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ABSTRACT

1. Vaporization Studies

a. Iridiuvm, Rhodium, and Ruthenium
1} Iridium

The vaporization of iridium has been studied by Knudsen effusion
and Langmuir evaporation techniques. The vapor pressure of
iridium over the temperature range of from 2100° to 2600°K is
represented by the equation:

33,980

logloPmm = 10.46 -

Third law analyses of the data yield an average heat of vaporization:
ig}lgtz)%sK= 158.440.5kcal/mole . The estimated boiling point of iridium is

2) Rhodium

The previously reported raw data for rhodium have been analyzed.
The vapor pressure of rhodium for the temperature range of
20507 to 2200°K is represented by the equation:

28,300

loglOPmm = 10.28 -

Third law analyses of the data yield an average heat of vaporization:
AH°298 =132.8 + 0.3 kcal/mole.

3) Ruthenium

The vaporization of ruthenium has been studied by a Knudsen
effusion technique. Tentative data for the vapor pressure from
the temperature range of 2000° to 2500°K have been obtained.
These data are represented by the equation:

33,550

logyoPpm = 10.76 =

Third law analyses of the data yield an average heat of vaporization:
AH®gg = 155.7 41.7kcal/mole . The boiling point estimated from these
data is 4400°K.
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b. Iridium-Carbon

The vapor pressure of iridium, vaporized from a graphite effusion cell,
was found to be as much as several orders of magnitude lower than that
of pure iridium.

c. Alumina (A1203)

The study of the vaporization of Al,05 was essentially completed. In
both iridium and tungsten cells, the principal mode of vaporization was:

wher : the Al,0; is in either the solid or the liquid state. In iridium
effusion cells, small amounts of A10 and Al,0 were observed. These
species, as well as W0, , were also observed in small amounts during
tests in tungsten effusion cells.

Calculations with the data from this work and available spectroscopic
data yielded the following information for the gaseous oxides of alumin-
ium:

Alzﬂ(s)——h-ZAI(s) + 0(8) AHS = 230 + 7 kcal/mole

AIO(S)—-—-*- Al(g) + O(g) AHB = 105 + 3 kecal/mole

ZAI(S) + 1/2 02(8)—-1&120(8) AHS = =15 + 7 kcal/mole

Al(s) + 1/2 OZ(g)'"_"' Alo(s) AHB = 32 + 5 kcal/mole

Alzﬂ(s)—"——l-AI(g) + Alo(g) AHB = 125 4+ 12kcal/mole .
d. Thoria

Experimental difficulties were encountered in the study of the vaporiza-
tion of thoria, specifically with effustion techniques and mass spectrom-
etry. Although it appeared that ThO,y might have been present in ap-
preciable quantities, in addition to tshe major constituent “02(3) in the
equilibrium gas, this point was not settled,

WADD TR 60-463 Pt, II -iv-



e. Hafnia

Mass spectrometric studies of the vaporization of hafnia showed that
the major vaporizing oxide species was Hf0(g) - It appeared, on the
basis of the experimental data that the vaporization of hafnia was not

stoichiometric, and that a small amount of oxygen was lost.

Simple effusion studies yielded the following approximate results:

HIO) (o) —= HiO(py + Orpy s Sog = 347 keal/mole

HfoZ )—-F-HfO(g) + (l-x) 0(8), AHEQB = 357 kcal/mole .

-x(s

f. The Vaporization of the Rare Earth Sesquioxides

The rare earth sesquioxides may be divided into two groups on the
basis of a plot of IM+/IMO versus atomic number of the metal; within
+

each, the major vaporization mode changes irom:
Ma030s) > M0y * O »

to

Ny O3(5) — M(g) + 3 0cpy

with increasing atomic number of the rare earth metal.
g. Continuously Monitored Effusion Experiments

1) Mo - Si System

Continuously monitored effusion experiments, performed by
effusing silicon from a molybdenum crucible containing silicon
powder, have yielded the following heats of dissociation in keal/gam
atom of silicon at 298°K:

Two phase region, Liquid MoSiy R I i - H

Two phase region, MoSiz , M05513 tsecassnrsassnsnasl2Zl.B;

Two phase region, MosSi;, Mo3Si careaasseresssess128.3; and
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Two-phase region, Mo35i, Mo tetesansessenrasral32.9

2) V¥sSi_System

Continuously monitored effusion experiments, performed in tung-
sten crucibles,have yielded the following approximate dissociation
pressures at ~ 17650K:

Two phase region, liquid WSi I - 10'6a.tm.
Two phase region, wSsi, - w38i2 . X5 10"6atm.
6

Two phase region, ¥,Si, - ¥ trreveerrnnsssansl,Tx 107 "atm.

3) Ta-B System

Although several experiments have been run, no useful data have
been obtained.

2. Surface Tension

The surface tensions of silica and silica plus 1 percent oxide additives, and
zirconium plus uranium have been measured by a sessile drop technique.

3. Visco sity

The viscosities of the following materials have been measured: alumina
(~1 to 10 poises), Zr plus 10 percent U (~1.5 poises), silica, silica plus
1 percent V,05 , silica plus 1 percent Co0, and silica plus 1 percent Al03 .

This report has been reviewed and is approved.

v O (it~

J. I. Wittebort

Chief, Thermophysics Branch

Physics Laboratory

Directorate of Materials and Processes
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I. VAPORIZATION STUDIES

The experimental techniques, used for the study of vaporization of several re-
fractory materials in this contract, have been described in detail (ref. 1). The
method of effusion cell heating, in simple effusion and mass spectrometric
studies, is described in appendix A. Further detailed descriptions will be given
only where they differ substantially from those already reported.

THE VAPCORIZATION OF IRIDIUM, RHODIUM, AND RUTHENIUM

1. Iridium and Rhodium

Experimental details and data for Knudsen effusion studies of vaporization
of iridium have already been reported (ref. 1}. The data included experi-
mental points obtained when thoria effusion cells with 1/16 and 1/8 in.
orifices were used. The data were reported to be in doubt, and the results
obtained with 1/16 in. orifices were found to differ from those obtained
with 1/8 in. orifices.

Subsequent examination of the cells, used for these studies, revealed that
the data obtained with the 1/8 in. orifice were not correct. This was due
to geometric factors, discussed in appendix B. To check the effusion data
obtained with the 1/16 in. orifice, a Langmuir vaporization experiment
was performed,

A complete discussion of the vaporization studies of iridium and rhodium
has been prepared for publication and is given in appendix B. The experi-
mental data for rhodium found in appendix B were given in the previous
report in this series (ref. 1), but third law calculations were not included
at the time,

2. Ruthenium

The experimental techniques used for the effusion studies of the vaporization
of ruthenium were the same as those described in appendix B for iridium
and rhodium. In most of the experiments, the quantity of ruthenium that
had been deposited upon the targets was determined by the use of Rol03 o

a radioactive tracer. The radioactivity of the target, upon which the effu-
sion beam condensed, was compared with that of a previously calibrated
sample. This sample contained the same ratio of tracer to natural isotopes
and a known total weight of the reference material.

Manuscript released by the agthors July 1961 for publication as 8 WADD Technical Report.
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The labeled ruthenium was prepared by adding the required amount of

Rul03 Cl, {obtained from Qak Ridge National Laboratory in HCl solution) to
an aqueous solution of nonradioactive RuCl; of known concentration. The
solution was then evaporated to dryness and heated to approximately 700°C
in a stream of hydrogen, thus reducing the RuCly to Ru metal.

In these effusion experiments, the thoria-lined effusion cells were almos:

identical to that shown in figure 4. The cells were modified in the sense
that orifices of 1/8, 1/16 and 1/32 in. (nominal diameter) were used. The
iridium liner was, of course, removed.

Two groups of experiments were carried out:

a. Cells with orifice diameters of 1/8 in. and a charge of natural
ruthenium metal powder were used. The amount of material deposited
on the targets was determined by weighing., The data obtained from
these runs were very scattered. In general, the higher temperature
points fell above a linear log P versus 1/T plot of the lower temperature
data. When these experiments were done, in cases where the amount
of material could be checked with a radicactive tracer, it was found
that the weight change did not correspond to the amount of ruthenium
deposited on the target. A much greater amount of material was found
to have been deposited.

In an earlier report, it had been indicated that thoria appeared to
vaporize at an increased rate after being heated for a short period of
time in tungsten. The difficulties encountered in these studies appear
to be directly related to the latter effect. The data obtained in these
experiments were rejected.

b. Cells with nominal orifice diameters of 1/8, 1/16 and 1/32 in. ,
were used with a charge of labeled ruthenium metal, as described
above. The pressures obtained with the 1/8 in., orifice were appreci-
ably lower than those obtained with 1/16 and 1/32 in. orifices. The
data obtained with the 1/8 in. orifice have been rejected, but the line
that represented the data is included for comparison in figure 1, along
with the other ruthenium effusion data,

The effusion data obtained when 1/16 and 1/32 in. orifices were used are
rather scattered, but as seen in figure 1 they appear to scatter approxi-
mately about one line, The solid line that was drawn through all the 1/16
and 1/32 in. data points was determined by a third law analysis, in the
manner described for iridium in appendix B, Points for the runs in which
1/16 and 1/32 in. orifices were used were given equal weight. The data
are represented by the equation:

33,550
logyg Py, = 10.76 — ——— . (1)
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It is assumed that the linear equation holds for the temperature range of
2000° to 2500°K.

In Table 1, the vapor pressures obtained experimentally, using 1/16 and
1/32 in, effusion cells, are given, along with free energy functions from
Stull and Sinke (ref. 2) and heats of vaporization calculated on the basis
of third law data. The AH°298 » calculated from the data obtained with the
1/16 in, orifice, is 156.3+ 1.3 (average deviation) kcal/mole , and that for
the data obtained with the 1/32 in. orifice, i& 15%.0 + 1.7 kcal/mole The
average AH°298 for all points is 155.7 + 1.7 kecal/mole,

The boiling point of ruthenium was calculated by estimating the average heat
of vaporization for liquid ruthenium from the melting point to 45009K. This
quantity was used with the estimated vapor pressure at the melting point
and the integrated Clausius-Clapeyron equation to obtain a boiling point of
approximately 4400°K.

