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THE HIGH TEMPERATURE, HIGH VACUUM VAPORIZATION
AND THERMODYNAMIC PROPERTIES
OF URANIUM DIOXIDE

by

Raymond J. Ackermann

I. INTRODUCTION

The investigation of phenomena at temperatures in excess of 1000°C
has only recently assumed a position of prominence in the broad field of
physical chemistry. The recent interest in high temperature industrial
processes and the application of atomic energy to both military and civilian
projects has brought about:a pressing demand for a knowledge of high tem-
perature chemistry.

One might be led to believe that the prime obstacle to the utiliza-
tion of high temperature processes would be the difficulty in development
of materials of construction for use in high temperature systems. To be
sure, this is certainly true to a very large extent when one is dealing with
temperatures greater than 2000°C. The more fundamental difficulty lies
in the lack of information about the types of compounds that can exist at
high temperatures and, therefore, about the kinds of reactions that are
likely to occur at these elevated temperatures.

This research was concerned with the high temperature properties
of the uranium-oxygen system above 1000°C. The reasons for studying
this system were to attempt to clarify some of the apparent complexities
of the system and to gain information about its high temperature behavior.

In this system there are well established compounds at the composi-
tions UO,, Ug0q, U304, and UO3. Considerable work on the chemistry of the
compounds, the phase relationships in the system, the thermodynamic prop-
erties of the compounds, the various crystal structures, and the decomposi-
tion behavior of the higher oxides has been previously accomplished.

The purpose of this investigation has been to establish the vapori-
zation processes and the thermodynamic properties of the lower uranium
oxides at high temperatures. The difficulties of calorimetric techniques
at high temperatures have precluded a straightforward determination of
heats and entropies of formation of many solid,liquid and gaseous sub-
stances. Lacking such information, chemists have found studies of the
volatilities of various refractory substances to be the best approach to
the problem of high temperature chemistry.



The principal experiments that were performed to show the high
temperature behavior of the lower uranium oxides included the establish-
ment of the vapor pressure of the dioxide, UO,, by effusion measurements,
the measurement of the volatility of uranium-uranium dioxide mixtures,
and X-ray studies of residues and sublimates resulting from vaporization
experiments,

Effusion measurements on UO, were carried out over a tempera-
ture range of 1200°, extending from 1300°C to about 2500°C, The calculat-
ed vapor pressures ranged from 10-® mm to about 6 mm, a range greater
than 108, These temperature and pressure ranges are about three times
the usual ranges reported in the literature. No measurements over such
wide ranges of pressure and temperature have ever been reported pre-
viously.

The results of the measurements show that UO,(s) vaporizes
congruently. Its heat of sublimation and the stability and dissociation
energy of UO,(g) have been established. The results of the mixture ex-
periments have been used to show that fragmentation is unimportant in
the vaporization of UO,(s). Pronounced curvature of a log p vs. l/T plot
at temperatures above 2200°K can be interpreted in terms of the existence
of a gaseous dimer, U,0,(g).



I. VAPORIZATION PROCESSES OF METAL OXIDES

For the purpose of discussing the results of this investigation, it is
convenient to arbitrarily classify the high vacuum vaporization processes
of all metal oxides studied todate. Five classes result.

Oxides belonging to the first class vaporize predominantly to the
gaseous elements in accordance with the general equation

M, O, (s)—=xM(g) +y (1 -@)/2 Oxg) + yaO(g), (1)

where o is the degree of dissociation of oxygen. An oxide belonging to this
class may vaporize either congruently, as shown in Eq. (1), or incongruently.
If congruent vaporization occurs, the composition of the vapor phase will
remain identical with that of the condensed phase during the course of va-
porization. The oxide, NiO, vaporizes congruently to the elements.(s) If,
however, incongruent vaporization occurs, the composition of the vapor
phase will not be the same as that of the solid phase during the course of
vaporization, since either metal or oxygen is preferentially lost. The
composition of the condensed phase will therefore become progressively
richer in the component that is less readily lost. This enrichment can

be accommodated by the condensed phase either in the form of a solid
solution or by the appearance of a second solid phase.

The second class consists of oxides which decompose upon heating
to yield oxygen and a lower oxide with no appreciable loss of the metal to
the vapor phase:

M, O (s) —=M, O, _ (s) + za Olg) + =(1 - a)/2 Oylg). (2)

Vaporization of such an oxide occurs incongruently since the condensed
phase constantly changes in composition. The iron oxide, Fe,Os(s),
vaporizes thus to form Fe;O4(s) and oxygen.\8

The third class of oxides, which has only recently been studied, is
composed of oxides which predominantly vaporize without decomposition:

MxOy(s)—%MxOy( g - (3)

Since no decomposition occurs, the vaporization process is congruent.
An example of an oxide showing this behavior is TiO.

The fourth class of oxides contains those which vaporize either

congruently or incongruently by disproportionation according to the gen-
eral expression

M, + .04 "'Y(s) —>Ma0b(g)~'+ MxOy(s, or g). (4)
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Examples of oxides exhibiting congruent disproportionation are SiO, and
possibly Ti,0;. The oxide SiO, vaporizes to form SiO(g) and oxygen(s)
while it has been postulated that Ti,Os vaporizes to TiO(g) and TiO,(g). (25)
An example of an incongruent disproportionation is furnished by WO,, which
vaporizes,to W(s) and WO;(g).

The fifth class contains oxides which form gaseous dimers or poly-
mers according to the expression

aM,Oy 5 (5) —..,.(MxOy)a(g)+az(l -a)/2 O,(g) + aza O(g). (5)
This kind of vaporization process is exemplified by the oxide Bzoi which
vaporizes congruently to form predominantly B,0,(g) and oxygen.

In order to ascertain how a given oxide vaporizes, one can gain con-
siderable information from vapor pressure measurements of the oxide.
When one attempts to measure the equilibrium vapor pressure of a given
oxide, the exact nature of the phase diagram is important. The phase law
states that unique values of the vapor pressure will be obtained if, and
only if, the system is invariant. In a two-component system, such as the
uranium-oxygen system, meaningful vapor pressure measurements at a
given temperature may be carried out only on the following invariant
systems:

o

(1) a system that is congruently vaporizing, and

(2) a system which possesses two condensed phases plus a vapor

phase.

Under certain experimental conditions one may be able to perform quasi-
equilibrium vapor pressure measurements on a single condensed phase
that is not congruently vaporizing, provided the composition of the con-
densed phase, and consequently the pressure, does not appreciably change
during the time of measurement. Such a system is frequently referred to
as a pseudo-invariant system.

Whether a vaporization process is invariant at a given temperature
may be established by observing the constancy of the volatility as a func-
tion of time and by examination of the residue and sublimate for the phase
or phases present by conventional X-ray diffraction techniques. Chemical
analyses of residues and sublimates are quite useful in supplementing
X-ray data.

Oxides belonging to the first class, provided they vaporize con-
gruently, can be identified rather easily if the free energy of formation
of the oxide and the vapor pressure of the metal are known. A knowledge
of these thermodynamic quantities enables one to calculate the decomposi-
tion pressure of the oxide at-a given temperature. If this calculated



decomposition pressure agrees with the experimentally measured volatility,
-one must conclude that the oxide vaporizes predominantly to the gaseous
;15”,'eflfféments. If, however, the measured volatility of the oxide is considerably
larger than the calculated decomposition pressure, one must then conclude
that gaseous oxide molecules are important in the equilibrium vapor above
the condensed phase, and vaporization occurs via one or more processes

as shown by equations (3), (4), and (5).

Once the invariance of the vaporization process of a given oxide is
established, one can then carry out meaningful vapor pressure measure-
ments, which enable one to calculate a heat of sublimation or vaporization,
AH, using the well-known form of the Clapeyron equation:

—7-2—2 8 nT)) = -AH/R. (6)

The change in entropy accompanying sublimation or vaporization, which
is also obtainable from vapor pressure measurements, gives additional
insight into the type of vaporization process that occurs, If oxide mole-
cules are important in the vapor phase, heats of vaporization and/or
sublimation may be combined with heats of formation and other thermo-
dynamic data to yield a value of the dissociation energy of a particular
gaseous molecule. Such combinations of thermodynamic data are fre-
quently referred to in the literature as thermodynamic cycles. If,
however, a spectroscopic value of the dissociation energy is known,

one then may calculate a value for the heat of formation of the compound
under study. If vapor pressure measurements are carried out over both
the solid and liquid states of a substance, it may then be possible to
evaluate the heat of fusion of the solid. However, since the heat of fusion
is sometimes only a few thousand calories per mole, the necessary break
in the vapor pressure plot may be obscured by experimental error, and
the heat of fusion may then only be estimated.

Conventional measurements of vapor pressures are usually re-
stricted to a narrow range of temperature amounting to only a few hundred
degrees, and the logarithm of the vapor pressure is a linear function of
the reciprocal of the absolute temperature within the error of measure-
ment, Vapor pressure measurements that extend over a temperature
range that is many-fold the conventional range may enable one to detect
real curvature in a log p vs. 1/T plot. If the curvature if due to the vari-
ation of AH with temperature, i.e., the difference AC_, between the heat
capacities of the vapor and condensed phases is not zero, then the heat of
vaporization and/or sublimation may be calculated as a function of tem-
pPerature and, provided the heat capacity of the condensed phase is known,
the heat capacity of the vapor phase may be evaluated and not merely
estimated. It should be pointed out, however, that the establishment of

11
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AC, by measurement of the vapor pressure is far from being an easy task
because of the extreme precision required in the measurements to detect
the very slight curvature in a plot of log p vs. l/T

It should be emphasized that real curvature in the vapor pressure
plot may result from a number of simultaneously important processes, thus
adding to the complexity of high temperature investigations of chemical
systems. Hence, it is sometimes impossible to prove unequivocally a par-
ticular process to be the cause of this curvature unless other independent
data are known or obtained by further investigation. Data obtained from
mass spectrometry, high temperature heat capacity measurements, spec-
troscopy, velocity selectors and momentum detectors may then be neces-
sary to supplement vapor pressure data and to complete the study of high
temperature systems. '



III. PRIOR INVESTIGATIONS IN THE URANIUM-OXYGEN SYSTEM

A, The Oxides of Uranium

The uranium-oxygen system is no doubt the most complex of the
actinide-oxygen systems studied to date. The three most common oxides
of uranium, UQO,, U0, and UO,;, have been known for almost a century,
but it has been only recently that systematic investigations have been car-
ried out in the system. Biltz and Mueller 2) were the first to study in de-
tail systems of oxygen composition greater than UO,, and their data have
been copiously quoted throughout the chemical literature. More recent
investigations(4’ 1,27, 56, 55, 24, 59, 19,30 )have yielded considerable new
information about the system, while comprehensive surveys and reports 36,7)
have appeared inthe literature within the last few years. A complete X-ray
diffraction study of unit cell structures and dimensions of all known oxides
of uranium has been carried out by Rundle, et a_l.(59

Recent controversy has arisen concerning the existence of the solid
monoxide UO. The only evidence for the formation of this phase has been
obtained by X-ray diffraction techniques which have yielded a cubic lattice
Parameter a, varying from 4.91 to 4.93 A units. All attempts to prepare
the monoxide free from the isomorphous monocarbide, UC, and the mono-
nitride, UN, have met with failure.‘(p59 Attempts to prepare the monoxide
by heating UO,, or a higher oxide, with uranium metal at high temperatures
have usually been disappointing, although Dawson and Lister(19) claim to
have prepared UO by such a procedure, but make no mention of possible
carbide or nitride contamination. Rundle, 51:_3;.(59) have proposed that
carbon is necessary either to promote the reaction of a higher oxide with
uranium to form the UO phase, or that some UC and UN must be present
for the UO phase to form. They find that ay for UN is 4.880 A units and a,
for UC is 4.951 A units. It is significant that the lattice parameter of what
is assumed to be the UO phase lies between those of the monocarbide and
the mononitride, which are isomorphous and readily form solid solutions.
In all probability the UO phase should be described as UX where X is car-
bon, nitrogen and perhaps oxygen in somewhat varying proportions.

