060% molybdenum spacerss A similar stack of molybdenum
radiation shislds surmounted the Enudsen cell, except thut
in this latter case each shield was pisrced by a centrally
Vored hole whose diameter lncreased linearly with the dise
tence of a given shield from the effusion chaumber. The
diamater of the cantral holo 4n the shield farthest from the
erucible subtended an angle of about 30° at the orifice.

Tha agsembly of erucible and shislda was surrounded by a
Seturn epiral of 1 =il molybdenum sheet which was dimpled

on one-inch centers to afford slipght but positive aseparation
of the turns. Three C.080" wolybdenum rods, equally spaced
on a 17 oircle, traversed the entire assembly to malntain
the relative orlentation of the various components. Molybdenum

tube spacers, placed over the rods, supported a molybdenum
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collimator and 4 platinum or quarts collector plate above

the Enudsen ¢ell. Tho orifice-collector distance was about
five centimeters. The geometry of the design was such that
approximately & per cent of the total effusate was inmtercepted
by the target. This assembly rested on a molybdenum stand
which reated, im turn, on a ong centimeter thick sircon plate
in the bottom of the pyrex vacuum chambere

Dotailed deseriptions of the effusion assembly, vacuum
induction furnace and assoclaved eguipment have been reported
elsewhare {40).

{c) Experimental procedura. Reference to the eguation
given previously relating vapor pressurs to rate of effusion
discloges that tha quantities that must be estublished exe
perimentally to permit calculation of a pressure are the
wolght losa of the sample, the clapsed time, the temperature,
the dimensions of the orifice and the geometry of the collece
tor plate relative to the orifice. It is assumed that the
molecular woight of the gaseous specles is knowme The usual
procedurs was, therefore, as follows: The initial mass of
sample, Knudsen ¢ell, 1lid and collector plate wors determined
by welghing on a standard analytical balance. Tho weights
used had been calibrated by the shorter method of Plenkowsky
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{124) aguinst & standard set of weights bearing s National
Bureaw of Stundards Certificate. The diameters of the affue
eion hole, vollimator and central hole in the collector, ree
spoctively, were maasured to the nearest micron with a
Gaertnar micrometer slide comparator, Cate. Hoe M342, Ser.
lioe 2943, while the thickness of the orifice was established
by measurement with a standard microscope thuat was fitted
with a ndorometer finc-adinstuent serew. The thickness of
the collector plate was measured with an ordinary serew
nicrometer, while the collimatoreorifice and collectore
orifice distances were sstablished by means of a screw
nicromuter depth gauge. The ordfice diameter at the high
temperature of a given experiwent was obtained by corrscting
the room-temperature value for the thermal expansion of
molybdenume The thermal expansion of molybdenum has been
dotermined by Michel (125), Demarquay (126}, Edwards, g%
alii (127) and by Werthing (128). The data of Demarquay,
which avrs in excellont agreement with those of Edwards, gt
alid, were used throughout this work, and may be represented
by the equation

-6

1,21 (1+68x 102 = 5 % 200 ¢ + 44 x 20°%2).

{23)
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The effusion assembly was placed in the pyrex vaporisae
tion cell and the entire unit was then attached to the
vacuum gystems The water jacket that surrounded the vapori-
gation cell was 60 designed that the water level ross to
approximately one inch above the top of the ground-glass
joint at the Juncture of vaporization vell and vasuum manie
folds 4 32«turn, water cooled induction coil, designated
3P, by the manufacturer, supplying high-fraguency power was
placed around the water Jacket in such a position that the
Knudsen cell would be at the canter of the coll.

Power was not supplied to the system until the residual
gas prossure, as read from an ionisation gauge, had fallen
to about § X 1 6
gained in the manipulation of bigh vacuuws systems, it was.

mm Hge After soms experience had been

found that the rate of power input requlred to reach the
desired ultimate operating tempsrature for a glven run could
be applied from the beginning of the experiment. In such
cases the pressure would rise rapidly to about 10"5 nn Heg,e

and then fall slowly to 5 X 10~0

mm Hg or loss over a period
of about thirty minutes. During the latter portion of thie
work, the residual gss pressure in the vacuum system never

rose ahove 3.9"" mm Hg in any given exporiment; and was usually
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less than § x 10™° m Hg throughout the high-tempsrature
portion of a given run.

The elapsed timo at any instant during a given experie
ment was read from a synchronous motoredriven dial-type timer
readnble to the nearest 0,01 mimute. The temperaturc was
read by sighting through an optical window onto the orifice
of the affusion cell with a Leads and Horthrup disappearing
filament type optical pyrometer, having the laboratory
designation "Pyrometer Ho. 1% Window corrections and pyroe
neter calibration co¥rections were appiied in the ususl
manners The totul time of a run varled from about one hour
to over thirty hours depending on the temperature and the
voight loss desired. Temperature was recorded at Lfrequent
intervala as a funetion of the elapsed time.

In order to correct the temperature readings for the
effect of slight temperature variations during the run, and
particularly for the "heating up™ and "cooling down®” portions
of a given exporiment, the mathod suggested Ly Jolmston
and coworkers {129) was useds The assumption was made that
the rute of effusion, m(¥}, could be expressed as a function
of temperature by an equation of the form

log m{T) = A/T + ¢, (23)
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where & and € are gonstants determined from observed weilght
losses and times at high temperatures. aAn "effective time"
of run at "constant® temperature is then caleulated by
graphical integration in the equation

tore =Sy [BITV/alT )] du (25)
where ={7T) is evaluated at each observed temperaturs during
a given run from the equation given above, and BT, 38
the rate of effusion at the arithmetic averaga temperature
for the high-temparature portion of the run. The gquantities
topp @nd T . wero then inserted into the Knudsen equation to
obtain a caloulated pressure at the temperature T, ..

A% the conclusion of a given heating period, the effue
slon assembly was left in the highevacuum system until the
temperature of the Xnudsen cell had fallen to about 1009,
The diffueion pump was then turned off and allowed %o cool
down to room temperature. The vatuum was then broken by ade
mitting air to the system, and the Knudsen cell and collector
plate were then removed for weighing. After the collector
plate had boeen weighed, the sublimate was dissolved and
analyzed for titanium according to the procedures given
proviously.

It was found shat some of the effuszte from the Knudsen
¢ell that condensed on the under side of the upper radistion
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shields revaporised and eventually found its way to tho
collactor plate, thus giving a greater amount of condensate on
the target than wae to be expected froa the total weight loss
and the geometry of the system. In order to correet for this
effect, two "blank® runs were carried out. These were accom=
plished by replacing the Knudsen cell that contained the
sanple with an empty c¢ell, and carrying the system through
the sume procedurs as for a vapor pressura determination.

The time of run and temperature were nade as nearly the same
as possible with those of the vapor pressure yun that immee
diastely preceded the blank run. 43 no sample was present in
the XKnudsen cell, any titanium that reached the collector
plate must have come from material revaperized from the hot
radiation shields.

In this mannor 4t was found that from 11 to 18 per cent
of the totsl titanium colleoted during a vapor pressure run
could ba accounted for by material revaporized from the
shiolds. Uhere no direct experimental data are available,
the pressures calcoulated from collector plate data are,
tharefore, lowered by l4 per cent to corroct for revaporiza-
tion from the shielda. It should be noted that the above
correction will give only a lower limit to the actual error

inourred from this source, for in a vapor prezsurs run
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material is belng deposited on the shields continuously,

thus replacing some of the material that revaporizes. It

is also pooslible that the condensation coefficient of the
vapor on the hot molybdenus shields is far from unity. Thus
all the factors that one might consider lead to the concluw
sion that the srror due to revaporisation is greater than the
correction estimated by means of a blank run.

