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Tht Yen Arkol-dtBoor ntthod for producing due til*  tlto n iw  by 

theim l dteanpotiUon of flX^ vapor tad dtpoeltion on on • ! te tr i  telly 

hooted flUwtni lo aodlfitd by f tla  balling Til^ liquid on * hooted 

flloMtit, ro fulling in f la il or titen iu t deposition on th t fl l om t  

ond llborotlon of Iodine to th t goo tout photo. Tht inennto of 

deposition rote tr m  10-100 ac/ao?-hr for the Ton Arbol proooti to 

1000-10,000 ng/<*2-hr dtcrtotot tho energy Input fYo« i.O-90 Kv-hrAb 

Tifl for the Yon Aifcel proeoee to 2-JO M r  Ab T1 by th t  film boiling

hod.
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Thla dlaoorteUon la sasnacw d «&U tha prwMUoa al U U i l«  of 

f t .1* parity, ta iled  " tw ill*  t lw a U * 9 %or •  M difieeiiaa of th* tan 

Altai daieec1 Mihod, which U r m U i n  eoaaertUlly. In thla m I M ,  

a  eleetrleally ho*tod vtr* la wsepeaded t a  Iw  aUatredee* which are 

plated la w iU ia if  beldltc U tia lw  tetrelodIda taper a t a  taper 

pressure not w eed im  37 hi K |.^  Tbt vapor diffract to  ilia hot d n ,  

Msnlly M lirttln ti at 1100*1600*0#^ aad t i wpiMi  aocordlim ia  iha 

raaatlaa

tu^ ——¥  n *u .
liberating caaaoaa atonic iodine and depositing eoltd* eryaUUlna 

tltanlua oa tha v lra . Th* liberated ladlna 4If freer ia  a hsated .vonrae 

of erode T1 and m a la  ia  fom a n  Til^ taper* which i f i l a  dlffreea to 

tha hot wire and oooplete* th* cyclic proaeaa*

Th* abate process m j  b* nodi fled by suspending tha hat air* la 

liquid Til^# In*toad of tha sapor, and ohUlaiai f lla  boiling* THia 

typo af boll lac 1* oharaotarlaad by tha foimUoo of a oontlnwaa f lla  

of taper aver iha vtre aurfao*. tinea only taper contact# tha nlr* 

surface, iha tanparatar* af thla aurfro* nay be rtlaod aa high a* 

deelrabla# vlthla iha U nit af —ahanlail airaagih n q p d riw ia  Oar 

tha vlra* By properly tatting tha Input voltage, tha t wparaUra of 

tha vlra My be Mlnialnad abota 1100*0, and by ataavatlm the teasel 

uistiMi tha 1**—da fHT amd * suitable oondenter t samara

ta r t ,  the wpor praetor* of TlX  ̂My ha held baler 37 m  Rg, Una, 

tha oanitltlHH a f  ape ration af tha Tan Altai  Aaioar Mthod My ha 

obtalnad with f l ln  bolUncj and hence, 1% la  poatalated that "dnatlle



Dm pur**** of Ud« Um I i  U  to prem Um a tom  pocUUU by

i p i l U M  a t Tl, md pw-lty. A l u t w  fU* b o l l ix  apparatus %dU 

bo AMilfMd for fbrthtr Mark, la  orlar to obtain aoro proaiao



in. mrmnm or rmim* tmucon*

Tbaro i r i  nasy mthodo atmilablo for tho preparation of t i ta n lm  

Utraiodido, A itim iT of a o a b tr  of U»ao Mthodo foLlooni

(I) Tho dlract m otion  of lodlno vapor am hoatod tltan lm  

mm m i  I f  foot,7 Hautofouillo? and Moiaaaa.^ A |1 m i  ooeUlmr 

MM ovacuatod tad tho tltan lm  hoatod to a high tonporaturo. Tho 

tlUnlua mm ooaiod to 180*0 and lodlno mm Introdaood Into tho eon- i 
Ulnor, Tho opontanooua m o tio n  produood tltan lm  totrolodldo, Mhlch 

eondonood In n ooolod bulb attaobod to  tho eonULnor. Tho totrolodldo 

mm imrlflod by odbllmtlon to ronoro tho axcoto lodlno.

(а) PUM< 417 M ro * «  lodld. thpoa*h w m  

tlUnlun totmchlorido. Tho tonporoturo Mi gradually ralood U 

tho boiling point of tltan lm  Utrochlorldo. bopoatod ndbilmtlon 

through n i t r o n  of hyirogoa purified tho totrolodldo.
Q

(3) Hauttftuillo pMtod o nixturo of lodlno vapor, tltanlm  

Utrochlorldo top or, and hydro* on through a tdfro hoatod U a dull rod. 

Iha tltan lm  totrolodldo formd nan purlfiod m  In mthod (2).

(4) Hocfe and Km i f f 10 and# tlU alM  totrolodldo by tho nothathoalo 

of tltaalnn Utrochlorldo and phoophomo trllodldo.

(5) H aoal^  m otod tltanlun oaihldo and lodlno, According to 

Blmoathal and 8nith#* this m o tio n  lo low in offlolonny.