The data reported above should e considered tentative, since there was a
possibility of interference by thoria species, resulting from interaction
between thoria and tungsten. The effusion data should be checked by a
Langmuir experiment, similar to that done in the study of the vaporization
of iridium, ’

-

B. VAPORIZATION OF IRIDIUM IN THE PRESENCE OF CARBON

Radicactive iridium was studied in a graphite liner placed inside a tungsten
effusion cell similar to that shown in figure 22. Samples were collected by
techniques that have been described for the studies of the vaporization of iridium
and rhodium in appendix B, The species effusing from the cell has been identi-
fied mass spectrometrically as monatomic iridium.

The simple effusion data are given in Table 2 and are compared with the equilib-
rium data for pure iridium (see figure 2), At the start of each run, the measured
vapor pressure of the iridium in the graphite crucible was near that of pure
iridium (as shown by points A and B in figure 2; these were the first experimental
points obtained in each of two runs). After a short period of heating, the iridium
pressure inside the crucible dropped to that shown by the triangles. At some
point in the run, the iridium sample melted. The scatter in the data may be due
to inhomogeneity or changing composition of the sample,

The vapor pressure of the iridium was reduced from one to two orders of mag-
nitude by the presence of carbon. This indicates that there is either reaction
between carbon and iridium, or extensive solution formation. No surface coat-
ing was observed on the iridium.

WADD TR 60-463 Pt, II -4-
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TABLE 1. THE VAPORIZATION OF RUTHENIUM

T 1/T x 104 | —log &%; k%; ~ Afef AHy0
og—1 Fom eu eu en kcal/mole
{1/16 in. Orifice)
1998 { 5.01 |5.63 13.53 50, 69 37.16 152. 0
2053 | 4.87 {5.78 13. 69 50. 83 37. 14 157. 6
2053 | 4.87 |5.59 13. 69 50. 83 37. 14 155. 8
2106 | 4.75 |5.29 13. 84 50.97 37.13 156. 9
2170 | 4.61 {4.59 14, 02 51.13 37.11 154, 7
2219 4.51 [4.26 14. 16 51.25 37. 09 154. 8
2268 | 4.41 |3.84 14. 29 51, 36 37.67 153. 8
2289 | 4.37 |3.96 14. 35 51, 41 37. 06 156. 5
2365| 4.23 |3.44 14. 56 51.59 37. 03 156. 0
2375 | 4.21 [3.57 14. 58 51,61 37.03 158. 0
24291 4.12 |3.26 14. 73 51, 74 37.01 158. 1
2429 4.12 |3.18 14. 73 51. 74 37. 01 157. 3
2429 | 4.12 |3.16 14. 73 51.74 37.01 157. 0
2472| 4.05 |2.95 14. 84 51.83 36. 99 157. 4
2483 | 4.03 |2.90 14. 87 51.86 36.99 157. 5
2542 | 3.93 |2.54 15, 02 51.99 36.97 157. 0
2590 | 3.86 |2.35 15. 13 52. 09 36.96 157. 7
(1/32 in. Orifice)
2203 | 4.55 |4.29 14. 11 51.21 37.10 154. 0
2235 | 4.47 |4.24 14, 20 51.28 37,08 155. 7
2289 | 4.37 |[3.42 14, 35 51.41 37. 06 150. 8
2289 | 4.37 |3.76 14. 35 51.41 37. 06 154, 4
2322 | 4.31 [3.71 14. 44 51, 49 37.05 156. 0
2343 4.27 |3.55 14, 49 51, 54 37.05 154. 4
2375 | 4.21 |3.24 14, 59 51,61 37.02 154, 4
2375 ] 4.21 |3.31 14, 59 51. 61 37,02 155. 2
2375 | 4.21 |3.41 14. 59 51. 61 37,02 156. 3
2429 | 4.12 [3.09 14. 73 51. 74 37.01 156. 2
24291 4.12 [3.15 14. 73 51.74 37.01 159, 6
2483 | 4.03 |2.52 14. 87 51. 86 36,99 153.2
2483 | 4.03 [2.94 14, 87 51. 86 36,99 158.2
2483 | 4.03 |2.79 14, 87 51.86 36. 99 156. 3
2536 3.94 |2.17 15. 00 51.97 36,97 152. 3
2591 | 3.86 |1.89 15.13 52. 09 36. 96 152. 3
Avg. 155. 7+1.7

*fef reference temperatute is 298°K.
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TABLE 2 THE VAPORIZATION OF IRIDIUM IN THE PRESENCE OF
CARBON

1/T x 10 T P, ~1081 3 Pam

°K_1 og mm

4.29 2330 2.90 x 107° 5.54
4,18 2393 (A) 1.06 x 1074 3.98
4.11 2429 5.07 x 1070 5.30
4.05 2473 (B) 2.21 x 10-4 3.66
4,05 2473 1,01 x 1072 5.00
4.03 2479 8.40 x 107° 5.08
4.03 2480 1.28 x 107° 4.89
3.97 2518 2.11 x 10-° 4.68
3.95 2528 1,73 x 1077 4.76
3.94 2538 1.31 x 107 4.88
3.91 2556 2.64x 1072 4.58
3.88 2578 7.82 x 1073 4,11
3.83 2583 9.90 x 1072 4.00
3,83 2605 7.06 x 1079 4,15
3.80 2627 5.47 x 1072 4,26
3.79 2638 1.53 x 10-% 3.81
3.79 2638 4.48 x 1075 4,35
3.76 2660 2.14 x 10-4 3.67
3.72 2693 8.46 x 1074 3.07
3.64 2748 2.34x 1074 3.63
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X-ray studies of the residue remaining in the crucible after a run showed that
only carbon and iridium were present. To study the platinum metal carbon
systems more systematically, it will be necessary, either to do high temperature
X-ray studies, or experiments in which the heated material is rapidly quenched
and then analyzed,

C. THE VAPORIZATION OF ALUMINA (A1,0,)

The data and the calculations for the study of the vaporization of Al 03 are given
in appendix C (a preprint of a note that has been prepared for publication}). The
preliminary data reported (ref. 1} for Al0, were found to be in error because
of a malfunction of the integrating system in the mass spectrometer. This has
been corrected for the work reported in appendix C.

D. THE VAPORIZATION QF THORIA

Some preliminary studies of the vaporization of thoria have already been reported
{ref. 1). The major species vaporizing from ThO, were stated to be Th02( ) »
ThOepy , and Opy. It was assumed that the interaction of ThOypy with the efectron
beam to form ThO* ions was negligible.

Several mass spectrometric runs were undertaken to help determine the origin
of the ThO' ions observed previously. Thoria and silica powders were heated to
about 2300°K inside a thoria inner liner placed in a tungsten effusion cell. The
cell was identical to that shown in figure I, except that the iridium liner was
omitted.

Since silica decomposes by the reaction,

it is possible by means of the above experiment to obtain a relatively high
oxygen pressure within the effusion cell. In this case, the pressure of Og) was
observed mass spectrometrically to be approximately 50 times that of the
Thoz(g) . When 30 ev elfctrons were used, the ratio (Ry) of ion currents,
lThO;,*ﬂThO* » due to Th0; and ThO" in the mass spectrometer, was found to be

approximately 2.0 + 0.3 . Since it is presumed that in a strongly oxidizing
atmosphere the equilibrium will be shifted in such a way that virtually all the
thorium oxide species will be converted to ThoZ(g) , the ThO" ions observed in
this experiment must have come from dissociative ionization of Thoz(g) .

The effusion experiment with pure ThO,y was carried out in a nonoxidizing or
reducing system at 2400°K. An effusion cell with an iridium outer liner, iden-
tical to the tungsten outer liner shown in fipure 22, was used. The ratio (R;)
of ion currents ITh02+ /Tthot was found to be approximately between 1.5 and

WADD TR 60-463 Pt, II -8-



2.0. At 2300°K, R, was found to be about 1.0+0.2 . The smaller value of the
ratio, in this case, was presumably due to an increase in the relative amount
of ThOt as a result of the effusion of ThO(s) from the cell.

Since under oxidizing conditions all the ThO' ions observed are presumed to be
due to dissociative ionization of Thoz(g) by the electron beam, R; can be written
as:

Prho -~ KPrpo
Rl - 2eq) 2(eq) , (3)

KP
Thoz(eq)

where PThOZ(eq) is the equilibrium pressure of ThOyy,) in the cell, and Kisa
constant equal to the fraction of the Th0, molecules undergoing dissociative
ionization.

K is then solved as:

1
R1+1

(4)

However, under neutral conditions, R, can be written as:

P - KP
ThOy(eq) ThO(eq)

1 (5)

Rz = + K
Req)

PThO(eq) + Kl’moz(‘= @

where P-n,o( " is the ThO, equilibrium pressure.
[

Finally, since the equilibrium ratio in a nonoxidizing atmosphere is expressed
as:

PThoz(eq)

R(eq) == —_-— ]

(6)
PThO(eq)

WADD TR 60-463 Pt. 1II -9~



it follows from the above relations that,
R, (Rl + 1)
Reeqy = R; - R, : (7

Then, if the appropriate values of R; and Ry are substituted in equation (7}, R (eq)
(at 2300°K, neutral conditions) will be approximately 3. At 2400°K, if Ry =2,

and Ry=15 , then Req-g . If under the same conditions Ry =2 , then (I/Req)

= ('I'i:O/Thoz) =0, or ThO=0, as assumed above. It thus appears that a process
yielding 'I‘ho(g) may be significant in the vaporization of thoria.

Unfortunately, at the temperatures at which the experiments with ThO, could be
carried out, the noise level in the mass spectrometer was very high and the
signal to noise ratio very poor. In the work with ThO, , a serious contribution
to the noise level was presumed to occur from surface ionization of the ThO, .
Another reason was subsequent acceleration of the ions by the shielding of the
electron bombardment furnace into the region of the mass spectrometer source
end. Because of the high noise level, the limits of error of the ratios are un-
certain. On the basis of the available evidence, the question of the importance
of ThO() remains open and will bear further investigation.

If the sublimation reaction,

ThOy(s)y — ThOy) - (8)

is considered independently, the slopes of the log I'T yergyg /T plots for
Thoz(g) may be used to obtain an approximate heat of sublimation. Plots of the
data obtained are given in figure 3. The lines were drawn with the aid of a
least squares analysis of the points. The slopes of the least squares lines
obtained for the runs in iridium lined cells and in tungsten cells vyield heats
of sublimation of approximately 145 and 167 keal/mole » respectively. Statis-
tical considerations of the data reveal that since there is a great deal of scatter
in the data, difference between these values is not significant,

It is quite possible that some of the difficulties encountered in the study of the
vaporization of ThO, arise from the fact that the stoichiometry of the evaporating
solid changes. In this work, it has been observed that thoria sometimes loses
an appreciable amount of oxygen when heated. It is therefore possible that the
species observed in the various experiments result from the vaporization, not
only from Thoz(s) , but also from Th02_x(s) .