(d) The experimental data. Both quantitative and
qualitative data were obtained during the course of this ine
vestigation. While emphasis was placed upon the determination
of the veolatility of T10, 4t became evident during the latter
part of this work that information of a sonfirmatory or supple-
mentary nhature was desirable. Various experiments other than
those concerned direstly with the deternination of the vapor
pressure of Ti0 were, therefors, conducted. In view of the
necesparily complex arguments to be presented iIn & subsequent
section of this thesis, the data are presented in the approxie
mate chronologlcal order in which they were obtained, and are,
vhergver practicable, summarized in tabulay form for cone
venience of reference.

The primary data from which the volatility of TiC may
be e¢aleulated are summarized in Table I, while additional
data of interest and some quantities derdved from the



Table I
Vaporization Data for Ti0(s)

¥t. gain of ﬁ%ﬁim Titanius

Effecti‘m T Welght

Sample b ave ﬁﬂgcg";mg Loas Collsctor Collected Blank
Ran_(g) toaea) (%) fead) Bfee  ime) . _(mel _ _ (mg) _ _(mg)
2 4168 1845 0.09671  0.00732 1.4 — — —
5 — 5015 2016 0.09224  (0.000) 15.2, — a— e
s Mm99 1946 0.09208 (0.000)  10:i . _ .
6 — 5876 1970 0.09213  {0.000)} 4e9 — — —_—
7 277 L7720 0061 0.09 269 2.7 12789 (0amo)
g 1248 13969 1965 O0.04438  0.113 6.9 0.9'8)  ousem  (0.0797)
9 1.2379 1073 198, 0.04438  0.140 7.2 108 o7 oot
10 1.2307 14687 1947 O0.06434  0.164 5.7 -1.2®) o.s423  (0.0759)
11 1.2250 110921 1921 0.0k33  0.220 245 3.8 2 o
Aeh  1.2005 40511 1998 O.04i41  0.322  30.3 2.5 1.3 —

{a) Platinus collector.

s}

Guartz collsetore.
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informution given in Table I are tabulated in Table II. Run

No. 1 is not recorded, as it was & rough preliminary experiwment
and the data obtained are not of sufficient sccuracy to warrant
inclusion in the table. Run No. 3 is omitted because the
vacuum system ¢racked during operation; the sample was, therew
fore, deatroyed. The effective time and average temperaturs
of o given run were caleulated as described previously, while
the orifice ares was ¢aloulated from the diameter of the effu-
sion hole at the temparaturs of the run.

Column 6 of Pable I 1ists the vardous values of orifice
length to diameter for each run. In run No. 2, the crucidble
1id was a plece of 5 mil molybdenum sheet. The effusion
hole was drilled in the center of this sheet, and no attempt
to ream the hole to knife-edge thinness was mades As runs
hy 5y and 6 employed an orifice reamsd to knife-edgs thinness,
the ratic of length to diasmeter is assumed to be zero. In
uns 7 through A4, & knife-edged orifice was also employed.
It was found, however, that at the conclusion of run No. 7
the erucible 14d had become welded tightly So the crucible.
The erucible was not opened for examination until run A-4 had
boon completeds. Examination of the lid then showed that an
even deposit of material had accumilated on the lid during



Table IX

Vaporization Data for Tio(s)

Ret Titanium Caleulated #ean Free Realdual Gas
B B _tmme "l Eafr® | lml _(mme
2 0.9929 — —_— - She 7 x 10°°
5 {1.000) - —— — 5.9 L x 2072
5  {1.000) —— — — 12.8 5 x 1077
&  {1.000) ——— ——— o 19.8 7 x 107
7 09534  1.099 1,467, 0.05424 49  6x107°
& 0.8990 0w, 0,653, 0406026 17.3 3 = 107°
¥ o owsly 0.602, 0.06141 12.8 1 x 10°°
10 0.8599  0.466, 0.622, 0.06343 22. 2 x 107?
L 08210 2400, 27934 0.06615 38, 2 x 207°
aeh 07600 1.7, 2.31, 0.07132 1m.6  1xi0®

42
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ths esurse of runs 7 through A-4e The orifice wss, therefors,
no lomger knifseecdged but was a shord tubs. While the
diametor of the orifice had not changed, it was found that
the thickness of the orifice was now 0.90 % 0,05 mm. Since
ao direct knowledge of the oriflice thickness, other than the
initial and fina) thickness, during the course of runs 7
through A-4 was available, 18 bas been sssumed thét the ine
oreass in orifics thicknesa during a given experiment was
proportional to the weight lose for that run. This ussunpw
tion permits the calculation of an "average" hole thickness
for any given yun, and it is this "average™ value of L/2¢
that 8 tabulated in column 6 of Table I.

Column 8 of Table I lists the observed wedght gain of
the condensuation target for each rune Platinum torgets wers
used for runs 7 through 9, while quarts was the c¢ollector
materdsl in subseguent experiments. It will be noted that
in run 10, the first uge of a guartz collestor, the target
lost welght despite the fact that a sublimate was clearly
visible. This ancmaly is belleved to ba the result of loss
of adesorbed water vapor and gases from the quarts when it
was warmed by radiation from the effuslon asaembly in the
high vacuum systes. In all subsequent rums, the cleanesd
quarts collector was heated in the flame of a Meeker burner,



and was cooled in a desiccator before weighing.

Columm 9 tabulates the total mass of titanium found in
the sublimate, as determined apectrophotometricly by the
procedures described previously. As pointed out earlier,
thess values are uncertain by & 10 per cont, and all but the
last two may bs high by an indeterminate amount. Column 10
gives the correction to be applied for revaporization of mse
terial from the radistion shislds. A8 noted previously, the
third and £ifth corrections wers deterained by "blank® runs,
and those in parentheses are 1l per cent of the titanium
collected. Ho correction is given for experiment A«h because
thoxre wars no gshislds in the apparatus. It is important to
note that the total mass of titanium collected is, in every
case except for run 10, less than the welght gain of the
collsctors Since the discrepancy is gresater than ¢an be
accounted for on the basis of analytical srrors, it is clesr
that gome specles other than titanium is contributing to the
sublinate,

The factors calculated by Clausing (116) to correct
vaporization data for the effect of using & tubular orifice
rather than a knife~-edged orifice are given in column 2 of
Table II, while the fraction of the effluent intercepted by
the collector plate, a8 derived from the work of Gilles,
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8t aldl (119}, 43 tebulated in column 5. Tolumn 3 is simply
the difference of columns ¢ and 10 of Table 1, while the data
of evlumn 4 are derived by application of the appropriate
gravimstrio factor to the data of column 3. The mean frees
path of a Ti0 moletule inside the Knudsen cell was caloulated
from the measured vapor preassure, the temperature of the
crucible and an assumed generous upper limit of 5 & for the
Ti0 molecular diameter. The mean free path thus calculated
will be a lower limit. These values, tabulated in columm &
of Table IX, are not only larger than the orifics by a factor
of 10 or more, but are with twe exceptions larger than the
dimensions of the affusion cell by a factor of 10. Hence
"free molecule™ flow may be expected to ocour within the.
crucible a¢ well as through the orifice.

From the data in Table 1I, one may caleulate the vapor
prassure of Ti0 g% sach experimental Semperature. Combination
of the vapor pressure data with the free energy functiona for
solid and gus yield a velue for the heat of sublimation of
Ti0 at 208°K for sach experimental temperature. The free
snergy functions used are listed im Table III.

It 10 of interest to comuent bdbriefly on the froe energy
functions used for Ti0(g) as tabulated in Table IIX. Available
tabulations (16, 130) of the free energy functions for Ti0(g)



Freo Energy Functions for Various Substances

T

{2eu.}

T(°R} ‘ﬂ.(s)‘w’ ﬁ&ta)“’” ﬁ{a}tmﬂ atm"‘“ 1/2 0 tg}“‘ﬁ"mtg)‘m’

1800 14403 20.35 48,223 43.3 608 2B.202 640112
1850 1017 20.69 L8.35% 53470  28.295 644311
1900 14032 21.03 48463 53.588,  28.389 644507
1950 LyehS 21.36 48.580 L3.6969  28.479 64.698
2000 14058 21.69 48,694 43.8065 28,569 66887
s, o0s 0 =223.91805 13unf0) 59,5517 o -
E A
iﬂcﬁlo}

o8
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are slightly in error for two reasons. Firstly, the earlier
tabulatlons were derived by treating the molecule a8 4 hare
monic oseillator, rigid rotator, and used values of the
moleculay ¢onstants less precise thun those currently availe
able. 3Jecondly, only the ground electronic state was cone
sidersd in the calculations.