(б) A pmdolng nothod for oomorolal appUoatlon mm propoiod 

by llunonthal and 8ndUu^ Notallio tltanlun mm roaotod with lodlno 

dlaoolvmd In carbon dltmlfldo by boating tho nlxturo to  boiling and 

roflu lng un til tho m otion  mm omploto. A Motor bath MlnUlnod 

at 80*0 mm oood U  d i t t i l l  o ff tho onrbon dltmlfldo | Uoroaolig tho 

tonporoturo by diroot hooting w i n l  u y  oanooo Lodlno) finally, puro



Ttl^ vaa distilled off fro* any solids rwaalning in tha reaction aixture* 

TM§ i t  a desirable aiUod, because the reaction occur* a t the boiling 

point of carbon disulfide; there arc no aorroalon nroblsns normally 

found with hot iodine tap ore on the go* a t a*t tr ia ls ; tha iodine not 

need for naklng Til^ i t  easily recovered; tha carbon ditulfida froa 

tha diet illation ctap in mdjr to ba used again; and a very lnpure 

titaniun alloy Bay ba used «• tha starting notorial,

(7) Tht not hod actually used to prepare Til^ for the cork in 

th lc thaaia i i  datcrlbad below

Ha far to Figure 1 for the eppsretua. 1  ̂ crystal* vara addad to 

tha 500 al flaak9 and tha a ir condenser mi fitted into place* Tha I0 

Ml Belted with a Buna an burner, and a fev grans of Ti sponge vara 

addad to tha flack through the top of tha condenser* heating vac 

continued in order to for* vapor on the piece# of aponge, nine# 

liquid 3j and Ti do not react rapidly. Thia initiated the reaction,

TI ♦ 2I2(g) — ■* TU4(g)#

which, although ajootherale, i t  not ejqxioaiv* due to tha lin itod  surface 

area on tha aponge* The pieces of aponge rasa to tha liquid surface 

and continued m e tin g  until they vara need up; the heat of m o tio n  

aaintainod an envelope of vaporised I0 and Til^ around than, providing 

a conaUnt aouroa of 3^ vapor* The heat wse dissipated through the 

condaneer and m o to r  vails, liquating  tha vapors and allowing the 

liquid reflux to return to the m otion  Mixture# When the m o tio n  

•ubeided, another ln or i ent  of sponge m  added through the top of 

the condenser* lbs above process was reposted until no further 

m otion  occurred, due to the decrease in free concentration in 

the m otion  mixture# The excess 1^, which was usually 5-15 weight
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Percent of the reaction mixture, vw by staple dietillatloo at

ataoaphcrle preaaurt. Tht TlX̂  fraction boiling abort J65°C (noraal 

boll inn point U  yn°C) v m  next distilled off and collected frr ueei 
any non-volatile titan tun ox idee or nitridee forard f u* tht reaction 

reaalntd in tht tlatlUatlon flaak.

there art a few disadvantages to thin act hod of preparation.

Largo increment* of tltaniua sponge aboold not be added uni#at tht 

boat of reaetloa (*131 kcal./nole Tll^) can bo safely dltalpatod by 

tht coodoaaor and reactor valla. Tbo reaction vae difficult to control, 

because once the violent exothermic reaction vat initiated, It did not 

atop until all of the sponge **t uaed up. With tht coodenaer open to 

tht ataoephere, tltanlun oat dot formed, lorering tht yield of Tll̂ t 

vater vapor froa tht ataoophtre formed IX froa TlX̂ , levering tht 

yltld vith ret pact to lodlnt. Tht report art carrot Ire to matt 

k r a m  gatfeat and construction materials.

fl* tidveniAxt of thla artHtd are the alaplietty of the apparatus



IT. T X U I  BOZLDO Oi SHORT HIM

Am>eratuq

Tbs apparatHR ahoui in Figure 2, Pege 13, is for film boiling Til^ 

Ml short wirs f i l l—nts, tbs current to ths f i lu s n t i t  supplied 

through t  bank of thrss 5 H i  transform s ooarvsetsd la  parallel; 

thsy decrease ths 230-volt 11m  by ft fftetor of four to 57*5 volts*

Ths current Is eon tro ll  od by Adjusting ths voltage over ft 0-47.5 volt 

rings with ft 7 KTA variable trensfonssr 00 ths low-voltage side of ths 

bask of transfo rm s. Ths current is  1—mired directly by ft Hsston AC 

annoter, ftnd ths to ta l voltage drop ft cross ths slsotrodss Is —soured 

with ft Heston AC volt—tor* ths sealed-in-glase tungsten slsotrodss 

ere hard soldered to ths fUsasnt for ths film belling of f t l^ .  ths 

tor osrt of ths resetot; holding ths electrodes, Is connected to  the 

m o to r  by ft ground glass joint,which Is lubricated with silicons 

grease, Ths bottoa pert of ths m o to rf containing Til^ Is wrapped 

with alohm s hsatlng wlrts to aalnUla the Tll^ In ths liquid s ta te . 

To this hot toe part Is attached an a ir  condenser for liquefying or 

•olldltyisg ths Ttl^ vapors produced by boiling* An los or liquid- 

nitrogen trepi for solidifying vuper and any Til^ not condensed* 

la  attsched to ths low pressure slds of ths a ir  oondsnstr. Finally, 

a "Megtvae" ns chan leal vecuua puap is  attached to ths trap, for 

svueuatlng ths systea to a fsv m  Hg.

F—cedure

A O.OIO inch dianeter tungstsn f lls—nt was hard soldered to ths 

tungstsa slsotrodss* TIZ^ waft —lied («p 1WC) and poured Into ths 

m o to r  chubs r; the top of ths m o to r  ohsdbsr, containing ths

• s
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electrodes, was replaced* frosting of the Til^ vae prevented by 

controlling the current to the niehreme wires wrapped around the 

reactor with a 1 KVA variable transform er. The Mechanical vacuum 

punp was s ta rted  and the system evacuated to about 2 hr Hg Til^ 

vapor pressure, which corresponds to a liquid temperature o f  160«C. 