E, THE VAPORIZATION OF HAFNIA
1. Mass Spectrometric Studies

The vaporization of HfO, has been studied mass spectrometrically. The
species effusing from unlined tungsten effusion cells, and from effusion
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cells containing thoria and iridium liners, were observed. The method of
heating was the same as that described in appendix A. The effusion cell
and liners were similar to those shown in figure 4. In all cases, the only
ionic species containing hafnium (that resulted from the ionization of
effusing species by 40, 25, and 17 volt electrons) were HfO* ions, O ions
could not be unambiguously observed because of a background peak at

m/e= 16 . When iridium and thoria liners were used, Iy, Irhg3 » TRO',

and Tho} were also observed.

It appears, on the basis of the mass spectrometric studies, that the observed
HIO* ions arise from simple ionization of HfO molecules. The pressure in
the system was much too low for ion-molecule combination to have been
significant. Then, if dissociative ionization from a higher molecular-
weight species had occurred, it is probable that enough simple ionization
would have existed for the species to have been detected. No ions of higher
molecular weight containing hafnium were observed.

2. Stoichiometric Studies

After the work described above, and the simple effusion studies described
below were completed, examination of the residue left in the cell after a
run revealed that the hafnia had turned gray.

Studies were undertaken to determine what changes occur in the condensed
phase when hafnia is vaporized. Samples of spectroscopic grade hafnia
were heated in tungsten and iridium crucibles to temperatures in the range
from 23000 to 26009K in vacuum, for various lengths of time. The samples
that were heated in the tungsten container appeared to turn a uniform gray.
* Those in iridium appeared to consist of white and dark phases. When these
samples were reheated in air, they turned white again and showed a small
weight gain. The samples of oxygen poor material originally heated in
tungsten corresponded then to an average composition of Hf01_997 t 001
if it is assumed that the white material was Hf0,,09 . The sample origi-
nally heated in iridium lost considerably less oxygen.

A microscopic inspection revealed that in both cases the sample remaining
after heating consisted of a thin layer of dark material, over a much greater
mass of the white starting material.

X-ray studies revealed that the white material was the starting monoclinic
phase of H{O,. The darker phase was found to be cubic, but only a very
small amount of the material was obtained, and no further detailed studies
could be made.
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3. Simple Effusion Studies

Simple effusion studies were undertaken in which hafnia, containing nfl8l
as a tracer, was vaporized from effusion cells with iridium liners. The
material used in these studies was taken from a standard reactor irradi-
ated unit of HfO, , obtained from Oak Ridge National Laboratory. The
effusion cell, used in the initial work, consisted of a relatively massive
outer tungsten shell, a thin thoria geparator, and an iridium inner liner.
The cell is illustrated in figure 4§ . Orifice diameters of approximately
1/16 and 1/32 in. were used, and a collimated portion of the effusion beam
was caused to impinge upon copper targets, cooled with liquid nitrogen.
The apparatus and procedures were essentially the same as those described
for the rhodium and iridium studies,

The amount of Hf agsumed to be deposited as HfO upon the target was found
by determining the radicactivity of the target. This was compared to the
radioactivity of a calibrated sample, containing a known amount of Hf with
the same ratio of Hfl8! {5 normal Hf , as the sample in the effusion cell.
The calibrated sample was a small quantity of the starting material in
solution. The solution was obtained by dissolving a weighed portion of the
Hf02 in warm concentrated HF, adding concentrated H,5804 , fuming off the
HF, diluting to the required volume, and taking an aliquot as a standard.

The initial data were found to be very scattered. Inspection after the runs
revealed that the iridium cells were severely attacked in some instances,
apparently from the outside. This may have been caused by alloying with
thorium metal, formed from the interaction of thoria and tungsten. Where
the iridium cell had been punctured, the thoria liner was highly contaminated
with # ¥l | Where there was no puncture no activity of Hf8! was observed
outside the iridium liner.

In an effort to eliminate the disturbing side reaction effects of iridium with
the presumed products of the thoria-tungsten reaction, effusion studies were
done where the thoria separator (see figure § ) was replaced by a packing
of powdered hafnia. In this case, the iridium liner no longer was attacked,
and it was possible to retain all the points of a given run,

The data then obtained were scattered in a similar manner to the data
discussed above, except that the pressures obtained were somewhat higher.
In these studies, iridium effusion cell liners with 1/32 in, orifices were
used. It appears, on the basis of the observationsg in the stoichiometry
studies, that there was some formation of a phase (or phases) of HfO, . on
the surface of the Hf0,

It appeared that the calculated pressures at the start of a run were higher
than those at the end, at a given temperature. This did not always occur,
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however, as the thin coating of the new phase probably did not remain
coherent during a run. The data for these experiments are shown in

figure 5. The upper sclid line represents an estimated upper limit for

the data, and if the assumptions made above are correct, represents approx-
imately, the vapor pressure of HfO from the reaction,

The lower line, if it is due to a single phase in equilibrium with the gas,
represents the logp versus !/T curve for the process,

Hfoz_x(s) — HEO(g) + (1~ X)O(g) . (10)

The AHyg values for these reactions were found to be 347 and 357

kcal/mole , respectively. They were obtained from third law calculations
with free energy functions, tabulated by Brewer {(ref, 3,4), and Stull and
Sinke {ref. 2). It was assumed that x was small and the free energy func-
tion for HfOy,, was the same as that for HfO,_ys) . The individual data
points were not used in these calculations. Several points were selected
instead from the upper and lower lines. The data for these studies are
given in Table 3.

F. THE VAPORIZATION OF THE RARE EARTH SESQUIOXIDES

A mass spectroscopic survey of the vaporization mode of the rare earth oxides
was undertaken. The results of the survey, with the exception of the work
with Ce0y and Cez0, » are given in appendices i and K that have been prepared
for publication.

Preliminary studies of the vaporization of the cerium oxides indicated that
CeOysy vaporizes principally as Ceoz(g) , and that Cex04¢4) vaporizes principally
to yield CeO, | with appreciable amounts of CeOygy. No Ce vapor was observed,
Not encugh work has been done on cerium oxide to determine whether the
CeOypy from the sesquioxide vaporization arises from actual vaporization of
Cey03"  or from some residual Ce0, present in the sample.

G. CONTINUOUSLY MONITORED EFFUSION EXPERIMENTS

At the present time, for all practical purposes, rocket nozzle materials are
being selected by means of a purely intuitive approach, It is generally thought
that materials which melt at very high temperatures have the most promise of
proving to be satisfactory nozzle materials. The futility of this approach has
been demonstrated on many occasions. Part of the explanation for the continued
existence of these selection methods rests on the lack of sufficient thermo-
dynamic data on which to base a sounder theoretical approach., Therefore, to
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TABLE 3 THE VAPORIZATION OF HAFNIA (Hfoz)

°-II‘( ™ 19810Pam (H(0) Separator® ;1‘ K = 1o810Pam (10) Separator¥*

2246 5.51 HfO, 2429 4.47 HfO,
2254 5.54 Tho, 2429 4.50 HIO,
2268 5,17 HIO, 2429 4.47 HfO,
2276 5.63 Tho, 2429 4.51 Hfo,
2300 5.32 HfO, 2429 4.71 HfO,
2322 4.79 HfO, 2429 4.20 HIO,
2322 4.80 HfO, 2429 4.08 HfO,
2330 5.21 Tho, 2429 4.09 HIO,
2343 5.12 HfO, 2429 4.22 HO,
2343 4.38 HFO, 2461 3.83 HFO,
2356 4.89 HO, 2471 4.70 ThO,
2373 4.77 Tho, 2482 3.91 ThO,
2375 4.49 HiO, 2483 3.84 HfO,
2395 4.72 ThO, 2483 4,25 HfO,
2400 4.65 Tho, 2483 3.72 HEO,
2427 4.63 Tho, 2483 4.32 HfO,
2429 4.21 HfO, 2515 3.67 HfO,
2429 5.04 HFO, 2515 4.09 HfO,
2429 3.89 HfO, 2536 3.37 HEO,
2429 4.45 HfO,

% The material used to separate the iridium inner liner from the tungsten
outer liner.
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help accumulate such thermodynamic data at an accelerated pace, a modified
evaporation technique has been developed. This technique determines the ther-
modynamic properties of the systems of interest to the designers of solid-fuel
propelled rocket nozzles.

A discussion of continuously monitored effusion experiments is included in ap-
pendix F. The apparatus used for these experiments has been described pre-
viously (ref. 1). The systems that have been investigated by this technique are:
1) The molybdenum-silicon system,2) The tungsten-silicon system, and 3) The
tantalum-boron system.

1. Molybdenum-Silicon System

The molybdenum-silicon system is of interest to those concerned with mate-
rials of construction, mainly because of the known high temperature oxida-
tion resistance of some of its phases (ref. 5). A phase diagram of the sys-
tem is shown in figure 6. In compiling this phase diagram, the melting
points given by Hansen (ref. 6), the stoichiometry of Mo;Si and MoSiy given
by Hansen (ref. 6}, and the stoichiometry of MogSiy given by Aronsson (ref.
7), were used, These were considered reliable enough to allow the major
emphasis in these experiments to be placed upon the determination of the
pressures of silicon above the various equilibrium condensed phases of the
system.

Several experimental techniques were investigated for the molybdenum-
silicon system. The experimental methods that were attempted can be
divided into three groups:

a. Those experiments in which silicon was effused from various mole
ratios of molybdenum and silicon powders while the powders were in-
teracting in molybdenum or tungsten effusion cells.

b. Those experiments in which silicon was effused from prereacted
compositions of molybdenum and silicon (e.g., MoSiy } in tungsten or
molybdenum crucibles,

c. Those experiments in which silicon was effused from a molybdenum
crucible in which silicon powder had been placed.

It is important to note that in interpreting the results of a continuously
monitored effusion experiment, it is assumed that all concentration gradi-
ents occur in a direction perpendicular to the evaporating surface. In
these cases where powders are used, it is assumed that the evaporating
surface is the upper surface of the particles taken as a whole and not the
surface of the individual particles (i.e., at any given depth from the sur-
face of the powder bed the concentration is constant).