It will be noted in Figure 7 that the 1& state lies only
about 500 wave nuumbers sbove %hesﬂ ground state, and will,
thersfore, make a significant contribution to the free energy
functions for TiO{g) at the temperstures of interest in this
worke

In view of the uncertainties in the tabulations noted
above, the free energy functions of Ti0(z) were recsloulated.
The details of the caleulations appesr in a separate report
(106), but 1% mway be noted hers thut the moleculs was treated
a8 an anharmonic oscillator, nonerizid rotator; terus to
account for the interavtion of vibration and rotation were
included, as was the contribution of the 1& states The roe-
sulting functions are only about two per cent larger in abe
solute value than thoss glven in previous tabulations.

Table IV contains the results of the calculations of
the vapor pressure and heat of sublimation of Ti0 from the
data in Tables I and II, and the {ree energy functions in

Table III. The values in the third column of Table IV were
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obtained by assuming that the total weight loss of the sample
arose from lovs of 140(g) alone, l.g., by using the values in
the seventh column of Table I, The values in the £ifth column
of Table IV were obtained by assuming that all the titunium

on the eollestor plate, a8 found by the analysis, was deposited
by the T10{g) tbat had effused im the direction of the vollector,
d.2+; by using the values in the fourth column of Table 1X.

The sxperimental data for the vapor pressure of Ti0 that
are listed in Table IV are plotted in Figure 8. The excellent
agroeuent of the experimental data with the vapor pressure
eurve for Ti0 calculated from available thermodynamic data
and an assumed dissociation energy of asbout 139 koal./mole
lends strong support to the thesis that Ti0(g) ia the important
species in the vapor, and that the dissoclation energy of
TiO{g) 4s given correctly by the linear Blrge«3poner sxtrapola=
tion. W¥e shall, however, have occasion to re-examine the
validity of this donclusion in the light of data to ba pree
sented shoprtly.

The data of Table IV are presented in the order of ine
creasing temperaturs in order to facilitute the examination
of the "‘“593 values for systematic errors. If the free
enorgy funetlons are correct, and 4f there are no systematic

errors in the measuresients, the M‘é'% values should show no



Table IV

The Vapor Pressure of Ti0

mm; 56 P(710)

, (Univs: ) awﬂai (‘émits* 19"& atmos) ﬁﬁg%(ﬁesld ﬁﬁg%(xcal.}
Run {°K) ¥t Loss i)ata Col. b8 ... Ht. Loss _  Cellector
2 18,5 Oeli2y00 — - 13443,
11 1921 9"75961 .1-»29#3 137.24 1?5.}.6
5 1946 1‘.87%9 . : 135.3-5
10 1947 1326% 2.1813 136.93 134.83
8 1964, LeShyy 2.432, 137.2, 135449
6 1970 1.13,, ' 138.8, -
9 198, .2.3.62& 2.9&&6 137.22 136.01
Awb 1998 2795, 2.990, 137.04 136.82
7 2015 5-2§91 34293, 1355, 13554
2016 4.132 5 136.50 —menamesse
Average = 136.6l 135.64
Fe Ee of Average ®»  I0.27 20,19

Average of all data = 136,27 i 0.20 Keal./mole

68
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trond with temperature, and should be constant within the pre=-
cision of the measurements. This is seen to be the case.
It is of interest to mote that the data no presented

in Table 1V do not give a Just impression of the precision
attalusble by the Knudsen method of wupor pressurs measurte
went. I the data in colum 5 of Table IV are examined closew
ly, 4t will Yo observed that the scatter {rom the wean of thosa
values obtained early in this work is much grester than that
for thoae values derived from the last five experiments.
Honee Af runs 2, &4; 5, 6, and 7 were cuitted from considera
tion, the markedly roduced scatter of runs &, 9, 10, 11 and
Aol from their mean would be imrediately appavent. One ia
thus led to conalder whether the unweighted mean of all
avallable data, ag presented in Table IV, represents the
*best® value for the heat of sublimation of TiO.

Refsrence to Table IV discloses that, while gll the
data yield about the same calculated heat of sublimation,
the collector plate data yield heats that are conslstently
lower than those vbtained from weightelons datas It has been
emphasized previously that the collscter plate data are conw
sidered %0 bs quite uncertain for at least two reasons. These
are, (1) the chemical analyses of sublimates for titanium are

uncertain by at laast ten per cent while all except for runs
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1l and =4 mre probably high by an unknows amount, and {2}
the correction applied for revaporisation of material Lrom
the shields represents only a lower limit to the true torrete
tion faetors A1) the collector plate dats will, therefors,
be rejected in the salculation of the "best” value for the
heat of sublimation of Ti0.

Heats of vaporlzation caloulated from weight~loss data
obteined early in this work are also considered unreliable.
relative %o later results because (1) experience in the operae
tion of the highe-vacuum furnace had not yet been gained) hence
temparature control and measurenent wus not as good as in
later runs, and the residusl ges pressure in the systen was
higher then in the final seriss of experiments, (2) the geometry
of the effusion assenbly was not as well defined and raproe
ducible as in later runs, and {3) each of the early experie
mants involved relatively short periods of time at high
tenmperature, thus leading to relatively large percentage errors
in the time and welght-loss data. Further, runs 2, 4, and 7
are believed vo have yielded high welght losases, for the
8amples used had not been degassed at high temperature prior
to use while the weight loss for run 6 is belisved to be low,

because it was found at the conclusion of the run that
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practically all the sample had been vaporized. Only traces
of the sample materisl remained on the wull of the crucible
and in a small cupeshaped crucible insert. Thus 1% is doubte
ful that the vapor was saturated with respect to the solid
throughout run 6.

It 4s the opinion of the author thas, in view of the
above discussion, the "hast® value for the heat of sublimntion
of TL0 on the assumption that process (1) is the only important
one 45 given by the mean  the vslues calculated from the
woipgbteloss data for runs 8, 9, 10, 1} and A=ie The mean of
these dats yield a value of 137.1510.04 keal./mole, where the
ungertainty limits are the probable error of the mean a8
ealoulated on thoe basis of the criterion of external consise
tency. If uncertainty limits ars assigned on the basie of the
eriterion of internal consistency, the uncertuinty of & “gi°K
in the temperature is far more important than the uncertainty
in any of the other quantitles invelved in the caleulation.
The quoted temperature uncertainty leads to an uncertainty of
£ 0.6 keale/mole in AHZo4e

While the data of Table IV indicate that TiO(s) vaporizes
to give Ti0 molecules, process (1), it is of interest to
exanine the other possibilities for the vaporization of Ti0

discunsed in section F, above. 4 comparison of the nst T4
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or caloulated net Ti0 found on the collector plate with the
mags of material to bs expected on the basis of the ¢rucible
weight loss and the geometry of the system is given in Table
Ve Column 2 of Table V liste values of the quantity mk, cal-
culated from the observed weight loss of the crucible, n
{colwm 7, Table I}, and the geometry factor, k {column 5,
Table I11}. These are the masses that should be collected,
and they ars not dependent on any assusption regarding the
effusing specliess OColumns 3 and 4 tabulate the net mass of
titanium oy of Ti0, respectively, found on the target by
cheomidal analysis of the sublimate for titanium. These values
are uneerdain by at least ten per cent with the first four
1ikely too high. Beeauses they have been corrected for ree
vaporisation, one set of these should check the values in
golumn 2, Column 5 tabulates the welght gain of the collector
corracted for ravaporization from the shields In tho same
manner as the deposit weights were corrscted. These weight
gaing of the collector are subjsct to relatively large errorvs
because of their small absolute values. They, too, should
chack the values in column 2.

