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PREPARATION OF METALLIC TITANIUM BY FILM BOILING
Alfred William Petersen

Radiation Laboratory and
Department of Chemistry and Chemical Engineering

April, 1954

I. ABSTRACT

The Van Arkel-deBoer method for producing ductile titanium by
thermal decomposition of TiIA vapor and deposition on an electrically

heated filament is modified by film boiling TiI, liquid on a heated

L
filament,; resulting in similar titanium deposition on the filament
and liberation of iodine to the gaseoﬁs phase, The increase of
deposition rate from 10-100 mg/emzahr for the Van Arkel process to
1000--10,000 mg/cmz-hr decreases the energy input from 40-90 Kw-hr/lb
Tis for tﬂe Van Arkel process to 2-20 Kw-hr/1b Ti by the film boiling

method,
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IT, INTRODUCTION

This dissertation is concerned with the production of titanium of

99.9% purity, called "ductile titanium", by a modification of the Van

Arkel-sdeBoerl method, w@ich is now in use commercially. In this method,
an electrically heated wire is suspended from two electrodes, which are
placed in container holding titanium tetraiodide wvapor at a wvapor

pressure not exceeding 37 mm Hg.,l5 The vapor diffuses to the hot wire,

15

usually maintained at 1100-1600°C, ” and decomposes according to the

reaction

TiI

l > Ti + 41,

liberating gaseous atomic iodine and depositing solid, crystalline
titanium on the wire. The liberated iodine diffuses to a heated source

of crude Ti and reacts to form more Til, vapor, which again diffuses to

L
the hot wire and completes the cyclic process.

The above process may be modified by suspending the hot wire in
1,9 instead of the vapor, and obtaining film §oiling. This
type of boiling is characterized by the formation of a continuous film

liquid TiI

of vapor over the wire surface. Since only vapor ¢ontacts the wire
surface, the temperature of this surface may be raised as high as
desirable, within the limit of mechanical strength requirements for
the ﬁire° By properly setting the input voltage, the temperature of
the wire may be maintained above 1100°Cy, and by evacuating the vessel
holding the liquid TiIh and maintaining a suitable condenser tempera=

ture, the vapor pressure of Til, may be held below 37 mm Hg., Thus,

4
the conditions of operation of the Van Arkel-deBoer method may be

obtained with film boiling; and hence, it is postulated that %ductile



titanium" may be produced by this method,

The purpose of this thesis is to prove the abcve postulate by
experiment and to ascertain the approximate power input, rate of
deposition of Ti, and purity. A larger film boiling apparatus will
be designed for further work, in order to obtain more precise

conditiohs of operation,
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ITI. PREPARATION OF TITANIUM TETRAIODIDE

There are many methods available for the preparation of titanium
tetraiodide, vA summary of a number of these methods follows:

(1) The direct reaction éf iodine vapor and heated titanium
was used by Fast97_Hautefeuille? and Moissan,ll A glass container
was evacuated and the titanium heated to a high temperature. The
titanium was cooled to 180°C and iodine was introduced into the con=
tainers The spontaneous reaction produced titanium tetraiodide, which
condensed in a cooled bulb attached to the container., The tetraiodide
was purified by sublimation to remove the excess iodine.

(2) Hautefeuille9 passed dry hydrogen iocdide through warm
titanium tetrachloride., The temperatufe ﬁas gradually raised to
the boiling point of titanium tetrachloride. Repeated sublimation
through a stream of hydrogen purified the tetraiodide,

(3) Hautef’eu:‘Llle'9 paséed a mixture of iodine wvapor, titanium
tetrachloride vapor, and hydrogen through a tube heated to a dull red.
The titanium tetraiodide formed was purified as in method (2).

(4) Hoch and Knaufflo made titanium tetraicdide by the methathesis

" of titanium tetrachloride and phosphorus triiodide.

(5) Pascallzrreacted titanium carbide and iodine. According to
Blumenthal and Smith,h this reaction is low in efficiency,

(6) A promising m;thod for commercial application was proposed
by Blumenthal and Smith.h Metallic titanium was reacted with iodine
dissolved in carbon disulfide by heating the mixture to boiling and
refluxing until the reaction was complete. A water bath maintained
at 80°C was used to distill off the carbon disﬁlfide; increasing the

temperature by direzt heating removed any excess iodine; finally, pure
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TiIh was distilled off from any solids remaining in the reaction mixture.
This is a desirable method, because the reaction occurs at the boiling
point of carbon disulfide; there are no corrosion problems normally
found with hot iodine vapors on the gasket materials; the iodine not

used for making Til 1is easily recovered; the carbon disulfide from

4
the distillation step is ready to be used again; and a very impure
titanium alloy may be used as the starting material,

(7) The method actually used to prepare TiIu for the work in
this thesis is deseribed below:

Refer to Figure 1 for the apparatus. 12 crystals were added to
the 500 ml flask, and the air condenser was fitted into place., The I,
was melted with 2 Bunsen bur?er, and a few grams of Ti sponge were
added to the flask through the top of the condenser, Heating was
continued in order to foz;m'I2 vapor on the pieces of sponge, since
liquid 12 and Ti de not react rapidly., This initiated the reaction,