WADD TR 60-463 Pt. I -18-



Si 100
r
r
e
7
-~
L’
a0 //
Ve
e
rd
¥
80 //
Ve
7/
/7
y
70 //
1
MoSn2 - o T
\ ]
\ I
\ L
=2 +
8 Y !
5 \ !
&a \ |
5 P
4 50 -
i s/ |
Y /7 |
o /7 |
/ I
« 40 7 i
MogSiy >
30
MoSi3 -
20 S
”~
-~
F
7
10
//
|~
-
”~ ey e, T
// "--—'--— --.--"--—.
- —— ———
Mo O Z-- ] =
2800 2600 2400 2200 2000 1800 1600 140C

TEMPERATURE, *C

Figure 6 Phase diagram of the molybdenum ~ silicon system

WADD TR 60-463 Pt, I -19-



Optical and X-ray examination in many cases where the first two methods
were used, indicated that what was assumed to be the evaporating surface
was not single phase, but consisted of noncompatible phases, according to
the phase diagram, e. g., mixtures of MoSi, , Mo5si3 , and Moasi . The re-

sults of those cases where there appeared to be appreciable surface non-

uniformity were not used.

The most reliable results were obtained from the third method, that of
effusion of silicon from a molybdenum crucible. The silicon apparently
formed a liquid phase at the beginning of the experiment. The measured
vapor pressure decreased continuously, indicating that a solution or com-
pound of lower silicon activity was being formed,

The actual experimental technique involved placing 20 to 200 milligrams

of powder in a crucible of the dimensions shown in figure 7 and continuously
monitoring the isothermal rate of evaporation of silicon from this system

by techniques previously described {ref. 1).

The volatility of the silicon in the various regions of the graphs (shown in
figures 8 through 12) may be interpreted as follows:

a. There is an initial region that exhibits a decreasing volatility,
interpreted as being due to the interaction and dissolution of molybdenum
in silicon.

b. Also, there is a second region, assumed to be due to the evapora-
tion of silicon from the two-phase region of the phase diagram contain-
ing liquid silicon (of the molybdenum concentration prescribed by the
phase diagram), and MeSi, ,

c. The subsequent regions of the volatility curves are assumed to
correspond to two-phase regions containing MoSiy — MogSi;, MogSiy — Mo,Si
and Mo3Si — Mo respectively,

The vapor species above the various molybdenum-silicon compositions
have been determined to be monomeric silicon by means of a Bendix time-
of-flight mass spectrometer.

One of the serious sources of error in these experiments was the control
and measurement of temperature. All attempts to sight an optical pyrom-
eter directly on the sample, or to sight it on a hole in the crucible, proved
unreliable. An attempt will be made to rede sign the furnace to automatically
control and record the power to the furnace and also, to determine the
relation between temperature and power fed into the furnace. This relation
will be determined in two ways (1) Comparison of the Power input with
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thermocouple readings and, (2) Comparison of the power input with the
rates of evaporation of elements, whose rates of evaporation as a function
of temperature are well known.

A third law calculation of the results of this investigation uses the values
of the free energy functions (AFp —AHyg }/T of MoSiy, MogSiz , and MoySi
given by Searcy and Tharp (ref. 8). The heats of dissociation in kilo-
calories per gram atom of silicon at 298°K are:

Si(Mo)_ (1) —> MoSiy (s) + Si (8) 117.8 (11)
MoSi, —» MosSis (s) + Si(g) 121.5 (12}
MogSiy (s) —> MoSi (s) + Si(8) 128.3 (13)
MoySi (s) == Mo (Si)y () + Si (g) 132.9 (14)

It is estimated that at the present time an error of at least & 6 kcal/g-atom Si
must be associated with the results of this experiment.

While this investigation was in progress, Searcy and Tharp (ref. 8) pub-
lished the results of the dissociation pressures of the molybdenum silicides.
The following heats of dissociation in kilocalories per gram atom of silicon
at 298°K were reported:

MoSi,, 117.2; MOSSi3, 131.1; and Moasi, 131.9.

The results of this investigation cannot be meaningfully compared with
those obtained by Searcy and Tharp until certain questions concerning the
steady state surface compositions and temperature of the specimens used
in the present investigation have been resolved.

2. Tungsten-Silicon System

Studies similar to those of the molybdenum-silicon system have been con-
ducted for the tungsten-silicon system by measuring the isothermal rate

of evaporation of silicon from tungsten crucibles. A phase diagram of the
w-si system (ref. 9} is shown in figure 13. The results of such an experi~
ment are shown in figure 14. The same difficulties concerning equilibrium
and temperature measurement have been encountered in this system as in
the molybdenum-silicon system.
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At 1765%K, the following dissociation Pressures of silicon were obtained
for this system:

Si W), —¥Si) + Si(g) 3.5x10™Cawm, (15)
WSiy —= W3Sy + Si(g) 2.6 x 105 aem, and (16)
W3 Siy—= W(si), + Si(g) 1.7 x10~6 arm. (17)

3. Tantalum-Boron System

Serious difficulties have been encountered in obtaining continuously moni-
tored effusion data of the tantalum boron system,

The experiments where boron was evaporated from a tantalum crucible
showed the final products to be boron powder and a coating of a tantalum
boride on the crucible wall. In the experiments where the evaporation of
boron was monitored from a reacting mixture of tantalum and boron powders,
the final products were mixtures of Ta, TaB, , TayBy and TaB,

The measurement of the isothermal rate of evaporation of boron from dense
coatings of tantalum boride on the inside of a tantalum crucible (ref, 10)
should enable the dissociation pressures of the tantalum boron system to

be measured,
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II, SURFACE TENSION STUDIES

The surface tensions of various refractories have been determined by a sessile
drop technique {refs. 11, 12). The maximum diameter and height of the apex

of the drop above the maximum diameter were measured in the apparatus shown
in figure 15. These quantities were substituted into the equations of Bashforth
and Adams (ref. 13) to obtain the requisite surface tensions. The apparatus
used in these experiments consisted of an outer quartz envelope, an inner opaque
quartz heat shield, and an inductively heated tantalum susceptor, supported by
boron nitride end pieces.

The application of the Bashforth and Adams equations to drops formed on a
flat plate is limited to those materials forming drops with obtuse contact angles.
However, all of the materials tested under this program wet their substrates.

To circumvent this difficulty, the drops were formed on a restraining platform
(ref. 14) rather than a flat surface. Enough material was used so that the drop
that finally formed had an obtuse angle, (If a drop is formed carefully, it does
not run over the sides due to the reluctance of the line of contact of a liquid and
solid to cross a sharp edge {ref. 15).

The necessary dimensions of the drop were obtained by photographing the drops
with a Praktina FX 35mm camera and enlarging the images on Kodak metallo-
graphic plates. A photograph of such a sessile drop is shown in figure 16.
Figure 17 shows the necessary dimensions for calculating the surface tension
by the Bashforth and Adams method. Itis used in conjunction with the following
equation:

(18}

where g is the acceleration due to gravity; p, the density; b, the radius of cur-
vature of the drop at the point where its surface cuts the axis of rotation; and 8,
the shape factor. The measured parameters are used to obtain b and B from
the Bashforth and Adams tables.

Figure 18 shows the parameters used in the Dorsey method that utilizes the
following equation:

= 2 0-020N  _ 0.1227 + 0.0481¢
y = BPX ; . . , (19)

where x is the radius at the plane of the maximum diameter, { = LA 0.4142, and
x

v is the distance from the apex of the drop to the intersection of a 45-degree
tangent with the principal axis.
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Figure 16 Photograph of a sessile drop
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Figure 17 Sessile drop parameters used in the Bashforth and Adams method
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Figure 18 Sessile drop parameters used in the Dorsey method
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The following is a typical calculation of 8i0, plus 1 percent Co0, using both
methods:

Bashforth & Adams,
Z = .3083 cm g = 1.0 p = 1.984 gm/cm3

X = .3564 cm b = .4021 cm b2 = .1616 cm?

980 cm/sec? x 1.984 gm/cm3 x .1616 cm?
1.0

= 314 ergs/cm? | (20)

and

Dorsey,

AT f = 0377 12 = .1270 cm?
b 4
y = 980 cm/s:':c:2 x 1.984 gm/cm-” x .1270 cm? x 1.259

y = 310 ﬂgs/cmz (21)

Table 4 lists the surface tensions that have been obtained under this program by the
Eaahford and Adems method,
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TABLE 4

SURFACE TENSIONS OF VARIOUS REFRACTORIES

Substance

Substrate

Surface Tension

ergs/cmz
Silicia + 1% V;0s w 498
Silicia + 1% C,0 w 314
Temperature ]Silicia + 1% Cry05 w 424, 500
higher than
melting Silicia + 1% Al,0, w 473, 580
point
Silicia + 1% M0 w 590
Silicia + 1% Zr0, w 800
Pure 5i02 1830°C w 370
Pure Si0; 1850°C w 351
Pure Si02 1865°C w 281
Pure 5i0z 2140°C w 320
Pure 5i02 2250°C w 2178
Zr + 10%U 1800°C ThO, 1300, 1370
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1. VISCOSITY STUDIES

The counterbalanced sphere and oscillating bob techniques {ref. 1) were used

to determine the viscoasities of silica plus 1 percent Aly05 silica plus 1 percent
V,05 pure silica, and pure alumina., The results for the silica based refrac-
tories are shown in figure 19 and were determined by the counterbalanced sphere

technique.

The viscosity of alumina at a temperature of approximately 2400°K was deter -
mined to be between 1 and 10 poises. A 25 percent volume expansion on heat-
ing (ref. 16) and bubble formation in the melt make it difficult to improve the
precision of this determination.

An attempt to measure the viscosity of zirconium with 10 percent uraniums* by
the oscillating bob technique, using thoria crucibles and thoria rods, yielded a
maximum value of 1.5 poises at approximately 23009K., There was an interac-
tion between the thoria rod and the melt, causing the rod diameter to decrease
by about a factor of two and the apparent viscosity to decrease by this same
ratio. Therefore, the value of 1.5 poises is being offered, with reservations,
as an upper limit to the viscosity of this melt,

————

*Work supported by Conteact AF33(616)-7530.
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APPENDIX A. A HIGH TEMPERATURE KNUDSEN EFFUSION
SAMPLING SYSTEM

by M. B. Panish and L. Reif
A. ABSTRACT

A simple electron-beam furnace for Knudsen effusion studies is described,
Temperatures as high as 2700°K have been maintained in this system at pres-
sures of the order of 10-6mm Hg.