The dioxide UO,; is a dark brown crystalline solid possessing a
face-centered cubic (fluorite structure) unit cell. Rundle, et al.(59) have
measured the lattice parameter of this unit cell to be 5.4581 + 0.0005 kx
‘units. This value of the lattice parameter yields a theoretical density of
10.97 g/cm3. The compound UO, readily takes up oxygen at low tempera-
tures (150 to 200°C) to form solid solutions having the general designation
UO; 4 %, where x varies from 0.00 up to a reported maximum of about
0.34.(36,24) Alberman and Anderson(l) have measured the lattice para-
meter of the UO, 4 x phase as a function of increasing oxygen content and
found that the size of the unit cell remained constant within their experi-
mental error.’ The existence of a UO, _x cubic phase has also been claimed

13



14

by numerous investigators on the basis of X-ray evidence. However, the
evidence for the existence of such.a metal rich solid solution phase is
very meager and a more thorough investigation is demanded.

Above 500°C the UO,; +x phase separates into two cubic phases, a
lower oxide phase having a somewhat variable composition ranging from
UO; g9 to UO; g7, and a higher oxide phase having a fixed composition of
UO;, 25. (27) This higher oxide phase shows no appreciable oxygen solubility
and should probably be designated as a compound UsOy. This compound has
been incorrectly referred to in the literature as B-UQO,. Although rather
limited investigation has been carried out in this region of the uranium-
oxygen system, it is suspected that the two cubic phases merge at some-
what higher temperature and high oxygen pressure. At temperatures
below 800°K, the system is further complicated by the presence of a
tetragonal phase having a composition that varies between UO; 42 and UQ;, 39.
Most of this variation in composition occurs between 400°K and 500°K.(27

The composition region from UO,; 5¢ to UO, g7 has been recently
studied by Hoekstra, et al. 30) using high-temperature X-ray diffraction

techniques.,

the composition region between U3;Og4 and UO; only Biltz and

I
.Mueller&) have carried out any systematic investigation. Their work in-

dicates a two-phase region at temperatures below about 850°K and prob-
ably a UO;_x homogeniety range extending from about UO;,9 up to UO;,,.

Uranium trioxide, UO;, exists in an amorphous form and in at least
four crystalline modifications.(36) The transition temperatures and heats
of transition between these various crystalline modifications have not been
reliably established to date.

The condensed phase diagram of the uranium-oxygen system was
sketched on the basis of these previous investigations carried out with

the system and is shown in Fig. 1.

B. Previous High Temperature Investigations with UO,

Only very limited investigations of the high temperature behavior
of UO, have been carried out prior to this work. Greenwood(23) proposed
that UO, loses oxygen above 1600°C in vacuo. His statement is not sup-
ported by experimental proof but results from an analogy drawn between
UO; and MnO,. Rehn and Cefola(56) measured the vapor pressure of UO,
at only five temperatures over the range 1600°C to 2000°C. Their meas-
urements were carried out by means of the effusion method with alpha
counting used as the analytical means for assay of collected sublimates.
Their data yield a heat of sublimation for UO, of 137 kcal mole~! and a
vapor pressure of 1.4 x 10™® atm at 2000°K.
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During the course of their investigation of the vapor pressure of
liquid uranium, Rauh and Thorn 55) observed a marked suppression of the
volatility of the liquid metal upon introducing residual pressures of oxygen
of the order of 107® to 10~7 mm. They interpreted this phenomenon as being
caused by the formation of an oxide coating, which they designated as UOx,
which partially covered the liquid metal surface. Extrapolation of the data
to complete coverage of the liquid by the impervious oxide coating gave a
result which was interpreted as the vapor pressure of UOyx. The heat of
vaporization of UOx obtained from the slope of log p vs. l/T was 134, kcal
mole™ and the vapor pressure was 6 x 10”7 atm at 2000°K. This UOy is
about a factor of two less volatile than UO, as measured by Rehn and
Cefola. If x = 2, a discrepancy exists between the two investigations.

Brewer, gt_a_l.(f’) gave, in their compilation of thermodynamic data,
an estimated value for the vapor pressure of UO, of 107% atm at 2000°K.
Brewer\”) also lists a value of D , the dissociation energyof UO, to gaseous
atoms at 0°K, as being 355 kcal mole™!.

Another high temperature physical property of UO, that has under-
gone limited investigation is the melting point, and there have been as many
values of it as there have been investigators. Ruff and Gocke(58) reported
the melting point of UO, under a nitrogen atmosphere to be 2176°C, while
Friederich and Sii:tig(21 reported 2500° to 2600°C in a nitrogen atmosphere.
The most recent value is given by Lambertson and Gunze1(45§ as 2878 t 22°C
in a helium atmosphere.

Wahlin(69) heated a tungsten wire containing UQO; to a temperature
of about 1800°C and observed three types of ions: ut, wt, and UO?, using
a magnetic deflection method. No data were given concerning the relative
intensities of these species and no mention of Uo;* was indicated.

The low temperature heat capacity of UO,(s) from 0° to 300°K has
been determined by Jones, Gordon, and Long.(35f The high temperature
heat content and the heat capacity of UO,(s) were measuredover thetempera-
ture range 298° to 1500°K by Moore and Kelley(51) using a “drop” calori-
meter. No solid phase transitions were observed over this temperature
range. The heat of formation of UO,(s) at 298°K has been measured by
Huber, Holley, and Meierkord. 31) These thermodynamic data have been
used by Coughlin(16) to compile heats and free energies of formation of
UO,(s) from 298° to 1500°K. '
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IV. THEORY AND METHODS PERTINENT TO THIS INVESTIGATION

A The Effusion Method of Measuring Vapor Pressures

Vapor pressures in the range 10" mm to 10~! mm are usually
determined by one of two conventional methods, the Langmuir rate of
evaporation method(46) and the Knudsen effusion method(4l, 42, 43, 44, 67)
Both methods are similarly based on the kinetic theory of gases. In the
case of the effusion method the vapor flows from a space, where it is in
equilibrium at some given temperature with the condensed phase, through
an orifice into a high vacuum. This rate of flow through the orifice can be
simply related to the vapor pressure of the condensed phase. Since the
effusion method was employed throughout this investigation, and since
vapor pressures as large as 6 mm down to 10" mm were measured, it is
of significant interest to derive and discuss the relationships employed by
this method.

1. Theory

Let us consider a saturated vapor in thermal and mechanical
equilibrium contained in space A as shown in Fig. 2. Any given molecular
velocity must be equally distributed in all directions, otherwise mass trans-
fer would occur in the gas, contrary to our assumption of mechanical equi-
librium. Consider a small circular plane element of area dS drawn anywhere
in the space of the gas. Molecules will be crossing dS continually in both
directions; consider only those which cross dS toward one side only. Of the
n molecules per unit volume, 47 nA v e-B*v2 dv are moving with speeds in
a particular speed range between v and v + dv, where A = B? /’1T3/z and B? =
M/2RT. Since the molecules are moving equally in all directions, i.e.,
the gas is isotropic, dw/4 7 will be the fraction moving in directions lying
within the element of solid angle dw. Of these molecules, as many will
cross dS during a time dt as lie at the beginning of dt within a cylinder having
a base dS and a slant height v dt, and therefore a volume v dt * dS cos 6 .
Hence, the number of molecules crossing dS in time dt within a given solid

angle dw is 47 A nv? e-B2 vz%"ﬂ— v dt dS cos 6 . Substitution of dw =

sin 6d6d ¢, division by dS and dt, and integration over ¢ from 0 to 27 yield
for the number of molecules in the speed range v to v + dv crossing unit area
in unit time in the specified direction 6, 27n A V3 e-B2vZ 4y sin6 cos 6 d6 .
The total number of molecules per unit time per unit area, Z, crossing a
given section toward one side regardless of speed and direction is obtained

by integrating the last expression over 6 from 0 ton /2, and from 0 to «
over v:

Z=2mn A f v e-B2v2 dvf sinf cosb do. (7)
1] 0



Target S,

ds;= rdr-da ) ¢ (B-a)
a ]| P
el
’7d
B
l vacuum
B
So
P
A

space containing
a saturated vapor

@ at temperature T

dw

Figure 2
Effusion Through a Thin-Edged Orifice and the Cosine Law



Evaluatmn of the first integral by the method of parts y1e1ds 1/2B*. The

second integral integrates to 1/2. Hence, Z = nnA/ZB molecules per unit
area per unit time.

Substitution for B and A yields, upon rearrangement,

1/2

- (8 RT _nc 2 5ol
Z=(/4)n QT M = molecules cm™ sec™ , (8)

where T is the average Maxwellian velocity. At pressures less than 0.1 mm
one can assume the vapor to behave ideally. Then

n = P/kT . (9)

Referring now to Fig. 2, let us suppose that S; is a small cir-
cular orifice located in the wall of container A. Above the plane of the
orifice is a region of high vacuum, B, and a collector plate, S. To simplify
matters we shall consider orifice S, to be ideal, that is, its presence does
not disturb the velocity distribution of the molecules in container A, and
every molecule which strikes Sy is transmitted into region B. In reality
this assumption of an ideal orifice would be justified provided the orifice
area were very small and its circumference were knife-edged.

Since (nT/4)S, molecules strike Sy per second and are trans-
mitted into region B, it is of interest to calculate how many of these mole-
cules will strike a plane circular area S; parallél to Sy and perpendicular
to a line joining its center with that of Sy.

The number of molecules leawngds and arriving at dS;, an.
elemental area located in S; a distance 4 from dSy, is given by

(Z) cos6, dS, cosb, dS; .
T 22

The cos0’s enter in Eq. (10) from purely geometrical considerations and T
enters in a proportionality factor. Equation (10) is a general statement of
Lambert’s cosine law.

dz (10)

By inspection of Fig. 2, one finds that
q?* = r? + p? - 2rp cos (B-a) , (llb)
where q is a line in the target joining the projection of dSy along d with dS,,
r and a are the polar coordinates in the target S; and pand B are the polar

coordinates in the orifice S,. Also by inspection one writes that

£2=d*+ q*=a%+ r?+ p? - 2rp cos (B-a), (12)
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6 -6 (13)

and
cosB, = d/f . (14)

Substitution of the above quantities into Eq. (10) gives

z - L4 .
da = Zd°p-dp-dB-r-dr-da . (15)

m[ 4% + r? + p? - 2rp cos (B-oc)]2

Integration over the four variables r,p ,a,B gives the number
of molecules leaving an orifice of radius p and arriving at a collector plate
of radius r located a distance d from the orifice.

g 7 2m 2m r P d®.p.dp+-dp-r-dr-da
z =—
/ T 0 0 b () [d® + r? + p? - 2rp cos(B-a)P

(16)

The integration cannot be performed exactly, but approximate meth-
0ds(33, 63) have been worked out and the error resulting in their use is
not great. In general, as was the case in this research, it is possible to
consider Sy, as being very small. If this assumption is valid then, p<<r
and p? - 2rpcos(B-a) can be neglected compared with d? + r? in the de-
nominator of Eq. (16). Removal of p dp dB (=Sy) from under the integral
sign is also certainly justified if the above condition is fulfilled. Then
after integration over da Eq. (16) simplifies to

rT
ﬁz =25, & 2 e (17)
j ™ /0 (d +r )Z

Performing the simple integration one finds

idz = Z S, (; = N molecules sec™! . (18)
‘/' \dz + 1'2

The resulting bracketed term represents the fraction of the total effusate
intercepted by a plane target of radius r located a perpendicular distance
d from an ideal orifice.