TL + 212(g) —> TiIh(g)o

which, although exctihermic, is not explosive due to the limited surface
area on the sponge. The pieces of séonge rose to the liguid surface
and continued reacting until they were used up; the heat of reaction

maintained an envelope of vaporized 12 and TiI, around them, providing

A
a constant source of 12 vapor, The heat was dissipated throﬁgh the
condenser and reactor walls, liquefying the vapors and allowing the
liquid reflux to return to the reaction mixture, When the reaction
subsided, another increment of sponge was added through the top of -
the condenser., The above process was repeated until no further
reaction cccurred, due to the decrease in free 12 concentration in

the reaction mixture., The excess 1,, which was usually 5-15 weight

2’
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percent of the reaction mixture, was removed by simple distillation at
atmospheric pressure. The TiIu fraction boiling above 365°C (normal
boiling point is 377°C) was next distilled off and collected for use;
any non-volatile titanium oxides or nitrides formed during the reaction
remained in the distillation flask.

There are a few disadvaptagés to this method of preparation.
large increments of titanium sponge should not be added unless the
heat of reaction (=l3l kcal./mole TiIh) can be safely dissipated by
the condenser and reactér walls. The reaction was difficult to control,
because once the violent exothermic reaction was initiated, it did not
stop until all of the sponge was used up. With the condenser open to
the aémosphere, titanium oxides formed, lowering the yield of TiIh;
water vapor from the atmosphere formed HI from TiIh’ lowering the
yield with respect to iodine. The vapors are corrosive to most
common gasket and construction materials.

The advantages of this method are the simplicity of the apparatus

and the rapidity of the direct reaction of Ti and I2.



IV. FILM BOILING ON SHORT WIRES

Apparatus
The apparatus shown in Figure 2, Page 13, is for film boiling TiIh

on short wire f:‘ilamentso The current to the filament is supplied
through a bank of three 5 KVA transformers connected in parallel;

they decrease the 230-volt line by a factor of four to 57.5 volts.

The current is controlled by adjusting the voltage over a 0-67.5 volt-
range with a 7 KVA variable transformer on the low-voltage side of the
bank of transformers. The current is measured directly by a westontAC
ammeter, and the total veltage drop across the electrodes is measured
with a Weston AC voltmeter, The sealed-in-glass tungsten electrodes

are hard scldered to the filament for the film beiling of Til The

1&0
top part of the reactor, holding the electrodes, is connected to the
reactor by a ground glass joint,which is lubricated with silicone

grease, The bottom part of the reactor, containing TiIQ is wrapped

with nichrome heating wires to maintain the TiI, in the liquid state,

L
To this bottom part is attached an air condenser for liquefying or
solidifying the Tilh vapofs produced by boiling. An ice or liquid-
nitrogen trap, for solidifying 12 vapor and any Tilh not condensed,
is attached to the low-pressure side of the air éohdensero Finally,
a "Megavac" mechanical vacuum pump is attached to the trap, for
evacuating the system to é few mm Hé;

Procedure
A 0.,010-inch-diameter tungsten filament was hard soldered to the
 tungsten electrodes. Til4 was melted (mp 144°C) and poured into the

reactor chamber; the top of the reactor chamber, containing the
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electrodes, was replaced, Freeziﬁg of the Til, was prevented by

L

;ontrolling the current to the nichrome wires wrapped around the
reactor with a 1 KVA variable transformer. The mechanical vacuum
pump was started énd the system evacuated te about 2 mm Hg TiIh
vapor pressure, which corresponds to a liquid temperature of 160°C.
The éurrent to the filament was turned on and the impressed voltage
slowly increased with the variable transformer. Avéudden drop in
current at nearly consfant impressed voltage indicated that film
boiling had started, since, as the wire temperature rapidly in-
creased, the resistance alsovinbreased, resuiting in a current
decrease, The variable transformef was then set so that the
total resistance corresponded to a temperature in the range 1100-
1600°C, which is the most favorable decomposition range for the
Van Arkel-deBoer process., Usually the_0,0IO—inch-diameter filament
fused after only about 30 seconds of operation. The apparatus was
then'disassembled and the characteristics of the deposit were noted.
Results

The first metallic titanium preparedg as shown in the photograph
(Figure 3), was on a 0,010-inch-diameter tungsten wire 0.8l inches
long between electrodes; the scale showing in the photograph is 1 cm
in length, The deposition rate is calculated froﬁ'the diameter of
the unierh deposity 0,019 inches, on the short, large-diameter
middle section of the wire and from the time of depositiun of 20
seconds; this corresponds to an avérage deposition rate for Ti of
9,000 mg/cmz/hr (Page 49, Appendix).