It i3 clear fyom Table V that the collsctor gsin is
greater than that to be expected from the sample weight loss
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Table V

Comparizon of Weight Loss and Collector Data

Het Ti0 Mot Wee gain

1.4,67 Re3
0.653 0.8
Q.602 0-8&
O.622 wleody
20‘?9&» 3.0

20312 2¢5
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and from the net metal collected. The mass of metal collected
is in reasonably good agresment with the weight loss data,

and the collector welght galn is in reasenably good agreement
with the calewlated net mess of TL0 collected, L.2., columns
2 snd 3 agree reasonably well, as do columns 4 and 5.

The higher vapor pressures and lowasr heats of vaporisae
tion cbtained from the collector data indicate that probably
too smsll a revaporisation correction was made. I a much
larger correction were made, the values in columns 4 and 5
of Table V could be made to agree with those in colum 2.
Since the values in Table ¥ sugzest thst the effusing apecias
is Ti{g), and thet residual pressure in the systen oxidizes
the metal to Ti0 on the eollsetor, it ig instructive to follow,
for a moment, & different line of argwsent.

Let ug assume that process (2) cccurs, J.g., TiO(s)
vaporizes congruently and exclusively by decomposition to the
gasoons elements.

We shall ealculats on the basis of this assumption and
the data in Tables I and IX, the equilibriun constant for
process (2). Since we have assumed TIO to be a constant
vaporising composition, the oxygen partial pressure is ¢ale
culable from the titanium pressure. The product of these
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Partial pressures 1s the equilibriun consgant for the reaction
Ti0{s) = Tilg) + Olgl. {9)

in Table VI, this squilibriun constant is tabulated and come
pared with 4ts value talculated from the known thermodynanie
daty for the oxide and for the elements. The third columm
gontaing values of the partial prsssure of Ti(g) obtained
£rom the Enudeen equation and column 3 of Table Il. This proe
sedurs 18 based on the assumption that Ti(g) is the only speciss
trangporting titaniume Valuss in column 4 of Table VI were
galenlated from coluzn 3 and equation (22)s Values in the next
golumn were obbained from the two preovious, and values in the
last column have besn obtalned frowm the known thermodynamic
datas

is Table VI shows e¢lsarly, the experimental data, when
treated according to the assumed vaporisation mechanism,
cannot be brought into accord with the known thermodynamic
properties of the systeme The equilibrium constant galoulated
from the titanium and oxygen partial pressures is larger than
the aquilibrium constant established by reliable thermodynamic
data by a factor of 3.96. Thus, in agreement with the tonclue
sion reached earlior, process (2} cannot sccount for the

vaporization of T10.



Table VI
The Equilibrium Comstant for the Reaction TiCG{s)} = Tiig) + olg)

,ﬁ (aﬁma) 3*9 iamas.} -
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n 1921 1.1203
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10 1947 1.8883 1.496
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o 198 2.5424 6,01
aeh 1998 2.5892 10.04
7 201 beSETO 16,94
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Let us now exasine the data to see if process {4) can be
the mechanism of the vaporization. 'Thus, if one drops the
assumpbion that Ti0 iz & constant vaporising composition,
yet retalns the hypothesis that vaporisation ocours by de-
composition t0 the elements, it &5 then clear from a copsidorae
tion of the titanium pressures given in colunn 3 of Table VI
and the known equilibrium coustint for the vaporisation of
T40 to the elements that the partisl pressure of oxygen over
730{8) at the experimental temperatures reported in Tuble
Vi must be of the order of 3.9'12 atmosphers. If such were
indeed the case, the observed volutility of Ti0 could be
explained on the basis of vaporisation of titanium alone,
and the compoaition of the solid would change rapldly toward
an oxide of greater oxygen content as vaporication progressede.
The failure to obtaln a satisfactory wase balance in the case
of colisctor plate datay, and the possibility that TL0 might
vaporize incongruently by decomposition to the elements led
to ssveral expariments designed to clarify these points.

{e) OBSupplementary exporiments. all experiments pepe
formed during the course of this work other than those ine
tended primarily to eastablish the vapor pressurs of Ti0
have been given the prefix letter "A". Experiaent i3 is
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not included here, for it merely involved a test of the
heating efficiency of a modified effusion assembly and is
not relevant to this discussion.

Two experimente, designated ael and A-2, respectively,
were porformed to obtain an evaporated titanium metal film
on a gquartz collector plate. An effusion assembly essentially
the same as that smployed for the determination of the
velatility of TiC was usede The Knudsen cell was in this
case a graphite orucibhle.

Both experiuents ylelded an even, tightly adherent £ilm
of titaniun on the quartz collectors In the case of run Ael,
the £ilm had the characteristic bright metallic luster of a
frontesurface mirror, and was thick enough to prevent light
transaission. The film surface ag viewed from the back,
through the quarts plate, had o deep golden colore The same
description applies to the titanium film obtained in run A2,
oxcept that the £ilm was much thinner and had the appearance
of a half-silversd mirror. In neither case had visible oxi-
dation of the £ilms taken place a@ a result of being subjected
0 the tuemperatures and pressures prevalent in the vacuum
furnace during thelr preparation.

Both deposits were allowed to stand exposed to the
laboratory atmosphere for a period of 24 hours without vizible
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signs of oxidation. The thinner of the two filmz has been
retained for a period of over a year, yet shows no visible
trage of cxldation to the chestnutebrown to golden colored
710 phase. The thicker of the two films was placed in an
ordinary laboratory drying oven for successive 24-hour perieds
at temperatures of 105%C, 165°C and 200°C, respectively. No
eign of oxidation was evident after the treatments at 105 and
165°C, but o slight tarnishing of part of the £ilm was dise
cernible after the period at 200°%. The above observations,
alvhough of a rough qualitative nature, suggest that a tie-
tandum metal £ilm would not be oxidized rapidly at the low
oxypen pressured encountered in the vacuum furnsce. While it
is true that the oxygen prassure in the vacuum furnace ig very
low during a typlcal wvapor pressure run, it is probable that
the tempesrature of the target, which £8 heated by the bhigh
intensity radistion from the effusion crucible, is much
higher than 200°C. 4 reasonable estimate would place tha
temperature of the collactor a$ roughly 500 - 600%C. It is
conceivable that at these temperatures a film of titaniun
metel, or of 110, might pick up an appreciable quantity of
oxygzen even at the low pressure existing during normal opera-
tion of the vacuum furnace.
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4 fourth experiment, designated run Hoo iel, was conwe
ducted to test the hypothesis thst the abnormslly large
amount of titanium found on the collector plate relative to
the crucible weight loss for a given vapor pressure run
was the result of revaporization of material from the hot
molybdenun radiation shields, The effusion assembly employed
was precisely the sume as that used for vapor pressure yuns 7
through 11 with one important exception. In this instance, all
the radiation shields that normally lay between the effusion
cell and the collector plate were removed from the aassembly.
4 vapor pressure determination was then made by exactly the
same procedure 25 described proviously. Uo blank run was
made, for it was assumed that revaporization from the throe
molybdenun rods that supported the collector and collimgtor
would be negligible.

Reference to Table IV shows the marked fmprovement in
the sgreement of the vapor pressure and heat of vaporiszation
of T40 ecalculated fyom the weight loss data and from the
collactor data, respectively, for run Ae, as compared with
similar quantities for the other runs. Refersnce to Table ¥
f1lustrates the aprecment obtained in this case among the
eollector weight gain, Ti0 found on the ¢ollector by chemical
analyesis and the crucible weight losas While the agreement
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is much better than for the other runs, it still leaves somge
thing to be desired. It is possible, however, that the dise
crepancles that still exist may be within the combined
analytical and weighing errors. In any evens, the data of
run A-% strongly indicate that the presence of radiation
chields between the crucible and collector leads to abe
normally large amounts of sublimato on the target.