The current to  the filament was turned on and the Ij^reseed voltage 

slowly increased with the variable transformer* A sudden drop in 

current a t  naarly  constant p r e s s e d  voltage indicated th a t  film 

boiling had s ta r te d , since, as the wire teeperature rapid ly  in ­

creased, the resistance also increased, resulting in  a  current 

decrease* The variable transformer was then set so th a t the 

to ta l resistance corresponded to  a temperature in the range UOO- 

1600*C, which i t  the meet favorable decomposition range fo r the 

Van Arkel-deBoer process. Usually the 0.010-inch-diameter filament 

fhsed a fte r  only about 30 seconds of operation. The apparatus was 

thsn disassembled and the charac teristics of the deposit were noted* 

Results

The f i r s t  m etallic titanium prepared, aa shown In the photograph 

(figure 3), was on a 0.010-inch-diameter tungsten wire 0*01 inches 

long between electrodes) ths soale showing in  the photograph Is 1 cm 

in  length* The deposition rate ie  calculated from the diameter of 

the uniform deposit} 0*019 inches, on the short, large-diameter 

middle eeotlon of the wire and from the tlm» of deposition of 20 

seconds) th is  corresponds to  an average deposition ra te  fo r  T1 of 

9,000 *g/cn2/h r  (Page J l ,  Appendix)*

The i n i t i a l  current was 9*5 nape and the to ta l  voltage drop 

was 2*0 vo lte ; th is  corresponds to  a power input o f 4 Kw^hr/lb Ti*

v 1 I





Ths current increased •ligh tly  • •  the run progreesedt due to  the ln- 

e m tf d  woes section and resulting decreased resistance.

The d spot i t  la  not uni fora over th t  length of the wire. Ti was 

fonatd only on the middle th ird  of the wire length9 where I t  formsd 

In globules. The globule on the Motion on the right In  the photograph 

formed aa a re su lt of the wire1 a fusing; the other globules probably 

mere formed because the mire temperature exceeded the malting point of 

T i; only a  abort length of depoelt mas of uniform d isaste r. The two 

breaks in the wire on the le f t  in  the  photograph are from handling the 

tungeten9 which had beooma aonevhat b r i t t l e  from being heated.

The easels was analysed spoctrographically for iron and tungsten. 

The analysis i s  compared for tbs manufacturer's analysis o f the titanium 

•pongs s ta rtin g  m aterial.

Spec. Analysis Manufacturer's Analysis

- 16-

Fe t  0.01 -  0.1* 0.05*

V L  o .a i -  o .i* o*

H2 - 0.018*

* a - 0.12*
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V, FILM B0ILIN3 ON LOW3 WXRB

Apparatus
The apparatus shown In Figure 4*, 4b, Pagee 18, 19, is for film 

boiling TU^ on long wire filaments, The currant supply and electrical 
instruments are tbs same as for ths apparatus for short vires, except 
that ths variable transformer is on the high-voltage side of the bank 
of three transformers. The current is conducted to the wire filament 
through two 0.060- inch- diameter tungsten electrodes, which fit through 
teflon plugs on the ends of ths reactor. The reactor may be assembled 
by pushing the plugs into the reactor and sliding the eleetrodea out 
through the plugs; a vacuum putty maintains s vacuum-tight seal at 
the teflon-electrode joint.

Nichrcam vires, wrapped around the reactor to beat the Til̂ , 
keep it liquefied and set the liquid temperature at any desired value 
at the beginning of a run. The liquid temperature is measured with a 
chromel-alumel thermocouple lcnersed in a wax-filled well and is 
recorded continuously with a "Speedomax" recorder. A similar trrange- 
ment with the well at the base of the condenser continuously measures 
and records the vaper temperature.

The reactor la attached to the condenser by a ball Joint lubri­
cated with high-vacuum silicone grease. The condenser tesperature ie 
maintained t 2*C by circulating wax from a constant temperature bath, 
which uses a mercury contact twitch and relay to actuate a heating 
coil in the wax; a small centrifugal pump circulates the wax through 
copper tubing to and from the condenser.

On the low-pressure side of the condenser is a mercury barometer
G -Vfor measuring the pressure of the noncondensible gases to ± 2 m Hg.

*
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Aa Ice trap for corroeiwe tepore Is  inserted between the oondeneer 

sad tb s  eechenicai vacuua poop* A 002 cylinder i s  attached m ar the 

lc s  trap  for f i l l  las the system with In ert gee when nscessajy*

tgHfcll
Tbs procedure fo r  —king a fila -bo iling  run to  deposit m etallic  

t i  i s  deecribod* tb s  wire filsaertt i a  hard soldered to the electrodes 

aad th is  an eably i s  put in to  tb s  m o to r*  T12^ i s  Belted and siphoned 

in to  the  reactor* f i l l in g  i t  about 7/d f i l l .  The m o to r  is  attached 

to  tha  condenser aad tha  eye tea  i s  sloidy evacuated to ths desired 

pressure as indicated by the a e ra ry  baronet o r  j th is  pressure i s  

maintained by carefully adjusting tbs stopcock to  ths vacuum pump*

Ths l e t  trap is  filled*  and wax i s  started  eyeliag through the com- 

denser* The ourrsnt i s  turned on aad the Upreeeed voltage sloidy 

in o m se d  ia  snail Increments, A sudden decrease in  curren t a t  

oonatant impressed voltage indieatae film  boiling  has started . Ths 

cu rren t and to ta l  voltage a re  th in  eet so th a t the  wire resistance 

corresponds to  a filam ent tespereture in  ths range 1100-1600*0; th is  

was determined by a previous calibration using in  optical pyrometer, 

w ith the  filament in  vmouo* k  s lig h tly  increasing current a t  constant 

impressed voltage v e rif ie s  that Ti i s  depositing* due to  daem sad  

wire resistance* Ths run  le  continued u n t i l  th e  wire fusee) the 

apparatus l e  d i s m a y e d *  aad th s  charac teristics of th s  d ^ o d t  

a re  noted*

Beeulte

film  boiling was obtained on O.OlD-inch- diameter and 5*75 inches 

long tuagstea v i m  in  tha  apparatus shorn in  P lg u m  Aa» 4b* Pages 

18 aad 19* Data obtained fo r three rune fo llow  *
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figure