The initial current was 9.5 amps and the total voltage drop

was 2.0 volts; this corresponds to a power input of 4 Kw=hr/lb Ti,
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The current increased slightly as the run progressed, due to the in-
creased cross section and reéulting decreased resistance,

The deposit is not uniform over the length of the wire. Ti was
formed onlj on the middle third of the wire length, where it formed‘
in globules, The giobule on the section on the right in the photograph
formed as a result of the wire's fusing; the other globules probably
were formedAbecause the wire temperature exceeded the melting point of
Ti; only a short length of deposit was of uniform diameter. The two
breaks in the wire on the left in the photograph are from handling the
tungsten, which had become somewhat brittle from being heated,

The sample was analyzed spectrographically for iron and tungsten,
The'analysis is compared for the manufacturerts analysis of the titanium

sponge starting material,

Srec., Analysis Manufacturer's Analysis
Fe £ 0,01 - 0,1% 0,05%
W £ 0,01 - 0.1% 0%
N2 = 0.018%
c1l - 0.12%




V. FILM BOILING ON LONG WIRES

Anparatus

The apparatus shown in Figure La, 4b, Pages 18, 19, is for film

boiling Til, on long wire filaments. The current supply and electriecal

L
instruments are the same as for the apparatus for short wires, excepht
that the variable transformer is on the high-voltage side of the bank
of three transformers, The current is conducted to the wire filament
through two 0.080-inch-diameter tungsten electrodes, which fit through
teflon plugs on the ends of the reactor. The reactor ﬁay be assembled
by pﬁshing the plugs into the reactor and éliding the electrodes out
through the plugs; a vécuum putty mgintains a vacuum=-tight seal at

the teflon=electrode joint,

Nichrome wires, wrapped around the reactor to heat the Tilh,
keep it liquefied and set thevliquid temperature at any desired value
at the beginning of a run. The liquid temperature is measured with a
chromel-alumel thermocouple immersed in a wax-=filled wéll and is
recorded continuously with a "Speedomax" recorder. A similar arrange-
ment with the well at the base of the. condenser continuously measures
and records the vapar temperature,

The reactor is attached' to the condenser by a ball joint lubri-
cafed with high-vacuum silicone grease. The condenser temperature is
maintained * 2°C by circulating wax from a constant tempe?ature bath,
which ﬁses a mercury contact switch 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

for measuring the pressure of the noncondensible gases to * 2 mm Hg.
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Ar. ice trap for corrosive vapors is inserted between the condenser
and the mechanical vacuum pump. A CO2 cylinder is attached near the
ice trap for filling the system wiﬁh inert gas when necessary.
Procedure

The procedure for making a film-boiling run to deposit metallic
Ti is described., The wire filament is hard scidered to the electrodes
and this éssembly is put into the reactor. TiI& is melted and siphoned.
into the reactor, filling it about 7/8 full., The reactor is attached
to the condenser and the system is slowly evacuated to the désired‘
pressure as indicated by the mercury barcmeter; this pressure is
maintained bj'carefully adjusting the stcpcock to the vacuum pump.
The ice trap is filled, and wax is started oyeling through the con-
denser. The current is turned on and the impressed voltage slowly
increased in small incremenﬂso' A sudden decrease in current at
constant impressed voltage indicates.film boiling has started. The
current and total voltage are then set $¢ that the wire resistance
corresponds to a filament temperature in the range 1100-1600°C; this -
was delermined by 2 previcus calibraﬁion using an coptical pyrometer, |

with the filament in vacuo. A slightly increasing current at constvant
]

}

impressed voltage verifies that Ti is depositing, due to decreased
wire resistance. The run is continued until the wire fuses; the
apparatus is disassembled; and the characteristics of the deposit
are noted,
Results

Fiim boiling was cbtained on 0,010-incn-diameter and 5.75 inches
long tungsten wires in the apparatuz shown in Figures Lka, Lb, Pages

18 and 19. Data cbtained for three runs follow:
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Total - Total
Initial Initial Initial Time
Voltage Current Resistance- of run
Figure (volts/inch) (amps) * (ohms/inch) (sec)
5a 3.4 9 0.38 -
5b 2.7 8.5 - 0632 15
5c 2.2 9.3 C.24 33

The Ti deﬁosit, as shown in Figure 5a, b and ¢, 1s in globules;
attempts to obtain a smootﬁ deposit wiﬁh a OOOlO—inch—diametef wire
were unsuccessful, and for this reason the deposition rate'couldinot
be calculated. - The deposit anvears only on short sections of the wire,
and not over the entire length. One break in each wire is a result of
the wire fusing, necessarily terminating the exveriment; the other
breaks are from handling.

An attempt was made to obtain film boiling on a ©.020" titanium
wire (not shown). Film boiling was momentarily attained, before the
wire fused. A vény small globule of deposited Ti was obtained. How=
ever, experiments on Ti wire were discontinued due to the low Ti
melting point, requiring very sensitive control of the impressed
voltage to prevent the wire from fusing.