One quite anomalous observation relevant to run A=l do-
serves mentioh. It was found at the completion of the run
that the sublimate on the guarts collector plate did not
have the deep chestnut brown color choracteristic of finely
divided Ti0 as did all other oublimates obtained throughout
the course of this investigation. The tightly adharent
£4lm of sublimate exhibited a greyish metallie luster when
vigwed from the front surface, yeb appeared deep golden
voliow in color when viewed fyom the back of snd through the
quartz plate. Every other deposit observed throughout this
work, whether it occurred on platinum targets, quarts targets,
molybdenum radiation shielding, the under side of arueidle
lids or on the water-cooled pyrex wall of the vacuum chambor,
was without exception eithsr golden yellow in color like TL0
in massive form, or deep chestnut brown as is finely divided

Ti0e. An attempt to identify the sublimate by Zeray diffraction
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techniques failed, for sublimates rarely yield satiafactory
diffraction patterns. The deep brown sublimate that condensed
on the water cooled wall of the vacuum chamber gave a weak
diffraction pattern of poor quality, but the lines characterise
tie of the Balletyps TiO phase could be identifiede Ho exe
planation for the zbove snomaly is ismediately forthcoming.
One further series of vaporization experiments was cone
cluded, This final series was intended to yleld large per=
centage welght losses in order that any change in composition
of the solid that took place as waporization progressed mipht
be sagily detected. To obtain large fractional weight losses
in a ressonable time the lid was removed from the effusion
¢oll, and the tomperatura of the sample was held just below
the melting point. Acourate temperature messurements could
not be made because blackbody conditions did not obtain.
The design of the assembly was in all other respects the same
28 that used in the vapor pressure exporiments descrided pree-
vicusly. The effusion cell was, thersfore, an open crucible
surmounted by a stack of ten radiation shields. The lowest
of these shields rested on the top of the crucible, and had
a centrally bored 1/4* diameter hole. A quartsz collsctor plate
was placed above the assembly as in the case of vapor pressure

ransde
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Three runs were completed and were glven the designations
AwSoly 4=5.2 and Ae5¢3, respectively. Runs A=5.1 and A=5§.2
are %o be considered a single experiment, for no definitive
data were taken batwesn the two runs. It was noted during
tho course of rum A-5.1 that the sublimate was not forming a
tightly adherent deposit on the collector plate, but was
flaking off. The run was thersfore terminated and the
collector plate was thoroughly cleansd. The experiment wag
subsecuently resuned under the designation A~5.2. In this
latter instance, the sublimate condensed on the target in an
even, tightly adherent filme. Vhen viewed from the front sure-
fave, the sublimate had a black color with elight metallie
lustre. Yhen viewed from the bxock of and through the quarts
plate, the brownish color characteristic of Ti0 could be ob-
garved., An attempt to identify the sublimate by direct record-
ing Zeray diffraction techniques falled for, as is frequently
the cage with sublimates, the depoeit was 20 thin and the
structure 50 highly oriented with respect to the substrate that
only ono broad, 1lly defined diffraction maximum waa obzerved.
in interpretation of the pattern was therefors impossibla.

The sample materis) hsd not been molten at any time during
NS A=5.1 or A=5.2, but remained as a sintered button on the
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bottom of the molybdenum crucible. The entirs sample

button was removed from the crucible and zround in an &1303
mortar to pass a 200 mesh sereens Portions of the powderad
residue were then removed for X-ray and chemical analysis,
while the remainder was reserved for run Ae-5.3. It wag found
that 13.73 per cent of the sample had vaporized during runs
Aw5s1 and A=542s

Run A=5.3 was performed in precisely the same manner as
i=5e) and Ae5.2, except that the sample material was the
repldue from the previous two runs. The sublimate again
flaked off the quarts condensation target, but a sufficlent
quantivy of sublimate was obtained for examination by Xeray
diffraction techniques. The welght loss during run A=5.3
Alone was found to be 15. 9 per cent of the material present
at the start of the run, while the total equivalent weight
loss for the series of thres runs was 27.50 per cent of the
original sample.

The residue and sublimate from run A«5.3 were ground in
an mzaa_ mortar to pass 200 mesh, and portions were roserved
for chemical and Xeray sxamination. In addition to these
two samples, it was found that a deposit had formed on the
radiation shield that rested on the top of the molybdenum
crucible during run A=5.3. This deposit, which had the
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characteristic golden yellow color of TiC in messive form,
was mechanically removed from the molybdenum shisld and ro-
tained for X-ray analysis. The observational data for
ans A=5.) through A=5.3 are presemted in Table VII, while
a sumnary of samples obtained during this work, sample
composition and lattice parameters of the various materials
12 glven in Table VIIiI.
Table VII
Vaporization Data for Buns i=5.1 through Ae=S5.3

el
—

Banple Orifica Weight Welght
Welght T Tine Arga loss  Loss

Bun, Bample. (z) . LK) {sece) Sfem®) = _(x) L3)
AsSel  TH00 oo | | o
through oI o.4451 2000 34,800 0.32 0.0611 13.73
A=8+2% First use
d=503  T10y 53g _

Residua 0029261272000 45,000 0.32 0-0&68“”15'»99“’

£rom 2 enie)
Ae5e2 27,50

{a) A portion of the residus from run A~5.2 wos removed for
Xeray and chemical analysis. The remsinder was used as
starting material for run A=5.3

(b} For run A-5.3 alone | .

{c) Total equivalent percentage weight loss for runs Ae5.)
through A=5.3
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Table VIII

Summary of Samples end of Lattice Parameter yersus
Composition Data

Original Bur. of
Mines "T1OM

Residue from Runs

7.98% wte loss ;

Sample had melted.
Deposit on Crge

cible 1lid after
funs 7 through A=b

Resldue fron Runs

A=5el Lhrough AeSe2e T40) g

13,733 whe 1088

Regidue from Run
A=5e3s  15.99% whe
loas. is?aagting
materlal TiO .
Total ege w%‘%ga
for A=5.1 through
A=5e3 1 27.50%

Depasit¢ on shield
aftier Run A=5.3

Sublimate on Cole
lector, Bun A=5.3

104,137

nol_m(b)

!rwl.m(bi

Lattice Parameter(c)

(23 £3) % (a)

o

LedlTL5, £ 0.000L
Film 5513 Sharp Intenae
lines; few weak linesa,

Lel862, & 0.0002
Films 524 and 5’2%;; Sharp
intense lines; Bight extra lines

L1735, % 0.00011
Film 572; sharp “intense lines;
Several extra lines.

Films 529 and 530; Sharp
intense lines. Ton extra
lines.

4e1704g & 0.0002,

Film 532; Sharp intense lines.
Alg'%, ¥o included

&916?56 % a.uao:‘s.&

Film 5343 Sherp intemse liness
A} 05 includedo

(a) Analyzed by direct determination of oxygen.

(b) Estimated from lattice paramster and Fig. 2.

{d) After run A=4 the publimate on the collector plate had the
anomalous metallic-liks appearances
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An exanination of the data presented in Table VIII nakes
it quits clear that the composition of the residue from a
given vaporizstion experiment is richer in oxygen than the
starting materials. It may also be noted that the oxygen ene
richment inereasen as the percentage weight loss increases..

There ars thres possibilities that might explain this
change in the residue composition. Process (1), the oone
gruent sublimation for form Ti0{g), may have associated with
it a contanination of the residue by the residual oxygen amlnr
nitrogen ia the vacuum system. They may enter the erucible and
reaot with the sample to such an extent as to account for the
observed oxygen enrichment of the residue.

Process (3], the incongruent sublimation with incomplete
dissociation, may produce Ti0(g) and T4{g) in such proporticna
a8 to explain the change in composition of the residue.