Upon expressing N in moles per sec and making the necessary
substitution for Z in terms of Eq. (8), one finds that
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__W [27RT 12 (g2 4 22 (19)
p= S()t M :l.'Z
where:
W = mass of vapor striking target S; in grams,
S; = area of orifice in cm?,
t = time in seconds,
R = gas constant in appropriate units,
T = the absolute temperature,
M = the molecular weight of the vapor.

Hence, the measurement of the vapor pressure of a solid or liquid requires
a determination of the four fundamental quantities: mass, length, time, and
temperature. '

In order that the equilibrium vapor pressure of the condensed

phase contained in the effusion cell be obtained from the measured funda-
mental quantities, it is necessary that certain conditions be fulfilled. These

are:

(1)

(2)
(3)

(4)

(5)

(6)
(7)

(8)

The cell and the condensed phase must remain at a constant,
known temperature.

The molecular weight of the vaporizing species must be known.

The condensation coefficient of the vapor molecules striking the
target must be known.

Appreciable re-evaporation of vapor molecules off the surfaces
of the vacuum system onto the target must not occur.

No appreciable scattering of the vapor molecules must occur
between the orifice and target.

The orifice must be knife-edged.

The equilibrium vapor pressure must exist within the effusion
cell.

The condensed phase under investigation must react neither with
the effusion cell material nor with residual gases in the vacuum.
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That conditions (1) through (4) must be met is self-evident from
Eq. (19), and the specific way in which each of these conditions was fulfilled
is reserved for a later section of this thesis. Some discussion should be
given, at this time to the remaining conditions.

Condition (5) may be easily achieved by maintaining region B
(see Fig. 2) at a very low pressure. Molecules issuing from S, experience
almost no collisions and travel in straight lines forming what is commonly
known as a “molecular beam.” (64) The probability that a vapor molecule
in the molecular beam will experience a collision in traversing a distance
in the vacuum containing residual gas molecules is given by e-% /X, where
A is the mean free path of a beam molecule in the residual gas of pressure
p. Since this mean free path will not differ greatly from the mean free
Fa.th of a residual gas molecule, it may be calculated approximately from
the classical expression(50)

kT

Y VErets (20)

where k is Boltzmann’s constant, T is the absolute temperature of the
residual gas molecules, 0 is the mean collision diameter of the colliding

molecules, and p is the pressure in dynes cm‘z.‘

If condition (6) is not fulfilled, then the probability of trans-
mission of a vapor molecule through an orifice that is not knife-edged is
less than unity and depends in a rather complicated manner on the radius
and thickness of the orifice. Clausing(l12, 13, 14) has studied this problem
in great detail and was able to calculate a so-called transmission proba-
bility for a circular orifice of given dimensions.

Condition (8) may be considered as a special example of con-
dition (7). If reaction occurs between the condensed phase and the effusion
cell material or residual gases in the vacuum system, the equilibrium
pressure of the condensed phase will be disturbed. In order to fulfill the
requirement demanded by condition (7) let us consider an effusion cell
having an orifice Sy and containing a condensed phase with evaporating
area S;. The weight loss in grams of the substance per unit time, m,
is given by

m/S, = p(M/Z“n'RT)l/z , (21)
where P is the actual pressure existing in the effusion cell. The number of
grams of vapor condensing on the substance per unit area in unit time is

given by

ap(M/2 7TRT)1/2 ,
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where o is the condensation coefficient. If ) grams of the substance vapor-
ize per unit area in unit time, then from a mass balance one obtains

m/Sa = N ap(M/2TRT)? (22)

because the net mass which leaves the substance in unit time must equal

the mass escaping out the orifice in unit time. But whenm =0, p = P

the saturated vapor pressure, because then the number of molecules striking
the condensed phase exactly equals the number leaving it. Hence,

n= ap (M/ZTrRT)l/z , (23)
and

m/Sa = alp-p) (M/2nRT}Z . (24)
Simple algebraic rearrangément yields

p = p/[1 + (Se/aSa)]. (25)

Therefore, if S; >> Sy (ais generally very close to unity), then p & p and
the error involved in assuming the observed vapor pressure to be the
saturated vapor pressure is insignificant.

The necessary conditions for the precise and accurate deter-
mination of vapor pressures up to 0.1 mm by the effusion method have been
discussed, Since effusion measurements in this research were carried out
at pressures somewhat higher than the generally accepted upper limit of the
method, it is of interest to review the experimental attempts to establish this
upper limit; no adequate theoretical treatment concerning this upper limit
has been thus far advanced.

2. Experimental Attempts to Establish the Limiting Conditions of
the Effusion Method

The first vapor pressure measurements of a slightly volatile
substance were carried out by Knudsen(43) in 1909. Since then, numerous
investigators have attempted to establish the limitations of the method. In
Particular, studies have been undertaken to ascertain the effect of increasing
the source pressure to the point where molecular flow no longer prevails,
i.e.,the number of gas-phase collisions becomes appreciable. The flow of
gases through orifices at very high pressures can be adequately treated with
hydrodynamics, whereas the flow of gases at extremely low pressures must
be treated on the basis of kinetic theory. The intermediate region between
hydrodynamic and molecular flow is then of interest from the standpoint of
both theoretician and experimentalist in that it affords a continuous transition
between the two limiting kinds of flow. Theoretical attempts to formulate the
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behavior of gases at these intermediate pressures (of the order of milli-
meters)have been largely empirical in nature, and experimental investi-
gations of the flow of gases at these pressures have been somewhat.
contradictory, Five investigations have been carried out to study the
nature of flow of gases at pressures intermediate between molecular and
hydrodynamic flow. The first investigation dealt with the total flow of
various gases through thin-edged orifices, whereas the remaining four
investigations concerned the flow in specific directions in the 27 solid
angle above the plane of a thin-edged orifice.

a. The Experiments of Knudsen - Knudsen(42) first undertook
the investigation of the behavior of total flow through a thin-edged orifice
as a function of increasing source pressure. From kinetic theory it can be
shown that the net weight of gas per second effusing through a thin-edged
orifice of area a is given by the expression

m = a(2m)V2 (M/RT)V2 (p'- p") (26)

where p' is the source pressure and p" is the pressure outside the orifice.
Knudsen defined the quantity

Tk = mRT/M (p' - p") , (27)

which is independent of pressure at a given temperature T°K. Knudsen
then proceeded to investigate the constancy of Tk as the mean free path
became small compared to the orifice diameter.

Two different orifices were used throughout the investigation.
Orifice No. 1 was produced in a 2.5- mil platinum sheet by carefully
forcing a hole with a hard-pointed object; this resulted in an orifice that was
not entirely round. The area of the orifice was measured to be 5.21 x
1076 cm?. Orifice No. 2 was produced in a similar manner; its area was
measured to be 66.0 x 10~ cm?. The mass of gas effusing through a given
orifice was determined by the initial measurement of the pressure on both
sides of the orifice and repetition of the pressure measurement after a
known time of flow. The measurement of pressure was effected by means
of a McLeod gauge at low pressures and an ordinary mercury manometer

‘at higher pressures.

The experimental results showed that the derived formulae for
molecular flow held to close approximation when the mean free path, given
by the classical expression [see Eq. (20)], was large compared to the
orifice diameter. The values of Tk remained constant until the mean free
path had decreased to about ten times the orifice diameter. A further de-
crease in the mean free path caused Tk to increase slowly until the mean

free path became as small as one-tenth the orifice diameter. At this point
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Tk reached the limiting value predicted by the laws of hydrodynamic flow.
Further decrease in the mean free path caused no appreciable change in
Tk. The source pressures at which deviations from molecular flow oc-
curred amounted to a few tenths of a millimeter.

The flow of hydrogen, oxygen, and carbon dioxide through both
orifices showed the same qualitative behavior.

Hence, Knudsen’s experiments indicate that the total amount
of gas effusing through a thin-edged orifice is greater than that expected
from kinetic theory calculation once the mean free path has attained a
value of the order of the orifice diameter. Knudsen’s experiments are
inherently complex since flow through the orifice occurred in both the
forward and reverse directions, and, in view of more recent work, they
appear to be rather crude in that they suffer from a lack of sensitive
pressure measurement.

b. The Experiments of Knauer and Stern - Knauer and Stern(40)
investigated the rate of the effusion as a function of source pressure of
water vapor, supplied by a condensed phase, through a source slit having
the dimensions 0.6 cm x 0.0022 cm. An image slit of similar dimensions
defined a molecular beam which was intercepted by a liquid air-cooled
silver target. The minimum time of appearance of the trace, which
amounted to about 30 seconds or less, was recorded for increasing source
pressures. This experiment of Knauer and Stern is contrasted with the
total flow measurements of Knudsen in that the rate of flow in the forward
direction was observed as a function of source pressure.

It can be shown from previously developed equations that the
product of the pressure and minimum time, tmin, of appearance of the
trace is proportional to the square root of the temperature but independent
of the pressure, so long as molecular flow occurs through the orifice. Hence
for short temperature ranges the quantity p:tyi, should be approximately
constant as the source pressure is changed.

Their results with water vapor showed that no deviation from
molecular flow occurred up to source pressures of 0.5 mm Hg. At the
oven pressure of 0.5 mm, the calculated mean free path of the water vapor
molecules is 0.06 mm, or about 3 times the width of the source slit. At
still higher pressures, the plot of pt,,;, vs p formed a curve that is convex
toward the pressure axis. This means that the intensity in the forward
direction falls off with increasing pressures of the source. Knauer and
Stern interpreted these data in terms of a vapor cloud, located outside the
orifice, which forms as a result of a large fraction of vapor phase collisions
in the neighborhood of the orifice.
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The above-cited experiment using water as the effusing species
constitutes one of the most frequently cited reasons for limiting molecular
effusion experiments to pressures less than a few tenths of a millimeter.
Knauer and Stern also, however, carried out a similar experiment using
mercury as the effusing vapor. A plot of pty,in vs p in this case passes
through a definite minimum at p = 0.5 mm, in contrast to the results of the
experiment using water vapor. They did not find a constant value of
P tmin €ven at low pressures.