Total
In itia l
Voltage

(volts/inch)
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ln l t l a l
Current
( u p . )

Total
In i t ia l

Resistance
(otas/inch)

Tims 
of run 
( • « )

54 3.4 9 0.38 m
5b 2.7 8.5 0.32 15
5c 2.2 9.3 0.24 33

Tho Ti deposit, as shown in Figure 5*, b and c, i t  in  lo b u le s ; 

attempts to obtain a smooth deposit with a 0.010-inch-diameter wire 

sere unsuccessful, and for th is  reason the deposition ra te  could not 

be calculated. The deposit appears only on short sections of the wire, 

and not over the entire length. One break in aaoh wire is  a resu lt of 

the wire fusing, necessarily term inating the experiment; the  other 

breaks are from handling.

An attempt was made to  obtain film  boiling on a 0.020" titanium 

wire (not shown). Film boiling was momentarily a tta ined , before the 

wire freed. A very small globule o f deposited Ti was obtained. How­

ever, experiments on Ti wire were discontinued due to  the low Ti 

melting po in t, requiring very sensitive  control of the impressed 

voltage to  prevent the wire from f t  sing.

Deposition on O.Q/*0-inch Ta wires 3-4 inches long was very 

successful. Data obtained from four runs follow*

$
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Total In it ia l Titanium
I n i t i a l In it ia l I n i t ia l Total Time Vapor Deposition

1' Voltage Current Power Resistance of Run Temp. Rate-
Figure (vo lts/inch) (amps) (Kw-hr/lb) (ohms/in) (sec) (•C) (mg/cm -h r

6a 1.33 52 2 .026 . 60 • 12,000
6b 1.23 49 - .025 - - -
oc
6d 1.27 54 19 .023 300 178-100 1,600

;
Part of the  deposit on the wire in  Figure 6a was lumpy, indicating 

the tenperature o f the filament reached the melting point of Ti (1740*C); 

th is  made the deposit sag on p art o f the  wire. However, a  short length 

of uniform deposit was used to calcu late  the deposition ra te  of Ti as 

12,000 mg/cm -h r  (Page JO, Apnendix). The cross section of th is  deposit 

was not p e rfec tly  c ircu lar, being 0.082 inches in  v e rtic a l diameter and 

0.074 inches in  horizontal diameter; th is  deposit was porous and rough, 

indicating th a t i t  probably had not been melted.

The deposit in  Figure 6b is  en tire ly  lumpy, and no deposition rate 

was calculated, .

The small, crystalline  deposit in  Figure 6o was obtained a t a 

temperature below the melting point o f T i. This wire did not fuse, 

because the hard solder connection became loose a fte r  a short time, 

necessarily terminating the run.

The uniform deposit in Figure 6d was obtained by carefu l control 

,  of the impressed voltage to  keep the wire temperature lower than the 

melting point o f T i. The deposit d id  not sag and formed almost con­

centrically  around the wire to  a diameter of 0.064 inches, a t  an 

average deposition re ts  of 1,600 mg/cm -h r . Near the end of ths run, 

the impressed voltage was raised considerably, resu lting  in  local over­

heating and fusing near one end o f the  wire, terminating the  experiment •



-2*-

Spsct/ogrsphic analysis of iom of the T1 which had oslted 
(Figure 6a) showed s gai of 1 Ts and an Ft analysis of about 0«05f 

(coshered to 0.05)C Fs in ths Ti starting notarial).
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' VI, DISCUSSION OF RESULTS 

Measurement of Variables

The quantitative resu lts  in  th is  thes is  have certain lim itations 

imposed by the d iff ic u lty  of measuring some physical variables} there­

fore! the quantitative results given may be used only as ordors of 

magnitudes. The l a t t e r  part of th is  thesis is  den ted  to the design 

of apparatus fo r more accurate measurement of the variables.

The most important variable with respect to deposition ra te  is  the 

filament temperature (Figure 14» Page 23), which i s  very d if f ic u lt  to 

measure when wire filaments are used, A thermocouple attached to the 

wire would have to be small diameter in  order not to conduct too much 

heat from the filament and not to  change the  temperature appreciably; 

delicate wires o f  platinum and platinum-10^ rhodium (necessax7  to  

withstand corrosion and high temperatures) would not easily  withstand 

violent film boiling  and would be d if f ic u lt  to  handle. I t  i s  possible 

to use the varia tion  in  e lec trica l resistance with temperature, in  

order to determins the filament temperature. The wire must be ca li­

brated in vacuo with an optical pyrometer in  order to obtain tempera­

ture vs, resistance. This method was actually used in  order to deter­

mine the approximate current and voltage to se t the filament tempera­

ture in the range 1100-1600*0, However, the method i s  inaccurate due 

to end effects from heat conduction in to  the electrodes, changing the 

e lec trica l resistance near the ende. Also, the method is  re s tric ted  

to  the beginning of a run, since titanium  deposition decreases the 

e lec trica l resistance. Exact temperature smasurements may be made 

only by film boiling T il^ on a tube, and inserting a thermocouple
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within the tube; suitable equipment for using a tube is in the
i latter part of this thesis.