Deposition on 0.040-inch Ta wires 3=, inches long was very

successful., Data obtained from four runs follow:
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Total Initial Titanium
Initial Initial Initial Total Time Vapor Deposition
Voltage Current Power Resistance of Run Temp. Rate2
 Figure (volts/inch) (amps) (Kw-hr/1b) (ohms/in) (sec) (°C) (mg/em“~hr

ba 1.33 52 2 .026 60 - 12,000
6b 1.23 49 - .025 - - -
b¢ - - - - - - -
6d T1.,27 51, 19 ,023 300 178-180 1,600

Part of the deposit on the wire in Figure 6a was lumpy, indicating
the temperature of the filament reached the melting point of Ti (1740°C);
this made the deposit sag on part of the wire. However, a short length
of uniform deposit was used to calculate the depositidn rate of Ti as
12,000 mg/cm2~hr (Page 49, Appendix). The cross section of this deposit
was not perfectly circulaf, being 0.082 inches in vgrtical diameter and
0.074 inchesvin h9rizonta1 diameter; this deposit was porous and rough,
indicating that it probably had not been meltedc

The deposit in Figure 6b is entirely lumpy, and no deposition rate
was calculated,

The small, srystalline deposit in Figure 6¢ was obtained at a
temperaturé below the melting point of Ti. This wire did not fuse,
because the hard solder connection became loose after a short time,
necessarily terminating the run.

The uniform deposit in Figure 6d was obtained by céreful control
of the impressed voltage to keep the wire temperature lower than the
melting point of Ti. The deposit did not sag and formed almost con-
gentrically around the wire to a diameter of 0,064 inches, at an
average deposition rate of 1,600 mg/cmzmhra Near the end of the run,
the impressed voltage was raised considerably, resulting in local over—

heating and fusing near one end of the wire, terminating the experiment.
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Spectrographic analysis of some of the Ti which had melted
(Figure 6a) showed a gain of 15% Ta and an Fe analysis of about 0.05%

(compared to 0.05% Fe in the Ti starting material).
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-VI. DISCUSSION OF RESULTS

Measurement of Variables

The quantitative results in this thesis have certain limitations
imposed by the difficulty of measuring some physical variables; there-
fore, the quantitative results given méy be used only as orders of
magnitudes. The latter part of this thesis is devoted to the design
of apparatus for more accurate measurement of the wvariables,

The most important variable with respect to deposition rate is the
filament temperature (Figure 14, Page 52), which is very difficult to
measure when wire filaménts are used, A thermocouple attaéhed to the
wire would have to be small diameter i? order not to conduct too much
heat from the filament and not to change the temperature appreéiably;
delicate wires of platinum and platinum-10% rhodium (necessary to
withstand corrosion and high temperatures) would not easily withstand
violent film boiling and would be difficult to handle., It is possible
to use the variation in electrical resistance with temperature, in
order to determine the filament temberature° The wire must be cali-
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 set the filament tempera-
ture in the range 1100-1600°C. However, the method is inaccurate due
to end effects from heat conduction into the electrodes, changing the
electrical resistance near the ends. Also, the method is restricted
to the beginning of a run, since titanium deposition decreases the
electrical resistance. Exact temperature measurements may Be made

only by film beoiling TiI# ori a tube, and inserting a thermocouple



within the tube; suitable equipment for using & tube is dag:wvibegin the
latter nert of this thesis.

The pressure is not easily measured directly, due o the corrosive,
condensible gases. However, a good indication of the total pressure
and Tilh vaﬁor pressure may be obtained by measuring the noncondensible
gas pressure on the lowﬁpressure side of the condensér and by measuring
the TiIl+ vapor temperature as it boils off the licuid in order to obtain
the vapor pressure above the liquid; the sum of these two pressures plus
the licuid head give the total oreséure at the filament; the sum of the
above vapor pressure and the licuid head give the TiIh 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

conduétion into the electrodes, changiﬁg the voltage drop. In the data
given, the voltage is not corrected for these end effects, However,
this error would not be more than 10-20%, which is within the accuracy
of other data used. Accurate voltage measurements may be made by

inserting a voltage probe intc a tube on which Til, is film boiling.

L
Time 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 tﬂrough 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 minimized by longer runs than used for this thesis, so

that the possible error is within the limit of other experimental errors.
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Deposition Rate

The approximate deposition rates calculated for three separate runs
were 1,600; 9,006; and 12,000 mg/cm.z--hr° These rates may be compared
with the approximate range of rates obtained by Runnalls and Pidgeonl5
of 10-100 mg/cmz-hro for the Van Arkel-deBoer process for making Ti.
It may be concluded that the film boiling process rate is much higher
than the Van ArkelideBoer process,

Power Input

The approximate power inputs necessary for the above three runs
were 19; 4; and 2 Kw=hr/1b Ti. The power inpuﬁ required for a presemt
commercial installation using the Van Arkel-deBoer process is 40-60
Kw-hr/1b Tiu8 A‘pilot—plant—scale installation uses 80-90 Kw-hr/lb
Ti°8 It may be céncluded that there is an appreciable saving in power
by £ilm boiling, even with thé least efficient laboratory-scale film
boiling run, |

Purity of Product

The puritf of the Ti made has not been conclusively determined.
The manufacturer's analysis of the Ti sponge for Fe of 0.05% is the
same order of magnitude as the two analyses of about 0,05% and £
O,Ol--Ool‘,i° The Qire materials of Ta and W dissolved somewhat in the
Ti deposits which had melted,

Character of Deposit

The character of the deposit varied, being smooth or rough and
Jumpy or uniform in differeﬁt runs. The deposit in Figure 3, Page 15,
has a uniform section of deposit on the large-diameter Qhort piece;
the other half of this piece has a globule. This is probably due to

part of the wire's being at a temperature greater than the melting -



-29-

point of Ti (L740°C); the Ti would tend to form into a globule from
surface tension when it is liquid. The deposité'in Figures 5a, b and
¢, are all in globules, indicating the temperature was above the
melting point of Ti. Part of the deposit in Figures 6a and b has
sagged on the wire due to melting; while part of the deposit is some-
what uniform and has a roygh surface, indicating it p:dbébly had not
been melted. The current was carefully controlled, lower than other
runs, for the deposits in Figures 6c and d. These deposits are uni-
form and rough, so had not been melted.