The principal error associated with these experiments lies in
the precise measurement of the minimum time of appearance of the trace
when viewed with a microscope on the condensation target. Both physio-
logical and psychological factors areinherent, since the measurement of time
depends upon the eye response of the observer. Knauer and Stern estimated
an error of 10% under the most favorable of their experimental conditions,
and it remains quite possible that the intensitydecrease in the water vapor
experiments at higher pressures resulted from experimental error alone.

c. The Experiments of Johnson - Johnson(34) devised a molecu-
lar beam experiment to test whether an ionization gauge measures accurately
the intensity of the beam. His experiments may be used to set a minimum
for the upper pressure limit at which molecular flow occurs. Mercuryatoms,
effusing through a source slit having the dimensions of 0.01 cm x 0.1 cm,
passed through a collimator and were detected by means of anionization gauge.
Johnson expressed his results in terms of ionization current as a function of
pressure. The current was expressed in units of i/e x 10, where iis the
ionization current formed by the electron current e in the ionization gauge
detector. Observations of ionization current were made over a range of
source pressures between 0.1 and 143 mm Hg. From 0.1 mmup to about 35 mm
the ionization current in the forward direction increased linearly. Beyond this
pressure, the rate of increase of ionization current in the forward direction
decreased until a maximum current was obtained at a source pressure of about
100 mm Hg. At this pressure, the calculated mean free path was 0.01 the
width of the source slit. At pressures exceeding 100 mm, the ionization current
decreased.

Consider, first, the pressure range below 35 mm. The most
reasonable interpretation of the results in this region appears to be that since

the ionization current is a linear function of the source pressure, then the beam
intensity must also be a linear function of the source pressure. Such a relation-

ship is exactly what is predicted by the equations of molecular flow. One con-
cludes, therefore, that these equations should describe adequately the flow in
the forward direction at pressures such that the mean free paths are greater
than 0.01 the slit width.

The maximum in the ionization current is not uniquely explainable.
Therefore the results at pressures above 35 mm cannot be used to deduce the
upper limit of the effusion method.



It appears that Johnson’s data are in serious disagreement with
those of Knauer and Stern. In view of his results, Johnson rejected Knauer
and Stern’ s concept of a cloud formation in front of the orifice. Johnson
proposed, instead,that in Knauer and Stern’ s experiment an absorbing
atmosphere built up in the space outside the source slit because they did
not cool the apparatus sufficiently to condense the effused gases.

d. The Experiments of Mayer - The work of Mayer(48» 49) is
probably the most thorough investigation dealing with the effusion of gases
through thin edge orifices. Permanent gases at a constant pressure and
temperature were allowed to effuse through orifices ranging in dimensions
from 6 x 107 cm? to 9 x 107 cm?. The intensity at various points in the
27 solid angle above the plane of the orifice was measured by a detector
consisting of an aluminum vane (Flugel) 1 mm x 6 mm attached to a quartz

fiber 10 cm long and about 0.001 mm thick.

The ability of the detector device to measure molecular inten-
sity is based on the principle of the torsion balance. The force which the
incident molecules or atoms exert against the surface of the aluminum vane
sets up a torque which twists the quartz fiber and builds up a restoring
force. The magnitude of this force is determined by measuring the de-
flection of the vane.

With this arrangement Mayer was able to check the cosine law
at a given source pressure at arbitrary distances from the orifice by moving
the vane in a straight path at right angles to the forward direction of the
effusing molecular beam. It was also possible to move the vane at various
distances parallel to the normal to the plane of the orifice. At each new
value of the pressure the deflection of the vane was observed and the de-
flection corrected for the change in distance from the orifice resulting
from the deflection and for the change in solid angle subtended at the ori-
fice by the vane as a result of the deflection.

The pressure behind the source was varied between 0.4 to
4.5 mm Hg, while the pressure outside the source was always less than the
vapor pressure of mercury at 18° to 20°C (<0.001 mm Hg).

It can be demonstrated from kinetic theory and the cosine law
that the number of molecules arriving at an elementary area dS; through a
solid angle dw subtended by an element of orifice area dS; is given by

dn Z d?
i, n @ TR S (28)

where d is the perpendicular distance from the orifice to the vane and r is
the radius of the vane. The quantity Z is defined by Eq. (8). Mayer’s data

27
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gave excellent confirmation of the cosine law equation at distances from
the orifice of 4 to 8 mm. At the maximum source pressure (4.5 mm Hg)
the mean free path of the effusing molecules was approximately equal to
the slit width (0.01 mm).

Another series of measurements was carried out using an

aluminum vane having a diameter of 3 mm and located a distance of 7 mm
in front of the orifice. The source pressure was increased from 0.072
mm Hg to 1.34 mm Hg. The pressure outside the source was maintained
constant at about 10~* mm Hg. The quotient of the corrected deflections
of the vane and the difference in pressure inside and outside the source
were constant, independent of pressure. Hence, the intensity in the for-
ward direction was linear with pressure over the range investigated, and

‘Mayer’s results are also in contradiction with the work of Knauer and
Stern.

Summarizing the work of Mayer one observes two important
results: (1) a cosine law distribution occurs outside a thin-edged orifice
at least up to 4.5 mm Hg corresponding toamean free path about equal to
the orifice diameter, and (2) the intensity in the forward direction is a
linear function of pressure for the same orifice over a pressure range of

0.072 to 1.34 mm Hg. The ratio of mean free path to orifice diameter

at this highest pressure is about 3.0.

e. The Experiments of Clower and Phipps - Clower and
Phipps(ls) allowed cadmium atoms to effuse from a glass oven through an
orifice having the approximate shape of a hyperboloid of one sheet. The
minimum diameter of the orifice was measured to be 0.29 mm. The
vapor pressure of the cadmium was varied from 0.0145 to 0.562 mm Hg.
For this range of pressure, the Knudsen number, which they defined as
the ratio of the mean free path to the orifice diameter, assumed values
between 25 and 0.6. A liquid nitrogen-cooled, optically flat, plate was
supported in front of, and parallel to, the plane of the orifice at a distance
of 10.39 mm. The variation in thickness of the cadmium deposits collected
on this optically flat plate was then measured by an interferometer method.
This variation in thickness was interpreted in terms of a probability density
of the atoms effusing at an-angle 6 to the normal axis to the orifice.

It was found that, even with the smallest pressures, the fraction
of atoms issuing from the orifice in the forward direction decreased as the
pressure of the cadmium vapor behind the orifice increased. The decrease
in this fraction in the forward direction was associated with an increase in
angles, 6 > 0°. This increase appeared to reach a maximum at about 30°.
No measurements were carried beyond 6 = 45°. Clower and Phipps give
no satisfactory explanation for this observed phenomenon. The situation is
complicated by the non-ideality of the orifice. Hence, these results appear
ta bear little relationship to the effusion measurements carried out in this
research.
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3. Concluding Remarks Regarding the Limits of the Effusion Method

In view of Mayer’s work, one is justified in carrying out vapor
pressure measurements by the effusion method at least up to pressures
where the mean free path becomes approximately equal to three times the
orifice diameter. Johnson’s work would indicate the feasibility of effusion
measurements at still higher pressures, where the mean free path may be-
come only one-tenth or less the orifice diameter. This author views the
experiments of Knudsen and those of Knauer and Stern with some skepticism
since the inherent errors associated with them are no doubt large. The
work of Clower and Phipps may not apply where thin-edged orifices are
concerned,

B. Materials, and Analytical Methods and Results

1. History, Treatment, and Analysis of Original Samples

Four distinct isotopic distributions of uranium in uranium
dioxide were used in this work: natural, U?*% enriched, U233 enriched, and

U?%8 enriched.

All samples of UO, containing uranium of natural isotopic abun-
dance that were used throughout this investigation were taken from one of
two sources. The first was very pure material, having a maximum impurity
of 10 ppm of silicon as determined by spectrographic analysis. The second
was pure material prepared by the decomposition of uranyl nitrate. The
uranyl nitrate crystals were obtained from the Special Materials Division at
Argonne National Laboratory. The isotopic abundance of the natural material
was measured by mass spectrometric analysis, which yielded the following
composition in mole per cent: 99.275 + 0.009% U238, 0.720 £ 0.009% U?*, and
0.0052 + 0.0009% U?3*,

The relative stabilities of uranyl nitrate, UO, (NO3)2, and the
oxides UQ,, U304, and UO, under certain conditions of temperature and
pressure, enable one to devise the following method of preparing UO,:

200° - °
300 c~Uo_,,(s.) + 2NO,(g) + 1/20,(g),

U0, (NO,), (s)
atm pressure (29)

750° - 850°C
3UO0; (s) 2t pressurc” U,04(s) + 1/20,(g), (30)

[}
__1300%C 3 yo, (s) + O, (g) (31)
2

U e
30s (s) 10~* mm O
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Uranium wire, enriched to ~90%

U%* was obtained from the

Special Materials Division, Spectrographic analysis of this uranium wire
showed carbon with 115,0 ppm present, to be the principal impurity, Other
impurities found to be present were 45 ppm of silicon and 25.0 ppm of iron,
To convert the metal to the oxide, the wire was dissolved in nitric acid and
converted to the dioxide by the method outlined above,

A small amount of uranyl nitrate containing U?*3 (ca. 30 mg)
in one cc of nitric acid solution was obtained from Dr. F, Hagemann of
Argonne National Lé.boratory. The uranyl nitrate solution as received was
thought to contain appreciable daughter activity, so an ether extraction of
the uranyl nitrate was performed to separate it chemically from the daugh-
ter elements. The following procedure was devised from the somewhat
general method given by Rodden and Warf, 57

Step 1,

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

The one cc of solution containing the 30 mg of uranyl
nitrate was introduced into a 100-ml Kjeldahl flask
No. 1,

To flask No, 1 was added about 30 ¢c of diethyl ether:
and about 5-10 cc of saturated ammonium nitrate
solution., Careful agitation of the two liquid phases - °
effected distribution equilibrium.

Flask No. 1 and contents was then lowered into an
acetone-solid CO, bath and the aqueous layer frozen
out,

The ether layer was immediately poured off in
Kjeldahl flask No, 2 and placed in the bath so as to
freeze out any small amount of the aqueous layer
which may have been transferred.

The ether layer in flask No, 2 was then poured into
flask No, 3, which contained about 15 cc of distilled
water, Distribution equilibrium was insured by
again agitating the two liquid phases.

The aqueous layer was again frozen out and the
ether layer poured back into flask No. 1, and the
whole procedure was repeated. Three extractions
in all were performed.



In Step 2 the addition of a small amount of saturated ammonium
nitrate solution served as a “salting-out agent,” which enhanced the con-
centration of uranium in the ether layer, In Step 5 the uranium in the ether:
layer was re-extracted into a relatively large amount of distilled water,
This step allowed one to use the same ether throughout the three extractions,
which decreased the danger of working with larger amounts of ether, The
progress of the ether extraction could be visually followed by observing the
intensity of the yellow-green color imparted to the ether layer by the pres-
ence of the uranyl ion, UO,++, and the gradual disappearance of this color
from the aqueous salt layer, The entire series of extractions was carried
out in a well-ventilated, completely enclosed hood equipped with rubber
glove attachments to decrease the radioactivity hazard, After extraction
of the uranium was complete, the 15 cc of aquéeous solution was evaporated
to about 2 cc with a heat lamp, The 2 cc of very concentrated uranyl nitrate
solution was then quantitatively transferred into a tungsten cup in tantalum
effusion cell No, 2 and evaporated to dryness, The crucible lid was pressed
on by means of a special jig and the crucible was introduced into the Pyrex
vapor pressure apparatus to be described later, The solid uranyl nitrate
contained in the crucible was then easily converted to UO, by vacuum heating.
The reactions listed previously account for the formation of UO,(s).