The pressure ie not easily measured directly; due to the corrosive, 
condensible gases. However, a good indication of the total pressure 
and Til̂  vapor pressure may be obtained by measuring the noncondensible 
gas pressure on the low-pressure side of the condenser and by measuring 
the Til̂  vapor temperature as it boils off the liquid in order to obtain 
the vapor pressure above the liquid; the sum of these two pressures plus 
the liquid head give the total pressure at the filament; the sum of the 
above vapor pressure and the liquid head give the Til̂  vapor pressure at 
the filament.

Current and voltage must be measured in order to obtain power 
consumption; current is easily directly measured; voltage is not easily 
measured exactly with wire filaments, due to end effects from heat 
conduction into the electrodes, changing the voltage drop. In the, data 
given, the voltage is not corrected for these end effects. However, 
this error would not be more than 10-200, which ie within the accuracy 
of other data used. Accurate voltage measuramenta may be made by 
inserting a voltage probe into a t\fce on which Til^ is film boiling.

Tine of deposition must be measured in order to calculate deposition 
rate. There is a small time lag at the beginning of a run in which the 
temperature is rising through the deposition temperature range to the 
desired setting; the same lag is observed at the end of a run when 
the current is turned off. This uncertainty of the length of time of 
a run may be minimised by longer urns than used for this thssis, so 
that the possible error is within the limit of other experimental errors.
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Deposltlon Bate

The approximate deposition ra te s  calculated for three separate runs 

were 1,600; 9*000; and 12,000 njg/cm -h r .  These ra te s  may be compared 

with the approximate range of ra te s  obtained by Bunnells and Pidgeon^ 

of 10-100 mg/cm-hr, for the Van Arkel-deBoer process for making T i,

I t  naj be concluded that the film  boiling process ra te  i s  much higher 

than the Van Arkel-deBoer process.

Power Input

The approximate power inputs neceesaiy for the above three runs 

were 19; 4; and 2 Kw-hr/lb T i, The power input required for a present 

comnercial in s ta lla tio n  using the Van Arkel-deBoer process i s  40-60
p

Kw-hr/lh T i, A pilo t-p lan t-scale  in s ta lla tio n  uses 60-90 Kw-hr/lb
p

T i, I t  oay be concluded th a t there  i s  an appreciable saving in  power 

by film  boiling* even with the le a s t  e ffic ien t laboratory-scale film 

boiling run.

Purity o f Product

The pu rity  of the Ti made has not been conclusively determined.

The manufacturer's analysis of the Ti sponge fo r Fe of 0,05# is  the 

same order o f  magnitude as the two analyses of about 0,05? and £  

0,OEl-0,Uf, The wire m aterials of Ta and W dissolved somewhat in  ths 

Ti deposits which had melted.

Character o f Deposit

The character of the deposit varied, being smooth o r rough and 

lumpy or uniform la  d ifferen t runs. The deposit in  Figure 3, Fags 13, 

has a uniform section of deposit on ths large-diameter short piece; 

the other h a lf  of th is  piece has a  globule. This i s  prbbably due to 

part of the w ire 's  being a t  a  temperature greater than ths melting
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point of Ti (17kO°C); the  Ti would tend to  fo ra  in to  a globule froa 

surface tension when i t  i s  liqu id . The deposits in Figures 5*> b and 

c , are a l l  in  globules, indicating the temperature vaa above the 

ae ltln g  point of TI. F a rt of the deposit in Figures 6a and b has 

sagged on the wire due to  Belting, while p a rt of the deposit Is  some­

what uniform and has a rough surface, indicating i t  probably had not 

been Belted. The current was carefully contro lled , lover than other 

runs, fo r the deposits in  Figures 6c and d. These deposits are un i­

form and rough, so had not been Belted.

Some deposits, as in  Figures 5a, b and c , formed on only a  small 

p a rt of the orig inal 5*75 inch length. This i s  due to  the d iff ic u lty  

of obtaining film  bo iling  over the en tire  length of wire without 

’ fusing part of the w ire. The larger diameter Ta wires, O.Oto in  

diameter, in Figures 6a, b , c and d, have a  deposit over moat o f 

the  length, except a t  the cool ends. A few experiments with 0-300 

inch diameter tubes showed th a t i t  vas easy to  obtain film boiling 

uniformly over the length of the tube. Thus, a  large d isaste r, O.OfcO 

inches or larger, w ill  e a s ily  give uniform film  boiling over the 

length  of besting surface.

On almost a l l  of the runs, except in Figure 6c, the v ires fused, 

term inating the experiment. I t  la  suggested th a t th is  occurred due 

to  loca l overheating on a  wire, melting the Ti deposit. The liqu id  

Ti then dropped o ff, leaving the orig inal bare wire to  carry the 

curren t; I t  could not carry the higher current resulting  froa Ti 

deposition and fused.
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VII. THEOHT OP TITANIUM OSPOSITION 

Effect of Diffusion Path Length

A mechanism for the deposition of Ti on a hot surface, consistent 

with observations on both ths Van Arkel process and film  boiling process, 

w ill be proposed.

Runnels and Pidgeon^ observed t h 't  the length of diffusion path 

from filam ent to  crude Ti had a pronounced effect upon the deposition 

ra te  In  the Van Arkel process. Since excess liq u id  T il^  was present 

and the vapor was perceptibly saturated with i t ,  they concluded that 

adequate T il^  was present to  continue the reaction

m u(g ) ------- > T i(s )  ♦ 4 1 (g ).