B, INTRODUCTION

Few methods lend themselves to the successful measurement of the vapor pres-
sure of materials that vaporize appreciably only at very high temperatures. At
very low pressures and high temperatures, the most used and most practical
methods are based upon Langmuir rate of vaporization techniques (ref, 17) or
Knudsen effusion techniques (ref. 18). Unlike the nonequilibrium Langmuir
method, the Knudsen effusion method frequently permits a close approach to
equilibrium in the vaporizing system. The effusion technique has been used to
great advantage in numerous vapor pressure studies (refs. 19, 20).

The use of the time-of-flight mass spectrometer for the study of the vaporiza-

tion of materials at very high temperatures has led to the development of avery
simple electron bombardment furnace. Although such furnaces are not new, a
detailed description of a very simple laboratory device is not available,

C. DESCRIPTION OF THE FURNACE

The elec tron bombardment furnace described here is used in conjunction with

a modified Bendix time-of-flight mass spectrometer. As shown in figure 20,

it consists essentially of a water-cooled baffle, an electrical shield, two 10-mil
tungsten filaments, and the Knudsen effusion cell. The effusion cell is supported
by a thin tungsten rod to ensure a minimum loss of heat by thermal conduction.

Heating of the electrically grounded effusion cell is achieved by bombarding it
with electrons emitted from the negatively charged tungsten filaments. The
filaments are heated to emitting temperatures by a simple filament supply (pro-
viding 5 to 10-amp a c to each filament) that can be isolated from ground, One
side of each of the filaments is attached to the electrostatic shield.* The nega-
tive high voltage is supplied through the shield which thus prevents the smitted
electrons from migrating to other parts of the system.

A typical curve of the power input (high voltage times emission current) versus
temperature of a small effusion cell is given in figure 21, For the various

*The filaments were attached to the electrostatic shield and to the nickel or steel s rods by spot welding under a

siream of argon. The electrostatic shield is a cylinder of molybdenum rolled from 20-mil molybdeaum sheet and spot
welded (under atgoa) to the steel supporting members that are insulated from the rest of the syatem.
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effusion cells used in this system, voltages up to 2000 volts and emission cur-
rents up to 1 ampere have been used.

D, THE EFFUSION CELL

As may be seen in figure 22, the effusion cell is divided into two parts, eachof
which is heated primarily by electron-bombardment from one of the filaments,
The cell halves are held at the same temperature by manual regulation of the
heater current to each of the two filaments. This has been checked by determi-
nation of the surface brightness of both parts of the crucible through an observa-
tion port. The total power is varied by adjusting the negative voltage on theheat-
er and shield.

Due to the lack of radiation shielding in this effusion cell, it is necessary to use
a higher energy input than in more heavily shielded systems. Thick cell walls
are the major means of providing an even temperature distribution, althoughthe
overlap in the electron bombardment from the filaments is also helpful. In gen-
eral, with cell wall thicknesses of approximately 3/32 in. and cell diameters not
greater than 1/2 in., it has been possible to maintain temperatures as high as
2700 °K, with a temperature variation across the cell of approximately 10 °K.
The temperature of the effusion cell is measured with a micro-optical pyrome-
ter, using the radiation emitted by the small blackbody hole shown in figure 22.
Figure 22 also shows typical cell liners. Thoria liners have been found useful
for the study of the vaporization of many metals,

E., EVACUATION AND HEATING

It is generally useful in mass spectrometric studies to employ separate pump-
ing systems for the spectrometer and the electron-bombardment furnace, as

shown in figure 20. Two 75 liter/sec Vac-lon pumps are mounted on the sys-
tem used in our laboratories. When the effusion cell is cold and the system is
clean, it is possible to achieve pressures of the order of 108 mm Hg or less,

The liquid nitrogen cold fingers shown in figure 20 are used to speed up the evac-
unation with the roughing pumps. It is generally possible to degas the cell at
roughing pump pressures of approximately Yp at temperatures as high as

1800 °K by heating with electron bombardment. The ultimate temperature that
may be reached depends upon the material of which the effusion cell is con-
structed and the materials under study, It is possible to reach temperatures
as high as 2700°K at pressures of the order of 10-6 mm Hg or lower with the
system shown in figure 20 when the effusion cell is constructed of tungsten and
the electrostatic shield of molybdenum.

It is possible for some purposes, to use a simpler electron bombardment sys-
tem in which one side of each filament is grounded. and the crucible is insulated
from ground and maintained at a high positive voltage. In this case, the elec-
trical shield shown in figure 20 is not necessary. This system does not appear
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to be practical for mass spectrometric studies, however, as in some materials,
surface ionization occurs and the resultant positive ions cause electrical disturb-
ances in the mass spectrometer. Such a system has, however, been used in
this laboratory for effusion studies in which the effusion beam was condensed on
a liquid-nitrogen-cooled target (ref. 21).
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APPENDIX B. VAPORIZATION OF IRIDIUM AND RHODIUM

by M. B, Panish and L. Reif
A, ABSTRACT

The vaporization of iridium and rhodium have been studied by Knudsen effusion
and Langmuir evaporation techniques. The vapor pressure of iridium over the
temperature range of from 21000 to 26000K is represented by the equation:

log P, = 10.46 — (33,980/T) , and the vapor pressure of rhodium over the tempera-
ture range of from 2050° to 2200°K by the equation: log Pom = 10.28 — (28,300/T) ,
Third law analyses of the data yield the following heats of vaporization: iridium, .
AH293 =158.4 + 0.5 keal/molg rhodium, AH298 =132.8 + 9.3 kcal/mole. Estimated boiling
points for iridium and rhodium are 48000 and 3980°K, respectively,

B. INTRODUCTION

Although a great deal of information has been obtained on the vaporization of
many of the more refractory metals, surprisingly little work has been done on
the higher melting platinum metals.

There are only a limited number of Vapor pressure measurement methods that
are applicable, with a reasonable assurance of success, to materials that do
not vaporize appreciably, except at very high temperatures. At very low pres-
sures and high temperatures, the methods most used and most practical are
based upon Langmuir's rate-of-evaporation measurements {ref. 17) or Knudsen
effusion techniques (ref. 18).

In Langmuir rate-of-evaporation studies, the material to be studied is heated
in a vacuum in such a manner that virtually all the material that leaves the
heated surface condenses elsewhere in the system. The vapor pressure of the
material is then obtained by determination of the loss of mass of the heated
sample by use of the equation,

0 = paA (27MRT)™% , (22)

where n is the number of moles per second which leave the surface of
area A (cm?) , M is the molecular weight of the gaseous species, R the gas con-
stant, T the temperature in K, a the accommodation coefficient, and p the
equilibrium vapor pressure.

In this work it is assumed that a = 1; that is, that in a vacuum and at equilibrium
vapor pressure the rate at which molecules leave the surface is the same.

The Knudsen effusion technique requires that the material to be studied be placed
in an effusion cell. The effusion cell is, in the ideal case, an inert container
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with a small orifice. If certain geometrical considerations are met, the num-~
ber of moles per second of material that effuse from the cell and pass through
a collimator whose axis is normal to and concentric with the center of the ori-
fice is:

o = paD? 2o MRTYH/(D? + 4LD). (23)

Where then, p is the pressure (d/cmz),a the orifice area (cmz}. D the collimator
diameter {(cm), L the collimator to orifice distance {cm), M the molecular weight
of the effusing species, R the gas constant, and T the temperature (°K).

Detailed descriptions of both methods, discus sions of the limiting assumptions,
and derivation of the equations from the kinetic theory of gases are available in
several standard reference works (refs. 19, 22).

C. EXPERIMENTAL

1. Knudsen Effusion Studies

A thoria lined tungsten effusion cell was used in the effusion experiments.
The molecular beam effusing from the cell orifice passed through a colli-
mator and struck a cooled target. The rate of effusion of material from
the cell was found by determining the amount of material that had condensed
upon the target, either by direct weighing of the target or by the use of a
radioactive tracer.

The effusion cell used for the iridium is the same as that shown in figure
L except that the iridium liner was removed. It was heated by electron
bombardment from two filaments that heated the upper and lower halves
independently of each other. Temperature was measured with a micro=-
optical pyrometer from light collected from the blackbody hole. The op-
tical system and pyrometer were calibrated by measuring the brightness
temperature of a tungsten ribbon lamp that had been calibrated by the
National Bureau of Standards. The cell halves were held at the same tem-
perature by manual regulation of the power to the two filaments, based
upon temperature checks of the cell halves through an observation port in
the vacuumn system. Temperature in the blackbody hole was thus main-
tained at T + 50C, and the cell halves were held within 5° to 10°C of each
other during a run.

During a run, the effusion cell orifice was directly below the target maga-
zine that contained a collimator and 12 copper target holders. These were
in direct contact with the liquid-nitrogen-cooled copper walls of the maga-
zine, The apparatus was constructed in such a manner that the target
holders could be removed from the magazine after the targets had been
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exposed to the effusion beam without breaking the vacuum. The targets
themselves were discs of copper or platinum foil. A magnetically operated
shutter could be moved between the effusion cell and the collimator to turn
the beam on and off.

The quantity of iridium which had been deposited upon the targets was deter-
mined by the use of '9?2 as a radioactive tracer. The radiocactivity of the
target with the condensed sample was compared with that of a previously
calibrated sample, This sample contained the same ratio of tracer to natural
isotopes and a known total weight of the reference material. A standard-
well-type crystal counter was used. No tracer was used for the studies of
the vaporization of rhodium. In this case, the amount of rhodium deposited
upon the target was determined directly by weighing the target before and
after exposure to the beam, Weighing was done on a Sartorius microbalance
to + 5pug. The targets were far encugh away from the effusion cell so that
Clausing corrections could be neglected,

The effusion cell used in the studies of the vapor pressure of rhodium was
identical to that shown in figure lj , except that the thoria liner contained

a cylindrical channel of 1/8 in. diameter and the iridium liner was omitted.
The channel in this case was an excellent effusion cell since it was possible
to pack the rhodium powder around its walls. The use of such an effusion
cell was not possible with iridium powder because it tended to sinter into

a small button when heated to very high temperatures in the 1/8 in. channel.
This problem was not encountered when larger quantities of iridium powder
were used in a cell with dimensions identical to those shown in figure 4,

2. Langmuir Vaporization Studies

To obtain a check upon the data obtained from the effusion studies, several
data points were obtained for iridium by a Langmuir technique. An iridium
cylinder, similar in construction to the lower half of the tungsten container
shown in figure 22, was used. The cylinder was supported, heated, and
its temperature determined in the same manner as for the effusion cells.