» Depleted U;04 was obtained from Dr, James Gindler of the
-Chemistry Division at Argonne National Laboratory. It was converted to

UO, by heating at 1400°C in vacuo,

2. Determination of Composition of Original Samples and Residues

a, Uranium Assay, The standard gravimetric method for the
determination of uranium consists of dissolving a weighed sample of oxide
in nitric acid and adding sufficient ammonium hydroxide to precipitate
diammonium uranate, (NH,),UO,. This precipitate is then washed, dried, and
ignited to U304 at 800°C to a constant weight, A precision of 0.1 to 0.2% can
be obtained if samples of about 0,5 gram are employed.

b. Oxygen=-to-Uranium Ratio by Direct Combustion to U;05. A
UOy sample of the order of 0.2 to 0.5 gram may be burned in an oxygen
atmosphere or in air at 750 to 850°C acco;ding to the equation

8-3
ZY Oz(g)

3UOY(s) + Uéoa(s) . (32)

From the initial weight of the sample, m, and from the change in weight,
Am, one can calculate the magnitude of y within a precision of 0.1 - 1,0%

for 0.2 - 0.5~ gram samples, The relaﬁonship betweenl and the previ-
ously mentioned quantities is
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Am _ [(8 - 3y)/2]32
m _ 3(238.07 Z 16.00y) ' (33)

from which y can be conveniently computed.

~¢c. Oxygen-to-Uranium Ratio by the Method of Hoekstra and
Katz, Uranium oxides react with bromine trifluoride according to the
following equation:(29)

UOy (s) + 2BrF; (4) —=Bra(g) + UF¢(g) +§ O.(g) . (34)

The reaction is carried out in a closed system fitted with the appropriate
traps and pumps; the bromine and uranium hexafluoride gas may be frozen
out in liquid nitrogen traps while the oxygen is pumped off and its volume
measured at a given temperature and pressure. The quantity y, the oxygen-
uranium ratio, can be calculated from the initial mass of UO,, and the moles
of oxygen formed. A precision of better than 0.2% may be obtained if sam-
ples of the order of 50 to 100 mg are employed.

d. Oxygen Analysis by the Argon Fusion Method., This modified
vacuum-fusion method consists of sealing from 100 to 1000 £g of an oxide
in a small, cleaned platinum capsule and dropping this capsule into molten
platinum contained in a graphite crucible. The oxide reacts with the dis-
solved carbon and yields carbon monoxide., The carbon monoxide is carried
away by a stream of argon and converted to carbon dioxide by an appropriate
oxidizing agent, such as I,05, The carbon dioxide is carried through the
system by the stream of argon and frozen out at a liquid nitrogen trap. After
flushing the system thoroughly with argon, the CO, is allowed to sublime and
come to room temperature and its volume at atmospheric pressure, and
hence the amount, is read off from a calibrated manometer, A precision
of 0.2 to 0.4% is claimed, but actual experience has shown that such a pre-
cision is not generally obtainable. The method, however, is excellently
adapted to the analysis of very small quantities of uranium dioxide,

e. Oxygen-Uranium Ratio by X-ray Lattice Parameter Meas-
urement, Provided that the material to be analyzed is not amorphous, the
phase or phases present in a given sample may be determined by analyzing
the characteristic spacing of X-ray diffraction lines obtained by the Debye~
Scherrer technique, The composition of a given sample of the UO, 4 x phase
may be determined by measuring the lattice parameter a, of the unit cell.
The lattice parameter of the face-centered cubic (fluorite) structure UO,; 4+ x
decreases with increasing oxygen content in a linear fashion as predicted
by Vegard’s law, Hence, the X-ray method is applicable for the rapid
determination of the ratio, O/U, once the lattice parameter vs composition
diagram is established. Figure 3 shows the decrease in lattice parameter
of the UO; + y phase with increasing oxygen content as established by this
research. The analyses, whereby the ratio O/U was obtained, were
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The Lattice Parameter-Composition Diagram for the UO; ; x Phase

Three different notations are used to depict different methods of sample analysis: the dots, @ ,
represent the argon-fusion method; the triangle, A , represents uranium assay; the X represents
the Hoekstra and Katz method of oxygen analysis.
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carried out by three independent methods; the dots indicate the fusion
method, the solid triangle indicates the gravimetric method, and the cross
indicates the BrFj3; method. )

Alberman and Anderson, (1) however, claim that thé size of the
UO; + x unit cell remains constant over the composition range of x=0.00 to
0.20. Their values of ag are given to only the third place beyond the deci-
mal, and within their quoted error a; would obviously be constant since the
lattice parameter is a slightly varying function of oxygen content, varying
only in the third and fourth decimal places as shown by this investigation.

3. Analysis of Collected Sublimates

Since, in general, collected sublimates were obtained in quan-
tities less than a milligram, the analytical methods described for original
samples and residues are not all applicable for determination of composi-
tion of such small amounts of material. At first glance, both the X-ray
and Argon Fusion methods would seem practicable. In the case of collected
sublimates, however, the X-ray diffraction patterns obtained are of little
quantitative value because vapors that are condensed on very cold surfaces
usually deposit in an orientated, strained, and finely divided state. There-
fore, the crystalline size (>5u ) necessary for the attainment of clear,
sharp X-ray diffraction lines is not obtained, and broad, fuzzy lines result
which can be used only for qualitative identification of the phase or phases
present. Hence, the argon fusion method is the only direct way of deter-
mining the chemical composition of a collected sublimate.

Additional analytical methods were utilized in this research to
ascertain the composition of the effusing species. Spectroscopic analysis
of a collected sublimate furnished some information concerning reaction of
the effusing vapor or the condensed phase with the effusion cell. The ab-
sorption spectrum of a thin film of sublimate condensed on a quartz target
was also useful in the qualitative identification of the sublimate.

4. Determination of Quantity of Collected Sublimates

a. Direct Weighing. The most fundamental and direct method
of determining the amount of a collected sublimate is to weigh it on a micro-
balance. A microbalance should enable one to weigh an object precisely
within about 10 micrograms, provided the set of weights and the rider em-
ployed are accurately calibrated and provided the sensitivity of the balance
can be reproducibly established. It is also imperative that the zero point
of the balance not drift with time. In view of these restrictions, a precise
and accurate determination of the weight of an object cannot be carried out
unless the weight of the object exceeds 0.2 mg. This would givea precision
within 5% or less. In general, most of the collected sublimates of this re-
search were less than the above-quoted amount and the method of direct
weighing was applicable only to the very heaviest of the collected sublimates.
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b. Alpha Counting. The use of radioactive isotopes in analytical
procedures is steadily gaining in importance, since radioactive elements and
-compounds have numerous applications in many fields of investigation. The
usefulness of these isotopes is due mainly to the sensitivity of radioactive
measurements and the basic properties of the radioactive atoms. These
radioactive species can be detected and quantitatively determined in exceed-
ingly small amounts. Under proper conditions of half-life, type, and energy
of the emitted particle, they are determinable by measurement of activity
in concentrations many times smaller than by any other known chemical or
physical method. This extreme sensitivity and ease of detection make the
application of radioactive isotopes very convenient, for example, in
solubility, exchange, and vapor pressure measurements. Since atoms
having the property of spontaneous disintegration differ from the stable
nuclei by only a slight shift in atomic weight, this difference does not
ordinarily play a measurable role in the process under study, except, of
course, for the process of isotopic separation. This is particularly true
of the heavier elements since the effect of various isotopes on the process
under study varies with the square root of the ratio of masses involved.

The total disintegration rate of a sample containing a mixture
of radioactive species is statistically given by

%lf_t = 0.693 (N/t); (35)

i

where N = N0W1/M is the number of atoms or molecules of the ith species
and t;/, is the corresponding half-life of.the ith species. The quantity Ny

is Avogadro’s number, W is the weight in grams, and M is the atomic or

molecular weight,

In the absolute measurement of the counting rate of a ~-particles,
a number of factors must be quantitatively evaluated, whereas in relative
counting these factors are eliminated. The observed counting rate, c/m,
is given by the expression

c dNt
— =S-A-R-G. E———— <t (36)

where S = backscattering factor ( 21), A = self-absorption factor (< 1),
R = resolution loss factor (K1), G = geometry factor (1), and E = counter
efficiency (K1) The first two factors in Eq. (36) are dependent upon the
particular alpha-emitting species and the type of sample backing used,
whereas the last three factors are dependent only upon the type of counter
employed.

Both experimental and theoretical investigation have established
that some of the g-particles which are emitted into the backing plate of the
sample are scattered by the backing plate at small angles to the surface and



36

consequently are included in the observed count. Theory(1 7) predicts that
about 3% of the Pu®? alphas are back-scattered off a flat platinum backing
plate, i.e., S=1.03. Experiments(6l) have yielded a back-scattering
factor of about 1.04 for Pu®? a’s backed by platinum. Back-scattering is
known to increase slightly as the a-energy is decreased so that the back-
scattering resulting from UZ®? alphas may be somewhat larger. (61) How-
ever, in general, a value of S = 1.04 will introduce only a small error for
almost any a-emitter backed by platinum.

When an alpha emitter is mounted on a platinum plate for count-
ing in a chamber, the alpha emission may be dispersed and absorbed by the
emitting material itself. Such'a phenomenon is known as self-absorption.
The number of alpha particles lost by self-absorption obviously depends on
the sample thickness and the energy of the alpha particle. If a sample of
weight W in mg is uniformly distributed over an area s, then the fractionF¥F
of the alpha particles, having a range r in the solid sample material, that
are self-absorbed is given by(18) -

F=1/2W/rs. (37)

For the heaviest sublimate collected, W was 0.595 mg; r was about 9 mg
cm-% and s was 3 cm?®. Substitution of these quantities into Eq. (37) gives
a maximum value of 0.011 for F. Autoradiograms taken of collected
sublimates of various thicknesses showed absolutely no non-uniformity.
In view of this fact and the small percentage self-absorption, A was con-
sidered to be unity.

All collected sublimates were assayed for uranium by means of
a Nuclear Measurements Corporation Proportional Counter, Converter Model
PCC-10. Collected sublimates on flat 5-mil platinum were placed between
the electrodes in a manner such that a geometry factor G = 0.50 was attained.
Methane flowed constantly through the counting chamber. The voltage was
maintained constant at the alpha plateau of 900 volts. The resolution losses
of this instrument are partly a function of the amplifier and scaler circuits
but can be easily made less than 0.01% per 1000 ¢/m. Hence R is also very
close to unity. The remaining factor, E, the counter efficiency for alpha
particles, is invariably assumed to be unity. Since alpha particles produce
an enormous number of ion pairs in traversing matter, all alphas are certain
to be counted if they reach the chamber without losing too much of their
energy due to self-absorption. However, it is of importance to periodically
check the constancy of the counter efficiency. This can be accomplished
conveniently by periodic reference to an alpha counting standard.