They suggested tha t the equilibrium iodine pressure i s  low In th is  

reaotlon and quickly rise s  to the saturation value. Thermodynamic 

calculations (Table 3, Page 38) from the data in  Q u i l l ,^  indicated 

tha t th is  could be correct considering the uncertainty of the data.

The ra te  of diffusion of iodine to  the crude T i, where i t  i s  removed 

from the system as I t  forms T il^ , Is dependent upon the  diffusion 

path le ig th ; as a resu lt of th is  the rate  of deposition would be 

dependent upon the path length, since rate o f deposition is  dependent 

on the ra te  o f removal of I .  In film  boiling, the diffusion path 

length for iodine is  very short} i t  must diffuse merely through the 

thickness of the vapor film  to  the liquid T il^ , where tbs iodine Is  

considered to  be M oved from the region of the  filam ent. I t  would 

ba expected from the above th a t  tha ra ta  o f reaction  would be very 

large in  film  boiling, and th is  has been observed. Figure 7# Curve 

1 , Page 31, suggests a method of correlation fo r  deposition ra ta

- 30 -
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Tt, length of diffusion path, using the data of Runnalls and Pidgeon 
for the Tan Ark el process and very approximate film boiling data* The 
ratvi of deposition for the Tan Ark el process most be corrected far the 
evaporation rate of Tl at 6 an Hg and 1500*C. This rate is not 
accurately known, but the corrected deposition rate will be ecmewhere 
between the uncorrected deposition rate and the deposition rate 
corrected for the maximum possible Ti evaporation rate (in vacuo)*
For film boiling, the evaporation rate is negligible in cooparlson 
to the deposition rats* The film boiling dataaro only approximate, 
because the temperature of deposition, a very important variable, is 
not known* The temperature for two points reached at least 1740*C 
(melting point of Tl), since the deposits appeared to have malted*
The deposit, far the third run wee not melted and the temperature oust 
have been less than 1740*C, and was probably even less than 1500*C, 
since the current was carefully controlled at a low value* The film 
thickness of 0*025 cm may be considerably in error, since it was 
calculated b7 a correlation̂  (Page 90, Appendix) which holds best 
only for wires > 0*040 in diameter and which used many estimated 
physical properties of TlX̂  vapor* The pressure for the film boiling 
data is not accurately known; however, the effect of TU^ vapor pressure 
up to 25 mn Hg is not large and is within the accuracy of the data*. 
Thus, the plot in Figure 7may be used only to show the trend of 
deposition rate vs* diffusion path length*
Effect of Temperature

It has been shown above that the rate of deposition depends upon 
the rate of removal of iodine from the region ̂of the filammt*
Removing iodine would tend to displace the approximate equilibrium
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represented by

c > TICs) ♦ 41(g).

The equilibrium constant for th is  reaction may be w ritten  as

(nMi)4 _K ■
( t u 4 ) («I4)

using (Ti) so lid  ■ 1 in  the standard s ta te . Since T il^  pressure is 

held constant! (T il^) a t  the filament i s  assumed to  be approximately 

constant with temperature* Then

K « (I)4 (3)

log  K a  log ( I )4 a  if log  (1) a  log ( I ) .  (4)

The equivalent deposition rate  r  i s  equal to the equivalent d iffu sio n .

ra te  o f iodine* is  given by

-  k ( (I2M I2)0 )» (5)

where (Xg) i s  the  iodine concentration a short distance from the hot

filament where most of the atonic iodine has changed back to  molecular

iodine, and ( l 2) 0 * 0 is  the iodine concentration near the crude T i.

The temperature over the diffusion path of 10 cm length i s  not constant;

but the d iffusion  coefficient, which depends upon the temperature, i s

assumed constant fo r th is  derivation, since there i s  a re la tiv e ly  long
*

diffusion path and most of the path i s  a t  the temperature o f  the  bulk 

T il^  vapor* The effect of shortening the diffusion path, a s  in film 

boiling, w ill be discussed later*  i s  then approximately proportional 

to  ( I2),

r  c(lJ. (6)

As the atoxic I  wires awsj from the t l l tm n t  and cools, i t  changes to
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molecular iodine; and the amount of being formed is  proportional to

the 1 concentration near the filament ( I g M l)  (7)

and r  <t ( I )  (0)

from Equation (6)*

Substitute Equation (6) into Equation (4) and

log I  *  log r  (9)

The log of an equilibrium  constant fo r  a reaction is  knotsi to  be 

proportional to  1 / f  or

l o g !  C  lo g *  o c l/f  (10)

So a p lo t of log f t  vs* 1 /f  should be a stra igh t line i f  the previous 

assumptions are  correct* The data o f Bunnells and Pidgeon fo r  a 

diffusion path length of 10 cm are reproduced In Figure 14# Page 95*

These data must be corrected for the evaporation rate  of T i. This 

w ill give a  deposition ra te  somewhat between the uncorrected deposition 

ra te  and the deposition ra te  corrected fo r evaporation of Ti in  vacuo*

As shown by Figure‘8 , Page 35# a  s tra ig h t lin e  ia  approximated by 

log r  vs. l/T* Thus* the effect of temperature is  to s h if t  the  

equilibrium and allow a higher ( I )  concentration a t that filament*

I f  the d iffusion  path length were shortened* a t in  film  boiling#
.

the assumption o f constant diffusion coefficient due to  a negligible

temperature gradient from a long d iffusion  path in the Van Artcel process
(

would not hold* There would be a steep gradient over the short distance) 

the iodine would diffuse a t  a higher average temperature, resu lting  In
t

a higher deposition ra te  than would be predicted by extrapolation of

Van Ark el data) th is  would agree b e tte r  with the data in  Figure 7*
%

Page 31* as shown by Curve 2*
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The d e p o s itio n  ra te  apparen tly  decreases p ast 1500*0 (F igure  14, 