The total amount of material vaporized was determined by weighing the
cylinder and the iridium support rod before and after each experiment.
The vaporizing area was taken as the total outside area (including top and
bottom) of a cylinder with the same radius and height as of the cell bottom
used in the effusion experiment. The area of the support rod was neglected
as there was a very large temperature gradient along its length, and its
weight loss during a run was found to be negligible. If the accommodation
coefficient of iridium for condensation upon itself at the temperature of the
experiment is unity, the small additional area of the inside vertical walls
of the depression in the top of the cylinder and the ridge on the top of the
cylinder will make no additional contribution to the rate of vaporization.
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Data from this study are more scattered than that obtained from effusion
experiments because the cylinder could not be heated and cooled instantan-
eously, and because the temperature was determined with a precision
of only + 10°K, Iridium, vaporizing from the cylinder, condensed upon the
cooled walls of the metal vacuum system, and any systematic error due to
iridium bouncing back against the cylinder was negligible.

3. Mass Spectrometric Studies

To determine vapor pressure by both the Langmuir and Xnudsen techniques,
it is necessary to know what species are effusing from the cell or vapor-
izing from the surface. The vaporizing species could be observed by plac-
ing the effusion cell orifice or vaporizing surface close to the entrance slit
of a Bendix time-of-flight mass spectrometer. Only monatomic species
were observed for both iridium and rhodium,

D. RESULTS
1. Iridium

The vapor pressures calculated from equations (22) and (23) for the vapor-
ization of iridium by Langmuir and Knudsen techniques are given in Table
5 and are plotted on figure 23 along with the estimated data of Stull and
Sinke (ref. 2). The vapor pressures estimated by Stull and Sinke are ap-
parently high because their calculations were based upon a low estimate of
the boiling point of iridium, In the effusion studies, the points obtained
when copper and platinum targets were used fall upon the same line, If
any appreciable fraction of the molecules incident upon the target were re-
flected, it is prcbable that this would occur to a different degree for targets
of different materials. On this basis, it has been assumed here that the
amount of reflection was negligible.

The average heat of vaporization of iridium over the temperature range
studied was found to be 155 + 5 kcal/meole from the slope of a line drawn
through the effusion data points. Stull and Sinke's H} — Hjggdata (ref. 2)
were combined with this to yield a AH for sublimation of 158 + 5 kcal/mole

208 -
The error was estimated by picking several possible lines through the points,

A more satisfactory method for checking the results of vapor pressure

studies, such as that reported here is the so called third law calculation
utilizing free energy functions (ref, 23).
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For any reaction,

AFq
[(Fp — Hygg)/T] — [(Fp — Hygg)/T1] = ( ) — (AHyee/T),  (24)

reactants T

products

and

o B - RInK, . (25)

In this case Ir( ) is the product, It s is the reactant, and Keq may be taken
to be identical with P;,. The free energy functions for solid and gaseous
iridium have been tabulated from heat capacity and spectroscopic data by
Stull and Sinke. The results of third law calculations in which Stull and
Sinke's free energy functionswere usedare also given in Table 5. Although
the Langmuir data are quite scattered, they obviously agree quite well
with the effusion data, Since this would be expected for a metal, the two
methods serve as an excellent check upon each other, A further check is
obtained by the excellent agreement between the slope and third law AHygg
values., The measured pressures and calculated heats of vaporization ob-
tained in this work are in essential agreement with those obtained with a
Langmuir technique at lower temperatures by Hampson and (ref. 24),

The solid line drawn through the data points for iridium in figure 23 was
obtained from equation (24}, using AHygg =158.4 keal/mole, This line is
represented by,

logy g Py = 10.46 — (33,980/T), : (26)

over the temperature range studied.

The boiling point of iridium was calculated by estimating the average heat
of vaporization for liquid iridium from the melting point to 5000°K, This
quantity was used with vapor pressure at the melting point and the integrated

Clausius-Clapeyron equation to obtain a boiling point of approximately
4B800°K,

2. Rhodium
The data obtained for the vaporization of rhodium by the effusion method

are given in Table 6 and plotted on figure 23 along with the estimated vapor
pPressure data of Stull and Sinke. There is no appreciable difference between
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E,

the measured and estimated data. The third law calculations were done in
a manner identical to those described for iridium. The average third law
heat of vaporization of 132.8 * 0.3 kcal/mole is in excellent agreement with
that of 133 + 2 keal/mole obtained by the slope method,

The solid line drawn through the data point for rhodium in figure 23 was
obtained from equation (24), using AH298 = 132.8 kcal/mole . This line is rep-
resented by,

log Ppm = 10.28 - (28,300/T), (27)

over the temperature range studied. The boiling point of rhodium was es-
timated to be 3980°K, in a manner similar to that described for iridium.
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TABLE 5 IRIDIUM VAPORIZATION DATA

WADD TR 60-463 Pt. 11

AHygg
T : P
Experiment mm Target 3rd law
oK Type Material kcal/mole
2100 Effusion 2.29 x 100 Pt 157. 8
2196 Effusion 1.06 x 10-5 Pt 158, 2.
2228 Effusion 1.69 x 10-5 Cu 158. 6
2282 Effusion 3.43 x 10-5 Pt 158.9
2337 Effusion 9.40 x 10-5 Cu 158. 1
2375 Effusion 1.30 x 10-4 Pt 159.0
2454 Effusion 4.76 x 10-4 Pt 157. 8
2492 Effusion 7.45 x 10-4 Cu 158.0
2545 Effusion 1.04 x 10-3 Pt 159. 7
2630 Effusion 3,82 x 10-3 Pt 158. 1
(Effusion) Av AHyog = 1584 + 0.5 (kcal/mole)
2123 Langmuir | 7.04 x 10-6 . 155.0
2128 | Langmuir | 2.77 x 10-0 . 159. 2
2193 Langmuir 6.36 x 10-6 . 161.3
2293 Langmuir | 3.18 x 10-3 ven 160.0
2320 Langmuir 8.45 x 10-5 - 157. 4
2391 Langmuir | 3.32 x 10-4 155. 6
(Langmuir) Av AHpgg = 158.1 2 (kcal/mole)
TABLE 6 RHODIUM VAPORIZATION DATA
AH hlha
298
T Pom Target 37d law
oK Material kcal /mole
2051 | 3.20 x 104 Cu 132.4
2077 | 4.88 x 10-% Pt 132. 4
21061 7.50 x 10-4 Cu 132.6
2111 | 7.66 x 10-4 Cu 132.8
2130 9.89 x 10-4 Pt 132.9
2168 | 1.71 x 10-3 Cu 133.0
2182 | 1.70x 10-3 Pt 133.8
2205 | 3.05 x 10-3 Pt 132.8
Av AH298 = 132.8 + 0.3 kcal /mole
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APPENDIX C, THE VAPORIZATION OF ALUMINA (A1,05 )*

by M, B, Panish and L. Reif

In a mass spectrometric study of the vaporization of Aly0; from tungsten effu-
sion cells, Drowart, DeMaria, Burns, and Inghram (ref. 25} concluded that
alumina vaporized to yield principally Al and 0, with much smaller amounts of
Al,0 , AlO, and Al,0, . Similar studies with iridium effusion cells yield data
that is essentially in agreement with that of Inghram.

In this work, the cell consisted essentially of an iridium cylinder containing a
cavity 1/4 in. high and 1/4 in. in diameter with a 1/8-in. knife edged orifice.
The cell was placed immediately below the entrance slit of a Bendix time-of-

flight mass spectrometer from which it could be separated by a magnetically

operated shutter.

Calibration of the mass spectrometric ion currents was obtained by performing
an effusion experiment with A1,0; in a tungsten cell of the same dimensions

as the iridium cell, In the calibration run, a small portion of the effusing beam
was condensed upon a liquid nitrogen cooled target, and the amount of material
deposited was determined by weighing. Tungsten effusion cells were used for
these calibrations because the iridium cells tended to fail structurally when
maintained at very high temperatures for extended periods of time. Also, be-
cause a large quantity of iridium metal deposited upon the target. The methods

of heating and temperature measurement have been described previously (ref.
21).

Since the principal mode of vaporization of Al,05 has already been established
as decomposition to Al and O, it has been assumed here that the Al pressure in
the iridium cell is virtually the same as in the tungsten cell, The amount of

Al that had deposited upon the targets was determined by subtracting that frac-
tion which was due to Al,0, A10 , and WO, from the total weight of material de-
posited. This was determined by independent mass spectrometric studies of
the spectra from the tungsten cell and by the use of radioactive tungsten inside
the cell in some of the calibration experiments. The amount of correction
necessary was found to be approximately the same from both the mass spectro-
metric studies and the simple effusion experiments in which radioactive tungsten
was used.

The ion currents (I") obtained from the iridium cell experiment were used with

the atomic cross sections (o) of Otvos and Stevenson (ref. 26} to obtair the
pressures of AlQ and Al,0 at a given temperature by the use of the relationships:

*Thie research was sponsored by the Advanced Research Projects Agency under Contract No, AF33616)-6840, monitored
by Materials Central, Wright Air Development Division, Wright-Patterson Air Force Base, Ohio,
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where p, then, is the pressure of aluminum obtained from the calibration
experiments.