Equation (36) now reduces to the expression

c/m = 0.52 (dN¢/dt) , (38)
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from which the weight of material on a given target can be determined once
the half-lives and percentage abundances of the isotopes contained therein
‘have been established. '

Because the decay of radioactive atoms is a random process the
error associated with the measurement of a counting rate can be calculated
from an assumed distribution of randomness. Provided the half-life of the
radioactive species is very large compared to the counting time and the
number of counts is large, then the probable error in a measured number of
counts c is £ 0.6745 c/2. This means that there is a probability of 0.5 that
the true member of counts, cy, lies between the limits ¢ 1 0.6745¢c 2,
Measurement of the time can usually be made with great accuracy. Hence,
any error in the measured counting rate, c/m, can be considered to re-
sult from statistical erroy in c only, and the probable error in ¢/m is

given by ¥ 0.6745 c/m)

c. Photofluorometric Assay. Price, Ferretti, and Schwartz(54)
have devised a sensitive method of uranium detection that utilizes the
fluorescence spectrum of uranium fused in sodium fluoride. About 20 mg
of a solution containing uranium in the form of the uranyl ion, UOz , is
carefully pipetted into a small platinum dish and evaporated to dryness either
under a heat lamp or in a desiccator. To the dry residue in the dish is
added approximately 0.3 g of 90% sodium fluoride - 10% sodium carbonate
and the mixture is fused by holding the dish in the flame of a Meeker burner.
A milky-white button of the flux containing the uranium is obtained and the
fluorescence is then caused by irradiating the button with the 365 my line
of mercury. The resulting yellow-green fluorescence is measured by a
photoelectric fluorophotometer. The reliable range of the method is from
10-% to 10-¢ gram of uranium, although more recent instruments claim a
reliable sensitivity as low as 10-19 gram of uranium. Blanks generally give
a reading corresponding to less than 10-1° gram.

The fluorometric method was used to assay collected sublimates
by mounting the small platinum dishes in an inverted position as condensation
targets and collimating the molecular beam so that only the bottom of the
dish collected effusate. However, the method did not yield the desired pre-
cision for vapor pressure measurements and was discarded in favor of other
methods of uranium assay. The method did, however, prove useful in meas-
uring the condensation coefficient of effusate on liquid nitrogen-cooled targets
which will be discussed later.
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V. EXPERIMENTAL PROCEDURE AND DATA

A. Procedures and Equipment Common to All Measurements

1. The Measurement of Temperature

All temperatures were determined by means of a Leeds and
Northrup disappearing filament type optical pyrometer designated as py-
rometer No. 2 (serial no. 1045528). The pyrometer was sighted in the -
black-body hole located in the bottom of a given effusion cell to obtain a
temperature reading. For each effusion cell used the temperature of the
black-body hole was compared with the cavity temperature at different
temperatures in a preliminary experiment. These corrections were later
applied to the observed black-body temperatures in the effusion measure-
ments. All temperature readings were corrected for the transmissivity
of the interposed window and prism. Pyrometer No. 2 was calibrated at
the copper point and the calibration extended up to about 2600°C by means
of rotating sectors. (68) Assuming Wien’s radiation law to be valid over
this temperature range, the pyrometer was calibrated by observing the
temperature of a graphite black-body with and without the rotating sector
in position. Wien’s law, in its most useful form, states that

~

/T, - 1/T = -% Lnt (39)

where Ty is the observed temperature of the black-body measured through
a sector of transmissivity 7. The quantity T is the true temperature of

‘the black-body, c, is Wien’ s second radiation constant, and Ao is the effec-

tive wavelength of the pyrometer to be used when temperatures T and Tg
are employed in the equation. Values of A, may be calculated from a
knowledge of the transmissivity of the pyrometer filter as a function of
wavelength, the normal eye sensitivity, and Wien’s law. A plot of calibra-
tion corrections for the pyrometer at various temperatures was readily
constructed from the differences in the temperatures calculated from the
Wien’ s law equation and the temperatures of the black-body observed with-
out the sector. The initial sector measurement was based upon the pyrome-
ter reading corrected at the copper point, and the entire calibration was
then extended to higher temperatures by regulating successive Ty’ s for
temperatures at which the calibration correction had been determined.

As a check on the validity of extending rotating sector meas-
urements beyond the copper point, the freezing point of pure platinum was
determined. A small discrepancy of only.3.0° was found to exist between
the corrections obtained by means of the sectors and the observed platinum
point. Since no primary or secondary points on the 1948 Temperature
Scale(66) exist above the freezing point of platinum, the calibration was
considered valid at higher temperatures as based on the agreement at the
pPlatinum point and the validity of the radiation laws.
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2. Production and Maintenance of High Vacua

Figure 4 shows the type of high vacuum pumping system used
during this research. A divergent nozzle mercury diffusion pump, backed by
a two-stage mercury diffusion pump, and a Welch Duo-Seal mechanical
pump could produce and maintain vacua as low as 5 x 10" mm Hg. A liq-
uid nitrogen trap was employed to freeze out condensable gases and to
keep mercury from distilling into the vapor pressure apparatus,

3. Induction Heating of the Effusion Cells

Heating of the effusion cells was accomplished with a 20-kva
Thermonic high-frequency induction furnace having Powerstat power con-
trol. A General Electric constant voltage transformer supplied constant
power to the furnace. Consequently, the temperature of the effusion cells
could be maintained constant within +1° over periods of time of at least
one hour.

B. Establishment of the Congruency of Vaporization of Uranium Dioxide

Strong evidence that UOz(s) forms an invariant system at a fixed
temperature is furnished by the constant volatility as a function of time
as shown by series I-2 in Table VI (p.68). Further evidence that the sys-
tem is not only invariant, but congruently vaporizing, is furnished by room
temperature X-ray diffraction patterns of the residues after exposure to
the atmosphere. Only the face-centered cubic UO, phase was found in all
residues. This UO, phase always gave a value for the lattice parameter
of ap = 5.4588 + 0.0004 kx units. Reference to Fig. 3 indicated a solid
composition of UO, oo corresponding to this value of the lattice parameter.
Hence, it appears that the vapor pressure of UOz(s) is unique at a fixed
tem?e)rature and true equilibrium measurements can be carried out with
UQ,(s).

C. The High Temperature (Series B) Effusion Measurements with
Uranium Dioxide

Effusion measurements on UO, were carried out over three distinct,
‘but overlapping, ranges of temperature, and they will be presented in
chronological order.

The so-called high temperature measurements over the range 1750°
to 2400°C were carried out in the fused silica apparatus shown in Fig. 5.
The effusion cell was fabricated from sintered tungsten obtained from the
Fansteel Corporation and had a density of about 11 g/cc before additional
sintering. Machining of this sintered tungsten material could be accom-
plished with conventional, hardened steel machine tools. After machining, the



40

f FROM VAPOR PRESSURE
_ ( \ APPARATUS
|
%?nﬂ
-
110em.
TWO-STAGE MERCURY VAPOR OIVERGENT- NOZZLE
PUMP MERCURY VAPOR PUM P
BALLAST
FLASK
OPEN TUBE
I | MANOMETER
i

le—20MM 0.0.

%

-
GROUND JOINT

|, _omy. 0.0.

/OMM.BORE

S/IDE
STOPCOCK
6 MM. BORE

h

ADMIT AIR
OR a4s

JCALES /N CM.

\
7O MEGAVAC
PUMP

Figure 4

Schematic Diagram of the Type of High Vacuum Pumping System
Used in This Research

(Only one of the two traps was cooled)



"Dewar for Liquid
Nitrogen Coolant

Housekeeper Seal
(copper to pyrex)

Copper Bottom
of Dewar

Stainless Steel Collimator
/ Tungsten Ejector Rod

Copper Magazine
for Targets

r Soft {on Slug
I~

Quartz Shutter
Pyrex Table

8 8 Quartz Condenser
Receiver for o -0 Water-Cooled
Exposed Targets fe) e O
e) 'O Tungsten Crucible
. . d 0]
Induction Coil Of | § © Quartz Kinematic
Black Body ol m W O Table /
Hole {
< To Vacuum
f/_ Pump
Soft Iron Slug

N/
Optical Window m‘%ﬁ )

Figure 5

Schematic Diagram of the Fused Silica Vapor Pressure Apparatus used for
Effusion Measurements at Temperatures above 2000°K



42

crucible was further sintered at about 2400°C, during which time the cruci-
ble dimensions shrunk about 10%. After this sintering treatment, further
machining of the crucible could be accomplished only with carbide-tip ma=
chine tools. Sintering and outgassing of the crucible were carried out until
constant dimensions were obtained. The choice of tungsten as a crucible
material depended on the three following requirements: (1) the chemical
inertness toward UO, at high temperatures; (2) the ability of the crucible
material itself to withstand very high temperatures; and (3) the relatively
low vapor pressure of tungsten at the high temperatures at which it was
employed, X-ray analysis and spectrographic analysis gave no indication
of reaction of any kind between UO, and tungsten,

Figure 6 is a schematic diagram of tungsten effusion cell No, 1 used
in making the high temperature measurements. The cell was supported by
three 40-mil tungsten legs which rested on a quartz semi~kinematic table,
The tungsten legs were pointed at the ends to reduce the area of contact be-
tween the legs and the quartz table, thus reducing leakage of heat, The
quartz table directly below the cell served as a radiation shield and helped
to offset the small heat leak caused by the tungsten legs. The orifice was
machined in the crucible lid and was made thin-edged by grinding and pol-
ishing the top surface of the lid.

A problem that one invariably faces in measuring the rate of flow of
condensable gases through a thin-edged orifice is the problem of orifice
clogging. When induction heating is employed, the heat is generated largely
in the outer periphery of the susceptor, As a result, the inner portion of
the susceptor is heated mainly by conduction, Consequently the region of
a thin-edged orifice is not as effectively heated because the heat energy
flowing inward is geometrically reduced by the thinness of the orifice and
radiation losses above the orifice, As a result, partial condensation of the
vapor arising from the oven charge will eventually clog the orifice,

To overcome this difficulty, close=-fitting annular radiation shields,
fabricated from 2-mil tungsten sheet,were placed directly above the top of
the crucible. The shields were held tightly against the lid of the crucible
by a slotted tantalum shield which did not heat inductively. In this way,
warming of the orifice was adequately accomplished and no appreciable
interception of the effusate resulted, The presence of the close-fitting ra-
diation shields made it possible to carry out the vapor pressure measure-
ments at higher pressures with no fear of orifice clogging, However, their
presence tended to increase the temperature of the crucible lid some fifty
degrees and make uncertain the effective evaporating temperature of the
oven charge, This difficulty was apparent in preliminary runs in which
partial melting of the oven charge occurred on the outer and uppermost
edges of the charge, Most metal oxides, including UO,, are poor thermal
conductors and the unevenness of radiation from the crucible lid, being
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hotter at the outer edge, caused this observed phenomenon, Therefore, an
inner radiationshield, fabricated from 5-mil tungsten (which is a good ther-
mal conductor), was inserted in the cavity of the effusion cell to reduce the
effect of the unevenness of radiation from the lid, This shield had a central
hole and an irregularly shaped periphery, The ratio of orifice area to exposed
UO, surface was 0,15, The effect of this inner radiation shield on the rate of
effusion was corrected for in the final vapor pressure calculations,

As many as 25 condensation targets could be exposed in a single ex-
periment, All condensation targets were fabricated from 5-mil platinum
and were of 15/16" diameter, The targets were contained in aluminum cas-
settes having an o.d. 1/32“ less than the i.d, of the copper magazine, Small
phosphor-bronze springs held the platinum targets in the cassettes, Before