Procass (L), the incongruent sublimation with complete
dissociation, may produce a tuch higher pressure of Ti(g)
than O0{g), thus leaving an oxygen rich residue.

Let us traat the last of these first. Ve have noted
proviously in the discussion of the data presented in Table
VI that, if the volatility data are to bs explained on the
basiz of s mechanism involving vaporisation by decomposition

to the clements, consideration of the obmerved titanium
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progssures and the known equilibrium constant for the dissociae
tion reaction {Eg. 9) leads to the conclusion that the titanium

presasure must be of the order of 10"5

atmosphere and that the
oxypen prossure must be of the order of w"’*" atmosphera. Thus
the wolatilisy of Ti0 might be explained on the basis of
vaporisation of titanium alone. From an examination of the
wolght loss and residue composition data given in Tables VII
and VIII 4t 1a seen that the various samples can pot have lost
titanium alone, for 1f such had been the case the residuss
would be smeh richer in oxygen than is observed. In the case
of the sample that underwent a 27.50 per cent weight loss,
one caleulates that if only titanium vaporised the eomposition
of the residue should lie within the two-phase fleld between
Ti,0; and Ti30;. Examination of the rosidues from vaporizae
tion experiments by Xeray diffraction techniques falled to
diselose the presence of any phase other than the Ti0 phaae,
while chemicsl analysis of the residues established that all
had compositions that lay well within the Ti0 field.

It may be argued thabt ss vaporization proceeds to give
a rasidue of higher oxygen content the oxygen partial pressure
will ineresse while that of titanium will decrease, thus pre-
venting a change in composition so great that a new oxlde phase

6

is formode In view of the factor of 10” betwesn the titanium
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and oxygen pressures at the composition 'ml‘m. the above
argument. cannot: be meintained, for even if the oxygen pressurs
incressues extremely rapidly us one procseds to compositions
richer in oxygen, the titanium pressure must then fall equally
rapldly. Honce when the oxygen prescure has risen to m"u
atmosphere, the titanium pressurs will have daecreased to 10“?
atmospherss When this latler situation obtaineg, the volatilivy
of the sample will still be due to the loss of titanium alone.
The important point is, howsver, that the total volatility
will have decreased by a factor of 10, while the total pressure
i3 still ossontially that due to titanium. MNo such marked
deerease in tobal pressure was observed to accompany extensive
changes in sample composition. ihile the relation between
titanlum pressure and oxygen preagure way not be precisely
reciprocsl as has bLeen apsumed above, the assumption ssems not
unreasonable by analogy with Daricen and Gurry's observatlions
(10¢, 109) on the Pe; 0 (Fall-type) phase in the iron~oxygen
ByBtan.

We conclude, therefore, that the volatility of Ti0 and
the change in sumple composition with the extent of vaporization
sannot be explained on the basis of vaporization of titanium
alone, and hence reject process {4).

Lot us now examine process {(3), which was the third
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mechaniem of vapordsation suggested as an explanation of the
change in residue composition with the extent of vaporisation.
That 13, we ghall assume that solid Ti0 vaporizes to give both
Ti0{g} and Ti(g), and that these gaseous species are pragent
in such proportions as to account for the obaerved change in
residue composition. The sublimate resulting from such &
process would be expected to be titanium riche Table IX

gives data concerning these sublimates.

The final column of Table IX llets the masses of the
sublimates for the vardous experiments and their compositions
a8 caleulated by performing a mags balance or as sotimated
from the observed lattice parameter and the curve of Figure 2.

The deposits on the under side of the 1id after run Ak,
and on the under side of the first radiation shield after
mmn A=5.3 present a difficulty, for the visual examination did
not reveal definitely whether they appeared because of spabtere
ing, creeping, or sublimation. It is not clear, then, whether
they should be considered as part of the residue or the
sublinate.

Further, it will be noted that the data for runs 7
through Ael apply to the total series of experiments. Each
experiment within the group was conducted at & diffevent

temperature. In general, one would expect the ratlo
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Table IX
Summary of Sample Mass and Composition Data

Runs 7 throuch A=l

Startinge Deposit on
Material Hesidus  Crueible Idd  Sublimote
Mase (g) ¢ 1.2717  1.0448 0.2254  o.015(2)
T405, g, {4)
Runs AsSel throush Ae5.2
Starting Deposit on
Moterial Residye . Shield = Sublimate
Mass (g) ¢ Ou4451 03840 - o.0611'%)
Composition: Ti0p oo  Ti0) oag - 1405, 7132
Btarting Depasit on
Material [Hsesidue Shield Sublimate
Mass (g) : 0.2026  Ou2448  0.0010 o.ou6et2)
Composition: T10; gas TH0) 34, TH0) 45.(b) Oy ,4,(b)
Tioﬁo i3 88 t ° )

(a) Wt. lossy (b) From lattice paramster and Fige. 2;
(¢) From maps balance. Deposit considered part of residue;
{d) From mass balance. Deposit considered part of sublimate.
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PU740)/P(Ti) to be a function of tempsrature as well as of
sample composition. While the compozition change was slight
for this series of runs, the temperature range was about 100%C.
The temperature during rung A=5.1 to A=5.2, and run A=5.3 wus
the same in each tase, but the sample composition changed
markedlys We thus conclude that caleulstions off the bn?e-
suggested above will, at best, yleld only a rough estimate of
the "average” ratlo P(T10)/P(Ti) in each case for which data
are available.

I the deposit 48 congidered part of theo residus for
runa 7 throush A4, one caleulatey a sublimate composition
that 43 richer in oxygen than in titaniume This 18 incone
sistent with the original premise that Ti{g) and Ti0{g) are
the only species in the vapor phase. If the deposit is cone
gidered to be a purt of the sublimate, one calculates & gross
sublimite composition of mm% 5 This latter result is cone
sistent with the assumption of Ti{g) and Ti0{g) as vapor speciecs.

Examination of the data for the succeeding two experiments
disclosss that the apparent gross sublimate composition, as
caleulatod from a mass balance, becomes increasingly riech in
titanium relative to oxygen, or to Ti0, as the solfd becomes
richer in oxygen. Such a trend in vapor composition with

solid composition is unreasonable. One would expect, rather,
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that as the solld becams richer in oxygen the partial pressure
of titanium would fall while that of oxygen and of TiG{g)
would rise, thus giving a vapor phase also richer in oxygen
than the initial vapor.

{ne additional noteworthy fact appears in Table IX. It
will be noted that, in the coze of run 4i=5.3, while a masa
balance ylelds & calculated sublimate couposition of aboud
Tﬁ.ﬁm 599 direst estublishment of the sublimate composition
from measursments of the lattice paramster of the Ti0 phase
found in the eublimate and interpolstion in Figure 2 ylelds a
composition of Tmld;. In view of the high relisbility of
the chemical analyses and of the lattice parameter determinations,
this gross dlegagreement is certainly real and, therefors; in
the opinion of the author, necessivates the rejection of proe
cesa {3). It 15 the writer's opinion that the only virtue of
the assumption that both Til{g) and 7i0(g) are important species
in the vaporization process is that one might then have a
plausible explanation for the appearance of the deposit of
wmméitsinn *rma.&? in runs 7 through A«4e For this reason,
and for the sake of exhaustive treatment of the avallable exe
porimental data, the discussion of this latter hypothesis will
be continued a bit further.
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The data of Tables I and II, when treated on the
assumption of process (1), that Ti0{g) is the only important
opacios in the vapor, will ¢learly give an upper limit to the
vapor pressure of Ti0, and hence an upper limit to the
dissociation energy of TiO(g). It is desirable to establish
from the avallable data, 1f possible, a lower limit for the
vapor pressure of 710, and hence a lower limit for the dissoe
ciation energy of Ti0(g). If one is willing to assume for the
moment, despite how unlikely it may sppesar, that both Tilz)
and 740{g) are important species in the vaporization of TiO(s),
the data of Toble IX may be used as follows to make a rough
eztimate of the lower 1limit for the vapor pressure of Til.