P&geSJ) For th e  Van Arkel process* This i s  explained by th e  fa c t th a t 

evaporation r a t e  o f  T1 becomes ap p rec iab le  above 1350*C (2 ) ;  a t  1500*C, 

the  d ep osition  r a te  observed was 14*7 mg/cm -h r  ^ w hile th e  evaporation 

ra te  in  vacuo was 12.6 mg/cm2-h r^ ; a t  1550*C, the  d ep o sitio n  ra te  was 

14*3 m g/ca^-hr, w hile the evaporation  r a te  was 32.4 mg/cm^-hr. For 

film  b o ilin g  o f  T i l^ ,  the evaporation  r a te  o f Ti i s  n e g lig ib le  compared 

to  the  r a te  o f d ep osition  up to  th e  m elting po in t o f  T t .

E ffect o f  P ressu re

The data o f Runnalls and P idgeon,^  reproduced in  Figure 15, Fags 

5*11 show th a t the ra te  of deposition increases up to about 15 on Til^ 

pressure a t  1500*C and then decreases up to about 37 mi} a t  50 nm 

Til^ pressure previously deposited T i was removed,^ suggesting a 

negative deposition rate a t  pressures above 37 nm (1500*C); above 

25 nn Til^ was formed on the cool electrodes*

I t  is  suggested that the increase in  deposition ra te  up to  15 nn 

is  a re su lt o f  sh ifting  to  the r ig h t the equilibrium t

allowing a s l ig h t ly  higher ( I )  co n cen tra tio n  according to

K ■ (I)V(TU4)

and hence an in creased  deposition  r a t e ,  since i t  i s  dependent upon ( I )  

concen tra tion .

Above 15 nm, i t  ia  evident th a t  the  ra te  o f a re a c tio n  involving 

the  removal o f  T i and form ation o f T i l^  becomes o f  th s  same order of 

magnitude a s  T i dep o sitio n . In  o rd e r to  detemdne what t h i s  reaction  

i t ,  standard  f r e e  energies w ill  be used to  estim ate  th e  p a r t i a l  p ressure  

o f the various component* in  th e  v ic in i ty  o f the filam en t in  equilibrium
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with Ti^s j; the assumption of equilibrium may not hold, but the re su lts  

may a t  lea s t indicate the tendency of reactions. The free energy data
• j i

from Q u ill^  an estimated uncertainty o f ± 10 kcal /mole, which 

, corresponds to an uncertainty by a factor of 30 in  the calculated

p a r t ia l  pressures a t 15CXPIC. The data * given in Table 2 , Page 38; 

the calculated p a rtia l pressures are given in  Table 3> Page 38.

The accuracy of the thermodynamic data nay be checked by imposing 

t  ie condition that a t  aero net Ti deposition, the ra tio  of atonic
life? j  :|S; ’

concentration of Ti in  a l l  gaseous species to  atomic I  concentration
I

in  a l l  gaseous species i s  1/A, as in the s ta rtin g  material T il .:
*

I  (T il.)  ♦ (T U J  ♦ (T il-)
-------- 4----------- 2----------- 2------------------------- 1/4.
E 4(TiI4) ♦ 3 ( t i l 3) ♦ 2(TU2) - (I)

I

I
This may be seen to hold true  by noting that T il, may decompose to  any 

of the  above four gases, without Ti deposition, and the ra tio  of 

concentrations remains constant a t  1/4$ however, remove Ti from the

gaseous system by deposition and the ra tio  become a less than 1/4 J by
' ’ - ■ ' ' ' ' . ‘ -

sim ilar reasoning, the r a t io  becomes greater than 1/4 when Ti i s  

removed from the filament and added to the gaseous system, for a 

to ta l  pressure of 50 m  a t  the filament (Table 3, Page 3*0 » the above

ra tio  is  0.49, indicating th a t Ti should be removed from the filament;
I * 15th is  has been observed. * For a to ta l pressure of 6 um, the r a t io  is

I ' 0.45 • &1bo Indicating Ti removal; however, deposition has been observed
15a t  th is  pressure. Thus, the free energies are somewhat in e rro r. By

*
1 decreasing the Til^ concentration by a fac to r of 30 (the possible e rro r

I in  the  free energies s ta ted  by Quill^*), the re t io  becomes 0.14,

Indicating Ti deposition as i t  should. I t  may be concluded th a t the

i



Table 2

Standard f i t *  S

-Sf

Reaction
**1500*1

(k c 'l./a o le )
**500*K

(kcal./m olt)

’ S w — > * ( .>  * u («) ♦3® i  10 ♦1U ± 10

^ , 1 — * * ( . )  * » (« ) ♦20 i  10 ♦111 1 10

m « , ) — * ^ . )  * a («) ♦24 1 10 ♦ 82 1 10

Table 3

P artia l Pressure* of Components in  Equilibrium with T1 at 1500*1

Total Pressure Til, TU TU2 Z
( - ) {■0 ( . 5  ( - > ( - >

50 0.1 0.05 47 3
6 0.0QEI 0.002 5 1
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end a mrtmm deposit d im eter of J/4 iftchj th is are* corr»»rod» to  an 