"insertion into the cassettes and into the apparatus, the platinum targets

were chemically cleaned in hot nitric acid and then heated inductively in
air at about 1000°C to remove any impurity film that might hinder complete
condensation of the effusate, The copper magazine, which was liquid
nitrogen-cooled, served to hold the condensation targets in fixed position
at a fixed distance from the oven orifice, The molecular beam could be
easily shut off from the target by means of a magnetically operated shutter,
After a given time of exposure, measured by a Precision Scientific Com-
pany “Time=-It” clock, the shutter was closed and the target ejected mag-
netically onto a Pyrex table and into the receiver for exposed targets,
Collimation of the molecular beam was accomplished by means of a stain-
less steel collimator which was soldered to the copper magazine to insure
good thermal contact, The amount of material condensed on a given target
at a given temperature during a given time of exposure was determined by

alpha counting,

Measurement of the Condensation Coefficient of the Effusate
on Liquid Nitrogen-Cooled Platinum Targets

1

Two experiments were performed to ascertain whether the
fraction of incident molecules condensing was unity, The target tempera-
ture was measured as a function of the oven temperature by spot-welding
a2 1-mil chromel-alumel thermocouple to a platinum target, The target was
placed in the apparatus so that the thermocouple was on the lower face,
Figure 7 gives a plot of the results obtained, The target temperature, even
at the highest of oven temperatures, should have been sufficiently low to
condense all effusate molecules,

To test further the fraction condensing, a so-called “bouncing”
experiment was performed, Two platinum targets were involved. The
upper one was mounted in its normal orientation, one cassette thickness
higher than if it were to be exposed in the usual fashion, The lower one
was mounted in an inverted orientation facing the upper target. The two
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targets were separated by a distance of 1/4", A 0,5" diameter hole was
drilled in the center of the lower target and cassette, thus allowing ef-
fusate to strike the upper target., If any appreciable bouncing occurred,
the lower target should have contained uranium, The twin targets were
then exposed to the effusate at an oven temperature corresponding to a
target temperature of about 400°C, The sublimate on the upper target
was assayed by alpha counting, which showed 98,0 x 10=6 gram UO, to be
present, The lower annular target was removed and placed in a small
amount of hot nitric acid to dissolve any uranium which it might have col-
lected via bouncing. The nitric acid solution was then quantitatively trans=-
ferred to a small platinum dish and the analysis for uranium was carried
out by the fluorophotometric method. The analysis showed about

1,17 x 1077 gram uranium present, Even after applying the appropriate
geometry factor to correct for the presence of the hole in the lower tar-
get, the observed bouncing effect was less than 0,3%, which is insignifi=-
cant in view of the other errors involved in the vapor pressure
measurements,

2. The Inner Shield (Series E and F) Measurements: Effect of
Size and Location of the Evaporating Area

The effect of the inner tungsten radiation shield on the rate of
effusion of vapor out of the orifice of effusion cell No, 1 was determined
in two series of measurements, The series designated as the E-series
was carried out by inserting, one at a time, four 5-mil tungsten shields of
different size into the crucible cavity and determining the weight gain by
alpha counting of several condensation targets at 2190°C, The shields
used in these measurements had successively smaller outer diameters
which defined successively larger annular evaporating areas of the oven
charge, The F-series of measurements was carried out in identical fash-
ion at the same temperature of all the E-series of measurements, but the
F-series of shields contained successively larger holes in their centers,
The outer diameters were turned to give a snug fit with the circumference
of the crucible cavity; thus in effect successively larger central evaporat=-
ing areas of the oven charge were defined by the presence of the respective
shields, The data are presented in Table I and Fig, 8, The reciprocals of
the weights of material, W, collected by the condensation targets are plotted
along the ordinate, while the quantity (Sy/S,) is plotied along the abscissa;
here S, is the area of the orifice of effusion cell No. 1 and S, is the area of
the evaporation surface of the oven charge defined by the respective inner
shields, A linear least-squares treatment of the data of each series shown
in Table I gave the following expressions:

(10*/W)g

(10*/W)g

(1.162 * 0.045) (S, /S,) + (0.399  0.046) ; (40)

(0.3555 + 0.004) (S, /S,) + (0.445 £ 0,003) . (41)



Table I

THE INNER SHIELD DATA

The Effect of Size and Location of the Evaporating Area

Orifice area, So = 0.0366 cm?.

Preliminary experiments indicated that a value of 29° should be

added to the black-body temperature to give the cavity temper=-

ature. The corrected temperature for these experiments is

2190°C,
Series E (Annular area S;)

No. * —v},(lo‘4 gram) So/ Sy
15 1,28 0.80
16 1.42 0.80
17 0.70 0.29
18 0.75 0.29
21 1.16 0.72
22 1.31 0.72
27 2.37 1,71

Series F (Central area S,)

No. * %(10‘4 gram) S0/,
23 0.97 1.48
24 0.98 1.48
28 0.78 0.95
30 0.70 0.74
32 0.63 0.53

* Order of exposure
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Results of the Inner Shield (Series E and F) Measurements; the Effect of
Size and Location of the Evaporating Area on the Rate of Effusion in the
Forward Direction

(The circles indicate a measurement obtained in an auxiliary

effusion experiment with the same inner shield used in the
series B measurements)
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The linear relationship between l/W and So/Sa in these expressions is not
surprising in view of Eq. (25). The errors quoted are the probable errors,
It is seen from Fig, 8 that both series have a common origin at (So/sa) =0
within the probable errors. The circle on the plot was obtained in an aux-
iliary experiment with the same inner shield as was used in the series B
measurements. The quantity (1/W) had the value 0.57. Comparison of

this value with the common intercept indicates that there should be applied
a correction factor of 1.305 for the weights of collected sublimates obtained
with effusion cell No. 1 containing the inner tungsten shield.

Only a qualitative explanation for the difference in slope be-
tween the E-series and F-series can be given at the present time. If one
has a cylindrical effusion cell containing a small evaporating surface of
material different fromthe cell material, then material canleave the cellvia
two routes: direct evaporation and evaporation and subsequent reflection
from the walls of the cell, provided the mean free path is large compared
with the cell dimensions. If one is interested only in the amount which
leaves the cell in some prescribed direction, then the first of these two
routes may be absent. Let us assume the target is located in the forward
direction, To show the qualitative behavior one divides the interior surface
of the cell into the following parts. Let S; represent the evaporating area
of the material, S, represent the orifice area, S, represent the reflecting
area, and S; represent the area of the target projected through S, onto the
bottom of the effusion cell, Then, in general, the total arrival rate, Z, at
the target is given by a sum of terms of the type Z (a,b,c,. . .x, 0) which
designates the contribution of molecules whieh evaporate from S, and are
reflected at Sy, Sc » « « .54 and thence out So. If the evaporating area S; is
not part of S;, that is, if it is not directly opposite the target, then the total
arrival rate at the target from an annular evaporating area is

Zp = 2(a,1,0) + Z(a, 1,1, 0) + Z(a, r,1,1,0) + ... . (42)

If now the evaporating area is opposite the target, it is then
part of S, and one must define Sp = 5; - Sa as the part of S; which is a re-
-flecting surface. The total arrival rate at the target for the evaporating

area located centrally is given by
Zc = Z(a, 0) + Z(a, r, P, 0)+ Z(av r,r,pP, O)+ oo g (43)

Since terms involving the least number of reflections are
largest because of geometrical considerations, one observes Zg > Zp .
As the two evaporating areas, the central one and the annular one, are in-
Ccreased, they merge and both arrangements give the same arrival rate at
the target. Hence, both series appear to have the same origin at So/Sa = 0,
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The problem is less easily discussed quantitatively since it in-
volves the solution of simultaneous integral equations, An initial attack has
been made by G, H. Winslow(72) of Argonne National Laboratory., His analy=-
sis indicates that if these integral equations can be solved the solution
would agree in detail with the observed results,

3. Comparison of Weights of Collected Sublimates Determined by
Alpha Counting, Colorimetric Assay, and Direct Weighing

Initially it was thought that the weight of the collected sublimates
could be measured by direct weighing on a microbalance. Accordingly some
of the collected sublimates were assayed by direct weighing, Subsequently
it was found that greater precision and probably greater accuracy could be
obtained by alpha counting, As a check on the accuracy of the alpha counting,
some of the collected sublimates were then assayed colorimetrically,
Table II gives the results of the three independent methods, Natural iso=-
topic abundance uranium was present on all targets,

The agreement between the weights obtained by the alpha-
counting and colorimetric methods is exceptionally good when one considers
the magnitudes of masses involved, Some of the discrepancy between the
direct weighings and the other assays can be attributed to oxidation of the
thin deposits, No explanation of the entire discrepancy is apparent at
present,

Table II

COMPARISON OF a-COUNTING, COLORIMETRIC,
AND DIRECT WEIGHING METHODS

Weight of UO, in Micrograms
Number a -counting Colorimetric Direct Weighing
4 54.1 52.0 -
5 46.7 45,0 58
11 39.2 39.7 43
12 : 60.5 60.0 65
13 121.4 125.0 154
14 169.4 167.0 183




51

4. Calculation of the Vapor Pressure from Experimentally
Determined Quantities

Calculations of the vapor pressure were carried out by means
of Eq. (19). The molecular weight of the effusate was assumed to be that of
UO, in view of arguments to be presented later. Assuming a 52% geometry
for the proportional counter used, and using the values for the half-lives of
U8, U2, and U4(52,9,10) of 4.51 x 10° yr, 8.91 x 108 yr, 2.32 x 10° yr,
respectively, and the isotopic composition of the natural uranium, one ob-
tains the following relationship between counts per minute and weight in
grams:

W=1.447 x 1076 (c/m) . (44)

Sufficiently long counting times were used so that the probable error in c/m
was *1.0% or less.

The orifice area Sy was 0.0360 + 0.0009 measured at room tem-
perature by means of a calibrated microscope. The collimator radius r was
measured by means of a telescopic gauge and a micrometer with the result
that r = 0.9507 +0.0004 cm. The orifice -to -collimator distance was ob-
tained by use of a cathetometer, with the result that d = 11.056 £ 0.006 cm.
The geometry factor was then corrected for actual temperatures of exposure
and the presence of the inner shield. Calculations showed the increase in Sy
due to thermal expansion to be the only significant factor to be considered at
the exposure temperatures. The orifice -to -collimator distance, d, remained
constant because the increase in height of the tungsten effusion cell No. 1 was
almost exactly compensated by the decrease in length of the liquid nitrogen-
cooled copper magazine (refer to Fig. 5). The decrease in radius of the stain-
less steel collimator was shown to be insignificant. Without introducing
significant error, an average value of Sy = 0.0366 cm? was used in all the
calculations. The coefficient of thermal expansion of tungsten used in the
above calculation was 4.0 x 107¢°C '1.(60) Substitution of these quantities into
Eq. (19) yields the expression for the pressure, in mm Hg,

P = (W/DTY2 (5036 x 109 . (45)

All vapor pressures calculated from Eq. (45) are referred to as series B-4
in Table VII (p. 69).

Additional vapor measurements carried out in the fused silica
apparatus with effusion cell No. 1, but having a 10.675 -cm orifice -to ~colli-
mator distance, are designated Series B-8 in Table VII. These pressures

were calculated from the expression
Pmm = (W/DTY? (4.694 x 10 (46)

which includes the inner shield correction factor.- All series B data are rep-
resented on the combined vapor pressure plot (Fig. 13, p. 67) by triangles.