Let us consider the data for runs 7 through A<l prasented
in Table IX. The first sublimate composition tabulated
obvicusly has no meaning for this discussion, as the composi-
tion is inconsistent with the assumption of Ti{g) and Ti0{g)
as the only vapor species. The second sublimate composition,
'90.93&. may be used to calculate the ratlo of T to T40 in
the sublimate. It may be argued, however, that the vapor
phase must have been at least a8 rich in titanium as the
doposit on the underside of the crucible 1id for rune 7 through
A= The occurrence of this deposit, of composition 'mo_ 8Ly’
might thus be explained. It may be argued further that the
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vapor phase must have boen even richer in titanium than the
deposit, for under the assumption that Ti{g) and Tio(g) are
the vapor specles the {irst trace of deposit that forms must
be richer in titanium than the original solid. This deposit
will then partially revaporize to give a vapor phase still
richer in titanium. Hence the remaining deponit must change
in composition toward an oxide richer in oxygen. That 12 %o
says the deposit of a@mgasition.?iao.6&7,haa undergons con-
tinusl fractional sublimation during the series of runs, and
therefore represents only an upper limit to the proportion of
T40{g) in the vapor phase. In order that we might have a
generous lower limit for the Ti0 pressure, it is assumed that
the sublimate for runs s=5.1 through A-5.2, whose composition
ag caleulated from a mass balance is T100.732. rvepresonts a
generous lower limit to the Ti0 pressure for runa 7 through
Aeho Hence we find that, for the vapor phase during runs 7
through A=h,

8(T40)/a(T1) = 0.732/0.268 = (Pmlvﬁimﬂffam)‘/ % (26)
or PT&OZ??i ® 2,36, Thus, under the foregoing assumptions,
we find thst the partial pressure of Ti0{g) is roughly twice

the partiazl pressure of titanium. For simplicity of caleulation,

and %o get an even more generous lower limit to the Ti0 partial

pressure, let us asgume that the pressure of TiO(g) is equal
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to that of titanium. If the factors in molecular welght are
neglected, the above assumption meuns that the pressures of
Ti0 reported in Table IIX ars high by about a factor or two.
This is an error of 0,301 in log P, which when multiplied by
4576 T leads to a talculated srror in AH§% for the vaporizse
tion of Ti0 to Ti0{g) of only 2.76 Kecal./mole, where T has been
taken as 2000%K.

We have concluded that process {3) alone camnot svcount
for the change in the compesition of the residus. DBetause
of the slight possibility that this procesa masy occur along
with others, we have shown that only s small srror will be
introduced in the caleulation of the dissociation energy of
Ti0{gle

Let us turn our attention to the remwining possibility
propozed to aseount for the oxygen enrichment of residues
from vaporization experiments. Let us assume that, although
T40(s) vaporizes congruently to give Ti0(g) alons, oxyzen
and/or nitrogen effuse into the orifice from the vacuum eystem
in sufficient gquantities to produce the composition changes.

Both oxygen and nitrogen must be considered as possible
sources of contaminstion in the residues for no distinction
is made between oxypgen and nitrogen in the chemical analybese

Further, since T10 and TiN are isomorphous and form a continuous
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series of solid solutions, the addition of small amounts
of nitrogen to a given wa solution will have approximately
the same effect on lattice parameters as the addition of an
equal amount of oxygens

Table X contalna data that will enable on evaluation of
this possibility. Column 2 of Table X lists, for each run,
the oxyren found in the residus in excess of that to be
expacted if vaporization is to TiO(g) exclusively. The mase
and composition data in Table IX were used with weight lossea
in Table I. In column 3 are tabulated the mass of oxygen and
nitrogen, respectively, that could have entered the crucible
and preacted with the sample during the course of a given
exporiment.

These values have been caleulated by use of Knudsen's
equation (Bqe 15) from a knowledge of the pressure and
temperature of tha gas at the crucible orifice. These latter
two quantities are not subject to direct measurement in the
usual experimental arrangements used, but it hag been estimsted
that the gas temperature was about 1000°K at the cruciblae
aperture and that the total pressurs was about ten times tha
residual gae pressurs indicated by the pressure gauge situated
near the diffusion pumps The regquired residual gas pressure
and geomotry data have been given previously in Tables I, Il
and VII,
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Table £

Comparison of Excess Oxygen in Residues
with Ouygen Entering Crucible

iﬁa;eesa oxygen Oxygen and nitrogen

remaining in entering crucible

LRun rasidue. {g) during yune (2}
7 through  =0,0011, {2 (0.00072 0,
Aol +0,002 Y 0.00290 N,
A=Sel 0.0032¢ (9s00088 O,
through | 0.00350 K,
Aw5e2 '
A=5e3 0.0040, %! (00113 0,
0.00452 N,

{a) Deposit considered part of residue.
{b) Deposit considered part of sublimate.
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In the case of experimente 7 through Aeh, two values for
"gxzcens' oxygen sre listed. These arise bscause of the une
eortalnty as to how to treat the deposit of composition
Ti@g,ghy found on the uné@r side of the e¢rucible lid at the
conclusion of the series of runs. If the deposit 1s considerad
part of the residue one calculates that there is in fact a
deficiency rather than an excess of oxygen in the residue.
The magnitude of the deficiency is perhaps within the experi-
mental error.

If the deposit 1s considered %o be a "sublimate™ rather
than a "residue”, it is found that there i3 an excess of oxygen
in the residue over thut %o be expectsd if Ti0{g) alons is
lost from the crucible. In this latter instance, reforence
to column 3 of Table X discloses that sufficlent oxygen snd
nitrogen could have entered the oruclible during the course of
the experiment to account for the observed chanpe in residue
composition. In the other two runs for which data are
avallable, it is again seen that the change in composition of
the residues csn be explained on the assumption that Ti0(g)
alona 45 vaporized, and that oxygen and nitrogen enter the
erucible and react with the sample.

Perhaps the most conclusive evidence favoring the cone

tamination mechanism is to be seen in Table IX. Every recovered
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material from run 4i=5.3, residue, deposit, and sublimate
showed an oxygen content greater than the original sample.
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g+ Conclusions

The foregoing secticns of this thesis have presented the
experimental details and results of an investigation of the
volatility of TiO(s) by Knudsen's effusion method at several
temperatures from 18,5°K to 2014°K. Four different vaporiga-
tion mechanlems were originally proposed to explain the
observed vaporization phenomena.

Process {2}y in which T40 4s assumed to vaporize con-
gruently by complete decomposition to the elements, was rew
Jected because the observed volatility is a factor of 103
greater than that to be expected for such a process on the
basla of the known thermodynamic properties of the system.

The equilibrium constant calculated from the experimental data
s a factor of 106 larger than the equilibrium constant estabe
lished by reliable thermodynamic data for the reaction in gquestion.

A vaporization mechanism in which Ti0 is assumed to sublime
incongruently by eomplete decomposition to the slements was
designated Process (4). It was found that the titanium partial
pressures, as caleulated from the amount of metal found in
the sublimate by chemical analyeis and on the assumption that
Ti(g) is the only metal-bearing species in the vapor, are high
enough to account for the observed volatility of Ti0., Considera-
tion of the known equilibrium constant for the reasction dege

eribed by Process (4) leads to the conclusion that the oxygen
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partial pressure must then be so low that the contribution of
oxygen to the volatility of Ti0 muat be entirely negligible.
Under such conditions the composition of the solid must change
very rapidly to an oxide of higher oxygen content, and should
in one instance during this work have yielded an entirely
different oxide phase. 8Since Xeray and chemical analyses

of residues from vaporization experimeonts disclosed no such
vory rapid charge in composition nor any phase other than the
Ti0 phase, Process {4} ¢cannot be a valid explanation of the
experimental facts.