Some depésits, as in Figures 5a, b and ¢, formed on only a small
part of the original 5.75 inch length. This is due to the difficulty
of obtaining film boiling over the entire lengtﬁ.of wire without
fusing part of the wire. The 1arger diameter Te wires, 0.040 in
diameter, in Figures 6a, b, c and 4, have a deposit over most of
the length, except at the cocl ends. A few experiments with 0.300
inch diameter tubes showed that it was easy to obtain film boiling
uniformly over the length of the tube. Thus, a large diameter, 0.0LO
inches or larger, will easily give uniform film boiling over the
length of heating surface.

On almost all of the rums, except in Figure 6c, the wires fused,
terminating tﬁe experiment. It-is suggested that this oécurred due
to local overheating on a wire, melting the Ti deposit. The liquid
Ti tﬁen dropped off, leaving the original bare wire to carry the
current; it could not carry the higher current resulting from Ti

deposition and fused.
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VII. THEORY OF TITANIUM DEPOSITION

Effect of Diffusion Path Length

A mechanism for the deposition of Ti on a hot surface, consistent
with observations én both the Van Arkel process and film boiling process,
will be proposed,

Runnals and Pidgeon15 observed that the length of diffusion path
from filament to crude Ti had a pronounced effect upon the deposition
rate in the Van Arkel process. Since excess liquid TiIh was present
and the vapor was perceptibly saturated with it, they concluded that
adequate TiI,+ was present to continue the reactioh

TiIb’(g)

> Ti(s) + 4I(g).

They suggested thatkthe equilibrium iodine pressure is low in this
reaction an&_quickly rises to the saturation value., Thermodynamic
calculations (Table 3, Page 38) from the data in Quill,,ll+ indicated
that this could be éorrect'considering the ﬁncertainty of the data.
The rate of diffusion of iodine to the crude Ti, where it is removed
from the system as it forms TiIh, is dependent upon the diffusion
path length; as a result of this the rate of deposition would be
dependent upon the path length,since rate of deposition is dependent
an the rat; of removal of I, in film boiling, the diffusion path
length for iodine is very short; it must diffuse merely through the

thickness of the vapor film to the liquid Til,, where the iodine is

14»’
considered to be removed from the region of the filament., It would
be expected from the above that the rate of reaction would Be very
large in film boiling, and this has been observed. Figure 7, Curve

1, Page 31, suggests a method of correlation for deposifion rate
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vs. length of diffusion path, using the data of Runnalls and Pidgeon
for the Van Arkel process and very approximate film boiling data, The
rate of deposition for the Van Arkel process must be corrected for the
evaporation rate of T4 at 6 mm Hg aﬁd 1500°C. This rate is not
accurately known, but the corfected deposition rate will be somewhere
. between the uncorrected deposition rate and the deposition rate
corrected for the maximum possible Ti evaporation rate (in wvacuo).
For film boiling,’the evaporation rate is negligible in comparison

to the deposition rate, The film boiling dataare only approximate,
because the temperature of deposition, a very important variable, is
not known, The temperature for two points reached at least 17,0°C
(melting point of Ti), since the deposits appeared to have melted,
The deposit for the third run was not melted and the temperature must
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 by a correlation5 (Page 49, Appendix) which holds best
only for wires > 0,040 in diameter and which used many estimated

physical properties‘of TiI, vapor. The pressure for the film bbiling

L
data is not accurately k?own; howeverg the effect of TiIh vapor pressure
up to 25 mm Hg is not iarge'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 filament.

Removing iodine would tend to displace the appnroximate equilibrium



represented by

——

< Ti(s) + 4I(g). (1)

TiL, (g)
The equilibrium constant for this reaction may be written as

(riy(D* (D"
(TiIh) (TiIh)

2)

using (Ti) solid = 1 in the stendard state. Since TiIh nressure i3
held constant, (TiIh) at the filament is assumed to be avnreximately
constant with temperature, Then
K o (I)Q (3)
or
log K ¢ log (I)l* « 4 log (I) e log (I), (L)
The equivalent deposition rate » is emuel to the eguivalent diffusicn
rate Ny of iodine. N, is given by
o=k (L)1) ), (5)
where (12) is the iodine concentration a short distance from the not
filament where most of the atomi: iodine haz changed back to mclecular
iodine, and (12)0 2 0 is the iodine concentration near the crude Ti.
The temperature over the diffusion path of 10 om length is nc% constant;
but the diffusion coefficient, which depends upon the temperature, is

assumed constant fcr this derivatien, since there 1s a relatively 1rng

-diffusion path and most of the vath is at the temperature of the bulk

TiIh vapor. The effect of shortening the diffusion path, as 1n film
boiling, will be discussed later, N, is then avproximately probortional