In figure 24, logp versus 1/T plots for the AlL,O3 - ¥ studies are plotted along
with the data for AlO and ALZO, obtained from the mass spectrometric studies
with iridium effusion cells. If the species within the cell are in equilibrium,
the pressure data may be used to determine some of the thermodynamic prop-
erties of Al0 and AlL,0. Since the data for AlO and ALO are quite scattered, the
slope method for the calculation of thermodynamic properties was not used.
Instead, pressures and temperatures for third law calculations were selected
from the approximate curves plotted in figure 24, and are presented, along
with the estimated errors in Tables 7 and 8. The AL(F - H)/T} values are due
to Inghram (ref. 25). 0% currents were not determined in this work. The
equilibrium constants were determined after assuming that pg = 3/2pa) »

By combining Stull and Sinke's (ref. 2) data for the elements with the dissocia-
tion energies in Tables 7 and 8, the AH} values of AlO and Al,0 are found to
be 32+ 5, and ~15+ 7 keal/mole , respectively, and the enthalpy of dissociation
of AlyO¢gy to yield AlO¢,) and Al is found to be 125 & 12 kcal/mole

In addition to the work described above, an experiment using a baffled effusion
cell was done. All vaporizing species had to strike a hot tungsten surface. In
this case, lower ion currents of Alo", Al,07 and v0,* were observed than with
normal cells. This indicates that equilibrium may not be attained when the
normal cells are used.
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TABLE 7

T -logp,) =logpsr o —R in I{eq AHg
o 2
K mm mm eu keal/mole
eu
2300 2,77+ 0.1 4.38 + 0.3 57.5 43,1 232i7
2400 2,18+ 0.1 3.80+0.3 57.6 38.1 230i7
2500 1.68 + 0.1 3.30+0.3 57.7 33.6 229 + 17
Avg,
230 + 7
¥ Data obtained from ref. 25.
Table 8 AIO(S)—DAI(S) + 0(8)
-
T - log py, — log pr10 - A (F — Ho) —-R ln Keq AHg
T
°K mm mm en eu kcal/mole
2300 2.77i0.1 4.0_1;0.2 27.3 19,4 107 + 5
2400 2.181-_0.1 3.5+0.2 27.4 16.5 . 105 +5
2500 1.68_1_-_0.1 3.0i0.2 27.5 14,0 104 + 5
Avg.
105_—[; 5

* Data obtained from ref. 25,
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APPENDIX D, THE VAPORIZATION OF SEVERAL RARE EARTH OXIDES*
by M. B, Panish

The vaporization of two of the lightest rare earth oxides, Lay03 and Nd;03 has
been shown by several workers (refs. 27,28) to proceed principally by means
of the reaction,

The work of Chupka, Inghrarn and Porter was a mass spectrometric study of the
La-Lay03 system. That of Walsh, Goldstein and White was a simple effusion
study of La; O3 and Nd,03, vaporizing from tungsten effusion cells.

In this work, the vaporization of Pry03, Nd;03, Smy0y, and Euy03 has been studied
at temperatures ranging from 1950° to 2350°K, by analyzing the species
effusing from a Knudsen effusion cell with a Bendix time-of-flight mass spec-
trometer. Experimental details of the heating and temperature measuring
techniques were described previously (ref. 21).

The effusion cells were lined with either iridium or thoria. Studies in which
iridium liners were used were principally to determine the relative amounts of
the various species in equilibrium with the oxide with a minimum of chemical
interference from the container. The ratio Iy+/lyg+ of ion currents, due to the
metal and monoxide when 20 ev electrons were used, are given in the last
column in Table 3. A search for effusing species was made at several tempera-
tures and electron-bombardment energies for each of the compounds studied.

If the ion current ratios in Table 9 represent the ratios of the equilibrium species
in  the effusion cell, it is obvious that among the oxides studied there is a
change in the vaporization mode from that shown in equation (30) to that shown

in equation (31), with increasing atomic number of the rare earth metal,

Spurious results would be expected if the observed ions did not originate from
simple ionization of neutral species, but from dissociative ionization of a parent
molecule or by ion molecule combination in the ion source. In all the cases
presented here, ion molecule combination is highly improbable because of the
low concentration of ions and molecules in the ion source. If the MO* ions were
due to dissociative ionization, ions of higher mass would be present in appreci-
able amounts, This is not the case.

The M*ions observed when vaporizing Smy0; and Euy0; could have derived from
dissociative ionization. To determine which process led to the formation of

*This work was supported by Avco Cerp., by the Advanced Research Projects Agency and by the Materials Central,
Wright Air Development Division, Wright-Patterson Air Force Base, Ohio
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these ions, Smy0; and Euy03 were vaporized from ThO, effusion cells containing
a stall amount of 5i0; . The vaporization thus occurred in an oxidizing atmos-
phere. Under these conditions, the MOt ions, rather than M* ions, were the
major species observed. It follows that the Mt ions observed as the major, or
as an important species under neutral conditions, were due principally to simple
ionization of the parent M atoms in the effusion beam,

The vaporization of the oxides under neutral conditions appeared to be stoichi-
ometric, X-ray analyses of the oxides after heating indicated that only M,0;
was present at the end of the run,

To determine the approximate equilibrium pressures of the vaporizing species,
mixtures of the oxide and rhodium powder were effused from thoria-lined cells.
The rhodium provided an internal calibration by which the pressure of the species
could be calculated from:

+
Iy opp
Py = ——— Ppp -
1%, o
Rh °X

(32)

where P, o, and IT are the vapor pressures, electron cross sections, and ion
currents of the species X and rhodium, Iridium, vaporizing from the liner in
the first experiments, could not be used for calibration because of its low vapor
pressure {(ref. 21). The vapor pressures of rhodium estimated by Stull and
Sinke (ref. 2), and confirmed in this laboratory (ref. 21), were used.

The electron cross sections of rhodium, the rare earth metals, and oxygen

were taken as 40. 6, 73, and 3. 3, respectively, on the basis of the work of

Otvos and Stevenson {ref. 26). It was assumed that the electron cross sections
of the oxides were equal to the sums of the cross sections for the metals and
oxygen, The uncertainties, included in the extrapolation of the data of Otvos

and Stevenson, and in the assumption that electron cross sections are additive
could, of course, have led to errors as large as a factor of 2 or 3 in the absolute
pressure data, The values reported in Table 9 can, therefore, only be consid-
ered to be approximate ones.

It is assumed that the pre-degassed thoria liners did not interfere with these
measurements. No condensed phase interaction was noted, and the equilibrium
vapor pressure of Tho(g) and Thoz(g) with Thoz(s) was several orders of magnitude
lower than that of the gaseous species of the least volatile of the compounds
studied. * The ratios of the various species effusing from the thoria-lined cells
were not markedly different from those obtained with the iridium cells,

*Panish, M.B. and L. Reif (see section I-D).
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TABLE 9. EQUILIBRIUM VAPORIZATION DATA AT 2000°K
Oxide Py Pyo PMO.z hy+/Tyo+
atm atm atm
Pry05 <1x10-8 1x1077 <5x10-Y <0.1
Nd;03 < 5x10-9 5x10-8 n.d. <0. 1
sm;0, - 3x10~9 =3x10-9 n.d. 0.5-1.0
Euy03 7x10-8 9x10-7 n, d. 8.0%2
-63-
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APPENDIX E. THE VAPORIZATION OF THE RARE EARTH OXIDES™
by M, B, Panish

The vaporization modes of most of the sequioxides of the lighter rare earth met-
als have previously been shown to change from

M203-—-- ZMO(g) + O(SJ (33)

to

(34)

with increasing atomic number of the metal {ref. 29).

In this work we have studied the vaporization of Gdy04 , Tb203 » Dy;03, Hoy0; ,
Ery03 + Tmp0y Yby04 and Lwy0y at temperatures ranging from 2000° to 2500 °K
by analyzing the species effusing from an iridium effusion cell with a Bendix
time-of-flight mass spectrometer. Experimental details of the heating and tem-
perature measuring techniques have been described previously (ref. 21).

The ratios of the ion currents due to the metal and the monoxide, Iy+/Iyo+ .
are shown in figure 25 for ions produced with a 20 electron volt electron beam.
The previously reported data on Lay03, PryO3 , NdyO3 » Smy03 » and Eu,0; (refs.
Z1, 28, 29) are also included in the figure. The effusing species were observed
at several temperatures and electron-beam energies for each of the compounds
studied. The variation of the ion current ratio with temperature over several
hundred degrees also was found to be within the limits shown about each point
in figure 25. The limits shown for the vaporization of Eu,03 and Tmy0; are
quite large because the low concentration of MO obtained with these oxides ne-
cessitated measurements at low signal/noise levels, In the case of YbyO;, only
Yb* ions were observed.

The possibility that the results might have been seriously influenced by dissoci-
ative ionizations or ion molecule recombinations within the ion source was ex-
amined in a manner identical to that described previously (ref. 29}. These proc-
esses were found to be insignificant. It thus appears that the rare earth sesqui-
oxides may be divided into two groups, within each of which the vaporization
mode changes from that shown in equation (33) to that shown in equation {34) with
increasing atomic number of the rare earth metal. It is of interest to note the
abrupt change in the vaporization mode that occurs after Eu and Yb, the rare
earth metals,in which the 4f electron shell is half and completely filled. It is
also of interest to note that except for Luy0y » the classification of the oxides

*This work was supported by the Advanced Research Projects Agency and by the Materials Central, Wright Air Develop-
ment Division, Wright-Patterson Air Force Base, Ohio,
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Figure 25 Ion current ratio Iy+/lygtversus atomic number of M for the
vaporization of M0y
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into groups according to their vaporization modes is identical to the separation
of the rare earths into so-called cerium and yttrium groups according to their
behavior in various separation schemes (ref. 30).

The approximate vapor pressures of the major species vaporizing from the
yttrium group of oxides were determined in a manner similar to that described
previously for the cerium group. The equilibrium partial pressures over M,0,
at 2300 °K were: ThO, DyO, HoO, Er0, LuQ = 16-7 atm; Tm and Yb ~ 10-6 atm,

To obtain the approximate pressures, the iridium ion current from the vapori-
zation of the iridium effusion cell was used for the calibration of the M+ and
MOt ion currents,
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APPENDIX F, CONTINUQUSLY MONITORED EVAPORATION

The measurement of rates of effusion by the Knudsen technique is probably the
most applicable method of obtaining the partial molar free energies of evapora-
tion or decomposition of relatively stable refractories (ref. 31). These free
energies, combined with aerodynamic considerations, are necessary for the
calculation of equilibrium concentrations and reaction rates (ref. 32) in the
rocket nozzle. In the conventional method of conducting an effusion experiment,
the material to be tested is placed inside of an inert crucible containing an
orifice of known dimensions, and the rate at which the material leaves the
crucible is measured,

The Langmuir evaporation (ref. 31) technique has been used for those materials
for which an inert crucible cannot be found or whose vapor pressure is too low.
One of the difficulties with the use of the Langmuir method is that appreciable
reductions in the rates of evaporation may occur for rmaterials that evaporate
by preferential volatilization of some of their components (ref. 33). These
changes in rates of evaporation are due to changes in the surface composition,
In the usual method of conducting a Langmuir experiment, these changes in
pressure due to changes in surface composition are not determined. Only the
integrated weight loss over the time of the experiment is measured. Monitoring
of the time dependence of the evaporation (refs. 34, 35, 36) has been proposed
as a method of taking into account these changes in surface composition. By
extending the argument of possibly accounting for changes in the surface com-
position by a measurement of the time dependence of the evaporation, contin-
uous monitoring techniques are proposed as a rapid method of obtaining thermo-
dynamic data of all of the various regions of a phase diagram.