ow phU  boat tran sfe r coefficient of 80 FlVhr-eo*fi~*F, which empire* 

favorably wife the rang* of ooefficisadi* TV-20CWb/hrm**fW#F# to  to  

lO M U d fTO boot transfer by f r to  convection fro* condens ing l U a  to  

belling w t« r ,

Chly the t  ybes and parti whUb contact TiJL m ot bo node of a 

resistan t a e U l» The ports 1a contact with o tte r  or i te m  only any be 

usds o f e ith e r  i U I aI m i  eteol or ordinary s tee l,

IS* hoot renoeel by U» cmll i t  eon condenser Vo keep the pressure 

froo rising above 60 pals oon bo controlled by adjusting the coolln^- 

e t U r pete. The condenser la designed fo r miimm del treb le  beet 

reaoval t t  t  *>ollj*-w*Ur temperature o f 80*f end tn  t  a fused over-ell 

beet treaefer coefficient of 200 ®TO/tq,fUhr-*Fj th is  five# tn  tree  

of 0 .)  f t 3* The condenser sty  be sede of stain less eteol o r ordinary 

•teefc

X* Condenser Design

The 1^ condenser design U  shown in  Figure 12, Fege a?. I t  should 

be e im om bit utter-cooled bayonet tube* because the I ,  t t y  be easily 

•ertped off a f te r  a run, A condensing surface area of 0*4 aqua re feet 

should be su fficien t*

I t  is suggested tha t th ii  condenser be esds of glass in  order to 

observe the formation of condensate* The TOomble bayonet tube my be 

attached by a ground-glass jo in t lubricated with silicone greet#} the 

condenser any be attached to the trap  with a b a ll joint* and a suitable 

natal* to g U s*  te a l s u it  be ends to  the TiX^ condenser.

H e c to r  Deiljtn)

The reactor is  shorn in Figure 10, Fags V* The c r i t ic a l  parts of 

the reactor design are to mke I t  vacuun tig h t, yet allow fo r axpanalem



of Dm  hoi tube, and Mke Dm  tube easily accessible for rMeoeml. A 

liquid -tight M l  U  as Intel ned by a leflor. gasket. To floe chevrons 

between stainlees steel washers pecked wdth km silicone <rease Mill 
aaiataln • vacuus m«I, Motor coding coils should bo used to avoid 

overheating D m  chevrons (obUinsblo frou Raybeetoe-Manhattan, Inc., 

Packing Division, Manhattan, Pennsylvania). Concentric screws can 

Independently increase spring pressure on the tantalus tube for film 

boiling or on the chevron packlrg. The end a of the reactor nay be 

resovod for access to the tube for fil* boiling, A thermocouple and 

voltage probe m y  bs put in the holes in the electrodes; they oust be 

sealed In at ths electrode enda with a vacuus putty. A Hast alloy C 

gear punp should be used to circulate Til^ continuously; the liquid 

level is exactly xaintalned by the drain at the appropriate level. 

Niehrooe heating vires and insulation are wrapped around tubing and 

container* for liquid Til^ to prevent solidification.

Til, Reservoir Design

The Til^ reservoir is shown in Figure 9, Pegs-*6. NlchroM 

besting coils are used to s»lt the solid Til,; ths vent should be 

pertUlly open during heating to prevent build-up of excessive 

pressure. The suited Tll^ my be started cycling through the 

reactor and punp by applying inert gas pressure at a vent*
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APPENDIX

Average Depoeitlon Rati Calctiletleii

An arithmetic average surface area for depoaltion 1« uauaid.

Th*n'  « A  (n f  -  og) x. P
Ctr ( ^  ♦ c0) L 

2

•  (Di - Do>P
20

.  £ L

0

r  • dtpoe. ret# (ng/ca -  hr)

P ■ density of titanium (4.5 x 1(P m g / c a ? )  

t  • thickness of deposit (cm)

0 • tine of deposition (hours)

DQ ■ final, in itia l disaster (ca)

L ■ wire length (cm)

Effective Film Thickness Calculation

The heat transfer coefficient without radiation h is  given by
vV

the following equations'*

hco -  k/x - 0.62 I k ^ ( P 1

l  D At Pr
The equation holds for cylindrical surfaces of D > 0.040*. The effective 

f i l s  thickness, x, may he calculated i f  the properties of TU^ vapor and 

conditions are known. At 1600"C,

g -  4.17 x 10? ft/hr2



^  •  160*C for 6 an K* prtuur« 

0 • 0.040/12 .  0.05334 f t .

C_ •  C„ ♦ ft • w*n# K ♦ rot I ♦ ribr K ♦ «
P jr

•  j / i  * •  J/2 1 ♦ (3»-6)B (Km ) •  *

• 26 rruAb-*>i« «r • 0.0467 »ru/u -̂*r

wh«r* m l w  rlbr 1 w i MiiMd 

Pj * 200 lb/ft^ bj •■tlmtion 

(643) x 5)6

990.9 4 I6 0  •  273)
4 .) x Mf* U>/ftJ

Mhirt a  liqu id  htad of 3 n H ( « i  u iu n d  dut to  to n in lo n  o f tha 

wire in  tho liquid .

M • 0.075 lb /hr-ft ootinotion^

Pr •  0.65 *o#unption, tine* Pr is  marljr oonatont a t this voluo.
Cn m 0.0467 x 0.075

k -  - f p  -  -------  •  O.OOU BTU/hr-ft-*F

4 *45.5 BTUAb M u u m i i * 2

V  -  45.5 ♦ 0.0467 1.6 • 105 BTOAb dofinition5

2.54 x 12 x 0,0041x •
0.62

k m
*y (o.

vJK^«i'L2 K0 »HJri-X-i
(o.ooa)2 x 4.3 x 10~3 4 x 200 x 4.17 x 10*

x 105 x 0.0467

- 0.025 at at 1600*C 

By •lmilnr roasonin^.

x -  0.020 ca a t 1100-C
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