A .
to (12),

r‘=NAo:(I,2). (¢)

As the atomic I moves away from the fiiament and cools, it changes to
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molecular iodine; and the'améunt of 12 being formed is proportional to
the I concentration near the filament (I,)a(I) (7).
and r @ (1) | (&)
from Equation (6). '
Substitute Equation (8) into Equation (4) and
| logK o« logr (9)
The log of an equilibrium constant for a reaction is known to be
proportidnal to 1/T or
logK o« logp «l/T (10)
So a plot of log ¢ vs. 1/T should be a straight line if the previous
assumptions are correct. The data of Runnalls and Pidgeon for a
diffusion path length of 10 cmare reproduced in Figure 14, Page 52,
Tese data must be corrected for the evaporation rate of Ti. This
will give a deposition rate somewhat between the uncorrected deposition
rate and the deposition rate corrected for evaporation of Ti in vacuo.
As shown by Figure 8, Page 35, a straight line is approximated by
log r vs. 1/T. Thus, the effect of temperature is to shift the
equilibrium and allow a higher (I) concentration at the filament.,
if the diffusion path length were shortened, as in film boiling,
the assumption of constant diffusion coeffiéient due to a negligible
rtemperature gradient from a long diffusion path in the Van Arkel process
would not hold., There would.be a steep gradient over the short distance;
the iodine would diffuse at a higher average temperature, resulting in
a highef deposition rate than would be predicted by extrapolation of
Van Arkel data; this would agree better with the data in Figure 7,

Page 31, as shown by Curve 2,
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The deposition rate apparently decreases past 1500°C (Figure 14,
Page 52) for the Van Arkel process. This is explained by the fact that
evaporation rate of Ti becomes appreciable above 1350°C (2); at 1500°C,
15

the deposition rate observed was 14.7 mg/cmz-hr while the evaporation
rate in vacuo was 12.6 mg/cmz-hrS; at 1550°C, the deposition rate was
14.3 mg/cmz-hr, while the evaporation rate was 32..4 mg/cmz-hr. For

film boiling of Til,, the evaporation rate of Ti is negligible compared

1+9
to the rate of deposition up to the melting point of Ti.

Effect of Pressure

The data of Runnalls and Pidgeon,ls reproduced in Figure 15, Page
53, show that the rate of deposition increases up to about 15 mm TiIh
pressure at 1500°C and then decreases up to- about 37 mm; at 50 mm
TiIh pressure previousiy deposited Ti was removed,l5 suggesting a
negative debosition rate at pressures above 37 mm (1500°C); above
25 mm TiI3 was formed on the cool electrodes.

It is suggested that the increase in deposition rate up to 15 mm
is a result of shifting to the right the equilibrium

Til

W(g) < Ti(s) * H(g)»

allowing a slightly higher (I) concentration according to

K = (D*/(TiL,)
and hence an increased deposition rate, sinée it is dependent upon ﬂI)
conceﬁtration.

Above 15 mm, it is evident that the rate of a reacticn involving

~

the removal of Ti and formation of Til_, becomes of the same order of

3

magnitude as Ti deposition., In order to determine what this reaction

is, standard free energies will be used to estimate the partial pressure

of the various components in the vicinity of the filament in equilibrium
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with Ti(s); the assumption of equilibrium may not hola, but the resultis
may at least indicate the tendency of reactions. The free energy data
from Quilllhhave an eétimated uncertainty of * 10 kcal /mole, which
corresponds to an uncertainty by a factor of 30 in the calculated
partial pressﬁres at 1500°K. The datasre given in Table 2, Page 38;
the calculated partial pressures are given in Table 3, Page 38,

The accuracy of the thermodynamic data may be checked by imposing
the condition that at zero net Ti deposition, the ratio of atomic
concentration of Ti in all gaseous species to atomic I concentration

in all gaseous species is 1/4, as in the starting material TiIh:

L (TiI) + (Ti1,) + (TiI) = /.

T h(TiIh) + 3(Ti13) + 2(TiL) + (1)

This may be seen to held true by noting that Til, may decompoée to any

L
of the above four gases, without Ti deposition, and the ratio of
concentrations remains constant at 1/4; however, remove Ti from the
gaseous system by aeposition and the ratio becomes less than 1/4; by
similar reasoning, the ratio becomes greater than 1/, when Ti is
removed from the filament and added to the gaseous system, For a
total pressure of 50 mm at the filament (Table 3, Page 38), the above
ratio is 0.49, indicating that Ti should be removed from the filament;

this has been observedol5 For a total pressure of 6 mm, the ratio is

0.45, also indicating Ti removal; however, deposition has been observed

15

at this pressure, Thus, the free energies are somewhat in error. By

decreasing the TiI2 concentration by a factor of 30 (the possible error

in thé free energies stated by Quill the ratio becomes O.ll4,

indicating Ti deposition as it should. It may be concluded that the
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Table 2

Standard Free Energylh
AFY 5000k AFE00°K
Reaction (kcal./mole) (kcal./mole)

Til —_— > Ti I + - + 10

Tie) ORI *38 10 H146 £ 10
Ti i : + +
T4 —> T 2 + +

Table 3

Partial Pressures of Components in Ecuilibrium with Ti at 1500°K

Total Pressure TiI, T 3 TiI, I
() (mm) (1) (mm) (men)

50 0.1 0.05 L7 3

6 0.001 0.002 5 1
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TiI? partial pressures calculated are somewhat high and that the stability
of TiI2 is not so great as indicated, though is certainly still large.