In those cases where diffusional processes are rapid enough to compensate for
evaporational processes, continuous monitoring can be used to obtain unknown
phase diagrams as well as energies of formation. The vapor pressure, at any
time, may be obtained from the volatility data and a knowledge of the vapor
composition. The phase diagram may be obtained by an examination of the re-
lation of the pressure to the composition of the condensed phase. The equilib-
rium form of a pressure-composition curve of a binary system is well known.
It consists of a series of constant pressure plateaus in the heterogeneous phase
fields connected by a series of descending curves in the homogeneous phase
fields. The condensed phase composition may be calculated from the know-
ledge of the vapor composition, the condensed phase starting composition, and
the weight loss data with the assumption that the surface composition is the
same as that of the cell.

In those cases where diffusion is the rate-limiting step, information other than

the time dependence of the evaporation and the starting compositions may be
required to obtain the phase diagram and free energies of formation. The
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assumption then, can no longer be made that the surface and interior composi-
tions are the same. Information such as diffusion constants, X-ray diffraction,
compositional analysis as a function of position in the sample, etc, will be
needed. '

The arguments that follow are directly applicable only to the case of volume
diffusion. The effects of grain boundary diffusion, transfer of material through
pores or empty space between particles,will be ignored. In other words, the
case will be considered where the vapor and condensed regions are separated
by a surface, and where diffusion takes place only in the direction perpendicular
to this surface. Also, the concentration is initially uniform in each region.

The system A- B, forming two compounds, AjB and AB, should be considered.
In the temperature region under discussion, only A is volatile. Assume that
for the phase diagram shown in figure 26 only the following vaporization reac-
tions may occur in the various phase fields:

Homogeneous Phase Field A

& AB), i A(B A (35)
e KN (Bly, + A(v) .

0<x; <xy<,

n = maximum solubility of B in A

Heterogeneous Phase Field A(B), and ASB

1 — n
[1-2n]A(B)“ ﬁ__[l_zn] Ay B + A(w) s {36)

Homogeneous Phase Field AB

y - n
2 AZB _— Ay B, + A(v) ' (37)
2y, -y 17 20y - v1) Y2 3

whe:el£y1<y2 < m

m = maximum conceatration of B in 4,B phase
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Heterogeneous Phase Field A2 Bmy,and AB3

2
[4._m] A, B, ;‘:[4:”.11] ABy+ A(v) , (38)

Homogeneous phase field AB;

42 - b
——— | AB — | AB_ + A(¥) ' 39
[‘lz - ql] U= [qz ~ q1] 12 (29)

where05q1<q2§_r

= maximum concentration of B in AB, phase

Heterogeneous phase field AB,. and B(A),

1
[1—:5] AB;i[lr_m]B(A)ﬂA(V) . and (40)

s = maximum solubility of A in B

Homogeneous phase field B

1 ~ 1
_— — — |1 B{A A
[21 - 22] B(A)zl'ar.:— [ZI _ 22] ( )22+ (v} (41)

where s > z; > 2,>0

A schematic representation of the partial molar free energy of A versus com-
position for this system is shown in figure 27.

Several cases of the influence of diffusion on evaporation will be discussed.
Schematic representation of the net rate of loss of material due to evaporation,
the time dependence of the concentration of A through the sample, and the time
dependence of the evaporation for these cases are shown in figures 28 through
33,

At time t = 0, the start of the evaporation, the concentration is uniform through-
out the sample. The case is being considered where the initial concentration is
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Figure 28 Case 1 composition as a function of distance
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in the A,B phase field. As atoms leave the surface, a concentration gradient is
set up, This causes atoms from the interior todiffuse toward the surface to re-
lieve this concentration gradient. This continues until the surface composition
reaches A,B . At this point, its free energy is equal to that of AB3, and it may
undergo the reversible phase change reaction to form AB; as A evaporates., For
the cases under discussion, the phase change reactions will not be considered
as rate limiting.

Any local region of the A-Bsystem can exist in only one of four crystal struc-
tures, A, A,B, ABy, OT B if metastable states are not considered. Thus, when
the region containing A;B_ undergoes a phase change due to the loss of A by
evaporation, it goes directly to a phase with the AB; structure and composition,
with no intermediate state being possible. The region over which a phase change
takes place is assumed to be narrow for the systems of interest to the present
discussion.

Similar reasoning can be applied to the AB, phase region. The surface concen-
tration can vary continuously until it reaches AB,, at which point any further
evaporation of ‘A produces the new structure B{A),. Continued evaporation of

A will ultimately yield pure B,

The exact rates of evaporation and composition dependence of the sample with
time depends upon the relative rates of evaporation, diffusion and phase change
reaction. Each of these quantities is concentration dependent. The mathe-
matics for the analogous case of diffusion of gases into a condensed phase with
chemical reaction has been worked out (refs. 37, 38, 39). These detailed
calculations will not be used but, rather, intuitive arguments for the case where
phase nucleation and reaction are fast will be discussed.

Figures 28 and 29 describe the case where diffusion is almost able to keep up
with evaporation, Figures 30 and 31 describe the case where diffusion is
slower, and Figures 32 and 33 where it is still slower. It should be noticed
that these are all specific points in the same general relationship.

The previous arguments have indicated that with a knowledge of the concentration
gradients of the volatile constituents through the sample,continuous monitoring
of the rate of evaporation may be used to obtain equilibrium partial molar free
energies. Also, by means of X-ray diffraction, metallographic analysis, and
chernical analysis, it may prove, in many cases, easier to obtain this informa-
tion than to maintain conditions that have been considered necessary in the past
to conduct effusion experiments. This especially may be true where a container
material is not available, and only Langmuir experiments can be performed.

The types of systems that can be investigated by the continuous weighing method,
using the above considerations are:
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1. The study of binary systems where one component is a liquid, and one
component is the crucible, e.g,, one can measure the rate of evaporation
of silicon from silicon contained in a tungsten crucible (to obtain the dis-
sociation pressures of ¥-Si gystem).

2. The study of binary systems inwhich one component has beenapplied directly
to the crucible as a coating (the crucible being the other component of the
system), e.g., one can measure the rate of evaporation of boron from a
tantalum crucible whose inside is coated with boride {to obtain the dissocia-

tion pressures of the Ta-Bsystem).

NADD TR 60-463 Pt, II -81-






10.

11,

12.

13,

14,

15.

16.

17,

REFERENCES

Hasapis, A.A., M. B, Panish, and C, Rosen, The Vaporization and
Physical Properties of Certain Refractories, Part 1, WADD-TR-60-463
{October 1960).

Stull, D.R, and G, C. Sinke, Thermodynamic Properties of the Elements,
American Chemical Society, Washington, D.C. (1956).

Brewer, L. and M.5. Chandrasekharaiah, Free Energy for Gaseous
Monoxides, UCRL-8713 {(April 1959),

Brewer, L., Chapter 7 of an unpublished compilation (Revised September
1960).

Searcy, A.W., J. Am. Ceram. Soc. 40, 431 (1957).

Hansen, M., Constitution of Binary Alloys, McGraw-Hill (1958},

Aronsson, B., Acta Chem. Scand. 9,1107 {1955),
Searcy, A.W. and A, G, Tharp, J. Phys, Chem. 64, 1539 (1960).

Schwartzkopf, P. and R. Kieffer, Refractory Hard Metals, Macmillan
{1953).

Argonne National Laboratory, Chem, Eng. Quarterly Reports (1956, 1957).

Dorsey, N.E., J. Wash, Acad. Sci. 18, 505 (1928),
Norton, F.H., W,D. Kingery, G. Economos and M. Humenick, Jr,,
Massachusetts Institute of Technology Report NYO-3144 (1953),

Bashforth and Adams, An Attempt to Test the Theories of Capillary Action,
Cambridge {1893).

Taylor, H.J. and J. Alexander, Proc. Indian Acad. Sci. 19A, 149 (1944),
Coghill and J. Anderson, J. Phys. Chem. 22, 245 (1918),

Kingery, W.D., Massachusetts Institute of Technology, Private Com-
munication,

Langmuir, I., Phys. Rev. 2, 239 {1913).

WADD TR 60-463 Pt. II

-83-



18. Knudsen, M., Ann, Physik 29, 179 (1909}.

19. Campbell, 1. E., High Temperature Technology, John Wiley and Sons,
New York (1956).

20. Inghram, M. G. and J. Drowart, Proceedings of the International Symposium
on High Temperature Technology, 6 to 9 October 1959, McGraw-Hill, New
York (1960), p. 219,

21, Panish, M, B, and L. Reif, The vaporization of iridium and rhodium, J.
Chem. Phys. 34, 1915 (1961).

22, Dushman, S,, Scientific Foundations of Vacuurm Technique, John Wiley
and Sons, New York (1949),

23, Margrave, J. L., J. Chem. Educ. 32, 520 (1955).

24, Hampson, R.S5. and R.F. Walker, National Bureau of Standards (private
communication).

25. Drowart J., G, DeMaria, R.P, Burns, and M, G. Inghram, J. Chem.
Phys. 32, 1366 (1960),

26, Otvos, J, and D, Stevenson, J. Am. Chem. Soc. 78,546 (1956).

27, Chupka, W.A,, M.G, Inghram, and R.F. Porter, J. Chem. Phys. 24,
792 (1956).

28. Walsh, P.N., H. W. Goldstein, and D, White, J. Am. Ceram. Soc, 13_,
229 (1960),

29, Panish, M. B, and L. Reif, 925_15:. p. 1079,

30. Yost, D,M,, H, Russel, Jr., and C.5, Garner, The Rare Earth Elements
and Their Compounds, John Wiley and Sons, New York (1947).

31, Ditchburn, R, W, and J. C, Gilmour, Revs. Modern Phys. 13, 310 (1941).

32. Darken, L.S. and R. W, Gurry, Physical Chemistry of Metals, McGraw-
Hill {1953),

33, Speiser, R, and H. L. Johnston, Trans. Am, Soc. Met. 42, 306 (1950).
34. Valekis, E., C.L., Rosen, and H, M, Feder, J. Phys, Chem, éé, 2127 {1961).

35, Ackerman, R.,J., Argonne National Laboratory Report 5482,

-84-



36.
37.
38,

39.

Blackburn, P, E.,J., Phys, Chem, 62, 897 (1958),

Wilson, A,.H., Phil, Mag. 39, 48 (1948),

Crank, J.,Phil, Mag. 39, 362 (1948).

Jost, W., Diffusion in Solids Liquids and Gases, New York Academic Press

{1952),

~85-