‘“The "simplest - vaporization mechanism considersd was
Process (1), in which Ti0 is assumed to vaporize congruently
to give Ti0(g) molecules. The weight-loss and eollector-plate
dépa:ﬂreatad aceording to this process yield a value for
thé'&isso¢iation.an&rgy of Ti0(g) in excellent agreement with
the value suggested by Herzberg {9) from spectroscopic obe
servations, While analyses disclosed that the residues from
vaporization experiments wera gsomewhat richer in oxygen than
the original sample material, it has been shown that this change
in sample composition could have been occusioned by gcontamina-
tion of the sample with oxygen and nitrogen from the atmosphere
in the vacuum furnace. Such an explsnation of the change in

sample composition is given further strong support from the



124,

observation that, for one experiment, all materials such as
residue, deposit on radiation shield and sublimate on quarts
collector that were regovered at the end of the experiment
were shown by analysls to be richer in oxygen than the
original sample msterial.

In view of the fact that a change in sample composition
with extent of vaporization was noted, Process {3), in which
Ti0 48 assumed to vaporize incongruently by partial decompocie
tion to give both T10(g) and Ti{g), was examined. 3ince the
change in =solid composition is toward en oxide of higher
oxygen content, Ti{g) must, for the process under consideration,
be the most important elementary specles in the vapor. #in
appropriate ratio of T10(g) and Ti(g) partial pressures would
expxainnthe-chamge in sample composition, the volatility data,
and the observation that a titanium-rich deposit formed on
the underside of the crucible 1lid in one series of experimenta.
In all other experiments, however, the deposits and residues
obtalined wore oxygen-rich., This single obgervation of a
titaniumerich product is anomalous.

In any event, it has been shown that even if the TiO(g)
pressure is only half that calculated on the assumption that
Process (1) is the correct vaporization mechanisw, one thereby
incurs an error of only 2,7 keal./mole in the calculated

dissociation energy of Ti0(g).
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We conclude, therefore, that the volatility of T40 can
best be explained on the assumption that Ti0 is a congruently
subliming composition and that Ti0(g) is the only important
specics in the vapor. The assumption that both Ti0{g) and
Ti(g) are important vapor species leads to a lower limit for
the dissociation energy of TiO(g) while a definite upper limit,
if not the true value, for the dissociavion energy is given by
the assumption that Ti0(g) alone is important.

Hence, we conclude from the above discusaion that a
generous upper limit to the heat of vapordzation of Ti0 to
Ti0{g) ia.AHgégi < 139.03 Keale/mole, and that a generous
lower 1limit to the dissociation energy of Ti0(g) is, therefore,
Hg(T16)2=1§6.74 Keal./moles It 4w the opinion of the author,
however, that the change in solld composition with the extent
of vaporization is adequately explained on the basis of cone
tamination by the atmosphere in the vacuum furnace, and that
Process (1) actually describes the vapordzation phenomena of
Ti0. Hence, the "best" value for the heat of sublimation of
;Qé.v = 137,15 % 0,60
Keale/mole. The dissociation energy of TiO(g) is, therefore,

Ti0 4s, in this writer's opinion, OH

Bg(Tiﬂ) = 158,62 £ 0.60 Koals/mole. In any event, the vapor

prossure data as treated on the assumption that Ti0(g) is the
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only important specles in the vapor yield, at worst, a lower
1imit to the heat of vaporization of TiO of aﬂggs.vélﬂ.»lﬁ
Kcal,/mole, and thus an upper limit to the digsociation energy
of T40(g) of DJ(TL0)< 158,62 Keals/mole.
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He 3Buggestions for Future Worke

The present work has yielded a value for the dissocistion
enevgy of Ti0(g) of a much higher order of &couracy than
has previously been available. While the vapor pressurs
experiments strongly indicate that Ti0 vaporiszes to Ti0
molecules, the data do not permit an‘un&quivocal choice bee
tween this vaporization mechanism and one in which both Tilg)
and Ti0{g) are considered important vapor spacies. Further
experiments to clarify this point would be desirable, and
several proecadures that would yield the necessary informa-
tion are listed below:

{a) A sample of stoichiometric TiO may be heated in
an open orucible to a temperature well below that at which
appreciable volatilization oecurs. Under such conditions, very
little ssmple would be lost by sublimation, yet the sample
temperature would be high enough so that oxygen and nitrogen
entering the erucible from the furnace atmosphere would react
with the sample. If such an experiment were continued for
a sufficienvly long time, the sample should gain weight if there
is oxygen and nitrogen pickeups Aanalysis of the sample
would further establish whether a change in composition had
occurred.

(b) The gas evolved from samples of Ti0, on treatment
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WiﬁthrFa could be subjected to unalysis by the usual methods

to establislh whether the gas consisted entirely of oxygen

or whether nitrogen was also present. Analysis of the evolved
gas by mass spectrometer techniques would be extremely
valuable.  The presence of nitrogen in the gas would confirm the
hypothesis that TiO vaporizes to TiO(g), and that the change in
sample composition with extent of vaporization, as noted in
this work, 48 due to contamination of the sample by the ve=
sidugl gas' in the vacuum systems

{e) Direct detarmination of the species present in the
vapor phase above TiO{s) by the mass spectrometer techniques
developed by Honig (38a) and Inghram and Chupka (38b) would
allow one to make a definite choice between the two possible
vaporisation mechanisms suggested in this present work.

{d) Samples of TiD could be heated in a very high vacuum,
say about 10"7 atmosphere, to establish whether oxygen and
nitrogen sontamination occurred at such reduced pressures.

Qur present knowledge of the titaniumeoxygen phase
diagram at compositions richer in oxygen than TiDl.zs“is‘in
a deplorable state. Completion of the phase diagram up to the
cempésitien*TiGé would be a valuable addition to our knowledge
of this system. The methods of thermal analysis, high-

temperature leray diffraction vechniques, metallographic
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analysis, electrical resistivity measurements and equilibration
with appropriate gas mixtures would prove valuable. The method
of quilibration with various gas mixtures, such as cowcGE

and ﬂz-ﬁzﬁ. has been discussed previcusly. Darken and Gurry
{108, 109) have used such a method in a complete study of the
iron-oxygen system, while Welch {103) has made a partial study
of the §itanium-exygen system by equilibrating oxide samples
with Hé-Hzo mizxtures. The expansion of ¥Welch's work to include
greater temparature ranges and different gus mixtures would
not only help to establish the nature of the phuse diagram

at the hlgh oxygen end of the Ti-0 system, but would also
yield valuable information as to the activity of oxygen and
titanium in compositions down to about 71203.

The low oxygen side ef,iﬁa phase dlagram might be ine
vestigated by thé method ofwgubaschewski and Dench (131), in
which tinanium~oxygen alloys of various compositions were.
equilibrated in bombs at a known temperature with caleium, mag=
nesium or barium mixed with 1t3 respective oxide. After quenche
ing, the excess alkaline earth metal and its oxide were leached
out of 'the residue and the concentration of oxygen in the
titanium determined by the vacuum fusion methode

The method has several serious limitations in that it

is difficult to find structural materials for the bomb that
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will not react with the charge, and that will withstand teme
peratures above 1000°C. Further, the active metal employed
must be insoluble in the titanium charge and in the bomb
material at the tenperature of the experiment. Yet another
serious limitation to the methoed ie that the equilibrium oxygen
pressure in the bomb cannot be varied continuously at a given
temperature. One may thus obtain only one oxygen pressurs at

& givyn-semgeraturs~for each active metal used. Desplte the seri-
ous iimitatiéna,,it is beiievad'that the method merits further
study.

The phase diagram studies indicated above should be
auppleﬁanﬁe& by vapor pressure studies of the other oxides of
titanium such as Tiaﬂ», TiBOB aud’Tina Any such studies should
include experiments in which the volatility of mixtures of each
pair of oxide phases is established. ¥ith two solid phases at
fixed temperature, the pressure of the vapor phase is unique.
Thus the pressure at tha’e&gea of the horogsnenus field of each

oxide phase could be established.
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