To explain the removel of Ti at high Til, pressure, the follewing

I

mechanism is suggested, due to the large tendency of TiI2 to form in the

region of the filaments

T4 + T4 > 2TiI, .
Ty * Ts) > 2T,

An increase of TiIh pressure would favor the formation of Til.. Anolher
. ~ .

mechahism could be proposed,
Til, , .\ + Ti ———> [TiX 3
38 bTI5(g) 3
however, this reaction appears unlikely because there is little tendency

for TiI, to form in the viecinity of the filament and it is required that

3

three Til, molecules collide with a Ti atom for the reaction to take

4

place.

The formation of TiI_ on the cocl electrodes may be expleined by

3

the greater stability of TiI, at lower temperatures as in the bulk of

3

TiIh vapor. At this temperature, about 500°K, and a TiI, pressure of

L

25 mm, the Til, pressure calculated from free energy data is 0.2 mm

3

for an assumed TiIl, pressure of 1 mm; these constituents are not assuwned

2
to be in equilibfium with Ti at this low temperature,- Thus, the formation
of TiI3 from

2Ag) <

appears possible; considering that the stability of TiI2 is probatly
over-estimated, the reaction could be very favorable, The reaction

has been shown tc be reversible by Fast,6 and removal of ‘I’iI3 by

" condensation would also tend to favor the reaction,

The effect of pressure in film boiling is similar to the Van Arkel

process, A good deposit is obtained at lower T:‘LII+ pressures of 6-10 mm;
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these include TiIh liquid head. No deposit was obtained above 20 mm,
although it may be possible., When the pressure was too high, no Ti

- deposit was found on the wire, but a dark-colored substance was
observed to deposit. An x-ray diffraction analysis of this substance
) and no TiO, TiN, or Ti02; it is
thought that the substance is either ‘I'J"_I2 or TiIB,>but no diffraction

showed only a small amount of Til

patterns for these substances were available for comparison with the

unknown pattern.



VIII. DESIGN OF APPARATUS FOR FILM BOILING ON TUBES

Materials of Construction

The materials of construction must be resistant to TiIh liocuid

-and vapor up to 250°C, small concentrations of I, vapor up to 250°C,

2
and HI gas which is formed as a result of TiIh decomposition from
hydrolysis with the unavoidable traces of water vapor that will get
into the appara?us. The materials which have been fourd to satisfy
experimentally all of the requirements are as follows: |

Tungsten

Tantalum

Platinum

Molybdenum

Hastelloy C

Glass
The first four metals are rather expensive and the size of the
apparatus would restrict their use. Glass is entirely resistant
and may be used in some parts of the apparatus; howevér, there is
no advantage of using glass tg see inside, because TiIh liquid is
opaque; glass has the disadvantages of breaking easily and of being
difficult to seal vacuum-tight to metal with such a highly corrosive
media. Hastelloy C (manufactured by the Haynes Stellite Co.) is
completely resisﬁant, and is available in sheet, rod, tubing, valves
and ﬁipe fittings, welding rod, and completely fabricated units;
however, it is wvery hard (160—215 Brinell) and difficult to machine,

though not impossible, On the basis of the previous discussion,

Hastelloy C is the metal of choice,
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Consideration may be given to certain other metals which are not
entirel& corrosion-resistant. Hastelloy B has been used previously
in tﬁe design of a unit for Ti deposition by the Van Arkel-deBoer
process; however, it is slightly ﬁarder than Hastelloy C (190-235
Brinell). Stainless steel (302) is fairly resistant to hot TiIh,
but_rusts in the presence of HI vapors and air; it is possible that
more expensiée stainless steels, 316 for example, would be more
resistant. Inconel and monel are corroded even by hot TiIh, 80
should not be used. The use of aluminum should be investigated, as
it would be a good electrode material due to high electrical conductivity.
Gasket materials are ver& limited. Teflon is resistant to I2 and
HI and is fairly resistant to hot TiIh liquid; teflon is highly
recommended. Blue asbestos has not been tested experimentally, but
data in Perry13 are favorable, Rubber and cork are not resistant

to the materials used,

TiIh Condenser Design

The condenser design is shown in Figure 11, Page 47, A coolant
of liquid wax has previously been used for a small film boiling apparatus;
however, wax has the disadvantages of being a solid at room temperature,
of fuming in the open air, and of having a low heat—fransfef coefficient.
A better‘coo;ant would be water under a pressure of about 60 psia in
order to give a femperature of 145°C (m.p. of TiIh is lAA°C). A steam
line with a pressure regulator would maintain the desired pressure,
" and a water cooling coil could condense the water vaporized from con-
densing TiIA, as in Figure 11.
The condenser area calculated on the basis of previous experimental

data should be 6 ft2 for a At of 10°C, a filament temperature of 1700°C,
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and a maximum deposit diameter of 3/L inch; this arca corresponds tc an
cver-all heat transfer coefficient of 80 BTU/hr-s¢,ft-°F, which compares
favorably with the rénge of coefficients, 75-200BTU/hr-sq.ft-°F, to te
expected from heat transfer by free convection from condensing steam to
boiling water, ’

Only the tubes and parté which contact TiIh must be made of a
resistant metal. The parts in contact with water or steam only may te
made of either stainless steel or ordinary steel,

The heat removal by the small steam condenser to keep the pressure
frém rising above 60 psia can be controlled by adjusting the cooling-
water rate., The condenser is designed for maximum desirable heab
removal at a cooling-water»tgmperature of 80°F and an assumed over-all
heat transfer coefficient of 200 BTU/sq.ft-hr-°F; this gives an area
of 0.3 ft2° The condenser méy be made of stainless steel or ordinary

steel.,

12 Condenser Design

The 12 condenser design is shown in Figure 12, Page L8. It should

be a removable water-cooled bayonet tube, because the I, may be easily

2
scraped off after a run. A condensing surface area of 0.4 square feet
should be sufficient,

It is suggested that this condenser be made of glass in order to
observe the formation of condensate, The removable bayonet tube may be
attached by a ground-glass joint lubricated with silicone grease; the
condenser may be attached to the trap with a ball joint, and a suitable

metal-to-glass seal must be made to the Tilh condenser,

Reactor Design

The reactor is shown in Figure 10, Page L6. The critical parts of

the reactor design are to make it vacuum tight, yet allow for expansion



of the hot tube, and make the tube easily accessible for removal. A
liqﬁid-tight seal is maintained by a teflon gasket. Teflon chevrons
between stainless steel washers packed with some silicone grease will
maintain a vacuum seal. Water cooling coils should be used to avoid
overheating the chevrons (cbtainable from Raybestos-Manhattan, Inc.,
Packing Division, Manhattan, Pennsylvania). Concentric screws can
independently increase spring pressure on the tantalum tube for film
boiling or on the chevron packing. The ends of the reactor may be
removed for access to the tube for film boiling. A thermocouple>and
voltage probe may be put in the holes in the electrodes; they must be
sealed in at the electrode ends with a-vacuum putty. A Héstelloy C
gear pump should be used to circulate TiIh continuouély; the liguid
level is exactly maintained by the drain at the appropriate level.
Nichrome heating wires and insulation are wrapped around tubing ard

containers for liquid TiIh to prevent solidification.

TiIQ Reservoir Design

The TiIh reservoir is shown in Figure 9, Page 45. Nichrome
heating coils are usedbto melt the solid TiIh; the vent should be
partially open during heating to prevent build-up of excessive
pressure., The melted TiIh may be started cycling through the

reactor and pump by applying inert gas pressure at a vent.
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APPENDIX

Average Deposition Rate Calculation

An arithmetic average surface area for deposition is assumed.

Then, n/k (05 - D?) L @

e ﬂ.(D1 + DO) L
2
26
ﬂ;_‘
e

fl

r = depos. rateu(mg/cm2 - hr)

P = density of titanium (4.5 x 10° mg/cmj)
t = thickness of deﬁosit (cm)

6 = time of deposition (hours)

Dl’ DO = final, initial diameter (cm)

L = wire length (cm)

Effective Film Thickness Calculation

The heat transfer coefficient without radiation hco is given by

the following equatioﬁ:5

4 .
hco = k/x = 0,62 kzp\(Pl -P)g A? Cp

D At Pr

The equation holds for cylindrical surfaces of D > 0.040". The effective

film thickness, x, may be calculated if the properties of Til, wvapor and

4

conditions are known. At 1600°C,

g = 417 % 10° £t/hr®



tl = 160°C for 6 mm Hg pressure

D = 0,040/12 = 0,00334 ft.

Q
I
(@]
+
=)
n

trans E + rot £ + vibr E + R

i

3/2 R+ 3/2 R + (3n-6)R (Max) + R

26 BTU/lb-mole °F = 0,0467 BTU/1b-°F

where maximum vibr E was assumed

P

1]

200 1b/ft° by estimation

(6+3) x 556 -3 3
- ‘ = 4.3 x 107 1b/f%
998.9 (ROELE0 4 160 + 273)

1

where a 1iqui& head of 3 mm Hg was assumed due to immersion of the
wire in the liquid.
= 0,075 1b/hr-ft estimationl6

Pr = 0,85 assumption, since Pr is nearly constant at this value.

C_u 0.0467 x 0,075

_ P - - e
k = —5= 58 0.0041 BTU/hr~-ft-°F

A

L}

L5.5 BTU/1b measurement2

A = L5.5 + 0.0467 (-1-6—0%-“-1—69) 1.8 = 105 BTU/1b definition’

X

_ 2,54 x 12 x 0,0041 f‘lo,oojau (1800-160) 1.8 x 0.65
0.62

x 105 x 0.0,67

= 0,025 cm at 1600°C
By similar reasoning,

x = 0,020 em at 1100°C

(0.0041)% x 4.3 x 10~ x 200 x 417 x 10

8
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