D. The Low Temperature (Series C) Effusion Measurements

Vapor pressure measurements over the temperature range 1300° to
1750°C were carried out in the apparatus designated in Fig, 9 as the Pyrex
vapor pressure apparatus, This apparatus is adequately described by Erway
and Simpson.(zo) Uranium dioxide containing predominantly U?*? was used
to give greater sensitivity to the alpha counting method. The method of ex-
posure of the condensation targets was similar to that of the high tempera-
ture measurements,

Effusion cell No, 2, shown schematically in Fig, 10, was machined
from tantalum and contained a rather snug fitting X-ray density tungsten
(19 g/cc) cup obtained from the Kulite Corporation., The crucible orifice
was fabricated from a 3-mil tantalum sheet in which a round, well-defined
hole had been carefully drilled, The tantalum sheet containing the orifice
was then spot welded onto the crucible lid in numerous places to prevent
warping of the orifice, The ideality of an orifice constructed in such a man-
ner was evidenced by the ratio of orifice thickness to orifice diameter which
was as small as 0,014, The problem of orifice clogging was not encountered
at these low temperatures because the rate of effusion was small, X-ray
density tungsten was considered necessary to hold the purified uranyl nitrate
containing the 233 isotope which was introduced into the cup in the form of a
highly concentrated solution, The slow evaporation of the solution to dryness
resulted in the coverage of the entire inner surface of the tungsten cup with
the solid nitrate, thus producing a very small ratio of orifice area to evapo-
rating area, Conversion of the solid uranyl nitrate to UO, was accomplished
as described previously.

Since the Pyrex vapor pressure apparatus was all glass and contained
no ground glass joints, it was possible to attain vacua as low as 10°8 mm Hg.
The residual pressure throughout all exposures never exceeded 2 x 10""mm Hg
at the temperature of measurement,

Heating of the tantalum crucible was again carried out inductively. The
temperature of the crucible remained constant to within two degrees as de-
termined by the calibrated pyrometer No, 2, provided the exposure times
were less than one hour. Over longer exposure times of two to three hours
a slight decrease in the temperature of about 4 to 6 degrees was discernible,
Therefore an average temperature was used in the calculations of vapor
pressure,

The condensation coefficient of the effusate on the liquid nitrogen-
cooled platinum targets was assumed in view of the measurements of Rauh
and Thorn,(55) to be unity, They determined by actual measurement that
the target temperature did not exceed 200°C with the oven at about 1700°C,
Their “bouncing” experiment, similar to the one carried out in the fused
silica vapor pressure apparatus, indicated a condensation coefficient of unity,
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The expressionrelating the weight in grams of UO, on a given target
with the value of c/m is given by

W = 1,058 x 107'% (¢/m) (47)

The half-life of U?*? has been determined by Hyde(32) to be 1.62 ¥ 0.01 x 105
years,

Room temperature measurements resulted in the following values
for So, d, and r: S, = 0,0272 ¥ 0,0004 cm?, r = 0.8041 * 0.0006 cm, and
d = 11.895 ¥ 0,009 cm, From the value of the linear coefficient of thermal
expansion for tantalum given by Sachs and Van Horn,(éo) 6.5 x 1076 deg™,
the geometry factor as a function of temperature was calculated and incor-
porated with the constant term in Eq, (19) to yield

bam = (WAT/2 G (48)
where G varied linearly from 8,269 x 10* at 1325°C to 8.236 x 10% at 1725°C,

The geometry factor for the Pyrex apparatus (Fig. 9), in contrast to
that of the fused silica apparatus (Fig. 5), showed significant temperature
dependence, In addition to the increased orifice area with temperature, a
significant decrease in the orifice~to-collimator distance d occurred due
to the increase in height of the tantalum effusion cell No, 2, This increase
in height was not compensated by a decrease in length of the Pyrex maga=-
zine, since the coefficient of thermal expansion of Pyrex is very small com~
pared to that of metals.

Values of the vapor pressure calculated from Eq, (48) are designated
as series C~1 and C-2 in Table VIII, p. 70, These data are represented by
circles on the combined vapor pressure plot (Fig. 13, p. 67).

E. The Ultra-High Temperature (Series H) Effusion Measurements

Additional effusion measurements, at somewhat higher temperatures,
were carried out in the fused silica apparatus (Fig. 5) over a temperature
range 2162°C to 2550°C, Hence, considerable overlap occurred between the
lower end of these measurements and the upper end of the series B measure-
ments, Uranium dioxide of natural isotopic abundance was contained in tung-
sten effusion cell No. 3 shown in Fig, 11, The crucible in this case was well
shielded on all sides and comparison of the black~body hole temperature with
the cavity temperature proved them to be identical, The annular tungsten
radiation shields were held in position by a slotted tantalum cover, similar
to the case of effusion cell No, 1 (Fig, 6). A slotted cylindrical sheet of 5-mil
tantalum served as a radiation shield for the sides of the crucible, The kine-
matic table upon which the crucible rested was fabricated from BeO, which
Possesses better high temperature refractory properties than does fused silica,
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‘The area of the orifice was measured to be 0.0161 * 0,0004 cm? at
room temperature; the collimator radius was 0,9507 £ 0,0004 cm; and the
orifice-to-collimator distance was 11,286 * 0,008 cm,

~ Calculations of the vapor pressure were made by means of the
expression

Pram = (W/H)TY? (8,973 x 10%) . (49)

Proper cognizance of the change in geometry factor with temperature was
taken in the evaluation of the constant term in Eq, (49); the change in ori-
fice area was the only significant factor involved and a value of 0,0164 cm?
was used in calculating vapor pressures, Values of the vapor pressure
calculated from Eq. (49), using the molecular weight of UO,, are designated
as series H-1 and H-2 in Table IX, p. 71, and are represented by x’s on the
combined vapor pressure plot, Fig,. 13, p, 67, One significant difference
between series H-1 and H-2 bears mention. Before the series H-2 meas=-
urements were carried out, the tungsten effusion cell No. 3 containing the
UO, charge was initially heated at about 2800°K for about five minutes in
order to melt the charge and increase its thermal conductivity, This initial
melting probably reduced temperature gradients along the evaporating sur-
face. Thus, the temperature observed in the black-body hole probably more
nearly represented the temperature of the evaporating surface,

1. The Observed Melting Point of UO,:

Complete melting of UO, occurred at the highest temperature
exposure of series H-1 which was 38° higher than the highest temperature
exposure of the series B measurements where no melting occurred, Hence
the melting point of UO, is between 2661°K and 2699°K. Spectrographic
analysis of the molten residue indicated less than 0.2% tungsten and less
than 0.5% silicon, It is believed that the presence of such small amounts
of impurities would not appreciably lower the melting point, Thus, in view
of the precision and accuracy involved in the temperature measurements
of this investigation, the value obtained is probably closer to the true melt-
ing point than any of the values quoted in an earlier section of this thesis,
The value of Friederich and Sittig 21) most nearly agrees with the result
presently reported,

F., Miscellaneous Effusion Measurements

1, The Use of Tantalum as a Crucible Material

The vapor pressure of UO, was independent, within the devi-
ation of 6 per cent, of whether the measurements were carried out in
tungsten or in tantalum crucibles, Ten platinum condensation targets were
exposed in the fused silica vapor pressure apparatus (Fig. 5) to the effusate
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originating from a tantalum oven similar to effusion cell No. 2 (Fig. 10).

No tungsten liner was present inside the crucible cavity and the UQ, charge
was placed in direct contact with the tantalum. The range of temperature
over which exposures were made varied from 1847°C to 2151°C. The meas-
urements were designated as series B-6 and B-7. The series B-6 meas-
urements were carried out using a thin-edged orifice having an area of
0.1110 ¥ 0.0005 cm? measured at room temperature. The quantity r was
0.9507 cm, and d was 10.035 cm. The geometry factor, corrected for the
average temperature of exposure, gave rise to the following expression
from which values of the pressure were calculated:

Prm = (W/t)TV2 (1.023 x 10%) . (50)

The B-7 series of measurements was carried out using an orifice of about
one-half the area as used in the B-6 series of measurements. Its area,
measured at room temperature, was 0.0560 £ 0.0004 cm?. The quantity r_
was 0.9507 cm and d was 11.615 cm. Values of the pressure of series B-7
were calculated from the following equation corrected for change in
geometry:

Pmm = (W/t)TY 2 (2.710 x 10%) . (51)

In both series B-6 and B-7, the amount of natural abundance UO; on all
targets was determined by & counting. The X-ray lattice parameter of
both residues indicated a composition of UO, oo The primary vaporization
data for series B-6 and B-7 are summarized in Table X, p. 72.

A change in the orifice area by a factor of two in the two series
had no effect on the calculated vapor pressures. This indicates that the
productaS, in Eq. (25) is large compared with S,. Hence the saturation
Pressure was measured. The combined data of both series were treated
by the method of least squares to yield the equation

log Pmm = 32,196 £ 893/T + 12.029 £ 0.390 . (52)
) Precise measurement of the temperature, especially in series
B-6, was extremely tedious because the central region of the black-body
hole appeared darker than the edges of the hole. As a result of this central
dark region, the measured temperature was somewhat lower than the true
temperature. This would tend to reduce the discrepancy between the tung-
sten and tantalum measurements.

2. The Effusion Measurements on U®%0,

[ 1]
Eight 1-mil thick aluminum condensation targets of 3/4 diam-
eter were exposed in the fused silica vapor pressure apparatus (Fig. 5)

‘with tungsten effusion cell No. 1 (Fig. 6) which contained depleted U%*®0,. The



molecular beam striking the target was collimated by a 9/16" i.d, annular
nickel washer pressed against the aluminum target in the cassette and
held in a fixed position by a phosphor bronze spring. Hence, the stainless
steel collimator of the vapor pressure apparatus did not serve as the ef-
fective collimator, All exposures were carried out at a constant tempera~-
ture for the same length of time, The constant temperature served as a
means of viewing the constancy of the vapor pressure as a function of
time, The expression giving the pressure as a function of experimentally
observed quantities is

Pmm = (W/t)'r‘/2 (8.896 x 10°) ., (53)
The above equation includes the corrections for the presence
of the inner tungsten shield and for the change in geometry with tempera-
ture. A slight correction for the small temperature difference was made,
Calculation showed the average pressure and the probable error at2469°K
to be

Pmm = (7.84 * 0.04) x 1072 ; (54)

This average pressure is shown by the crossed square in the combined
vapor pressure plot (Fig. 13) and the data are designated as series I-2 in
Table VI, The last exposure in the table was excluded because the sample
was exhausted during the subsequent exposure, and it is likely that the
evaporating area became too small for saturation to be achieved, The
constancy of the vapor pressure throughout the entire series, during which
time an appreciable fraction of the initial oven charge was evaporated, in-
dicates that the system UO, is invariant at constant temperature,

3. Vaporization of U;Og in Vacuo

A sample of U304 weighing 0,2,4881 gram was heated inductively
at about 1000°C in a vacuum of 1072 mm Hg in a previously outgassed open
platinum crucible, 1-1/4" high by 3/8'_' i.d. The sample was weighed before
and after heating to determine the weight loss during the run, Four plati-
num dishes, mounted in cassettes in inverted positions in the copper maga-
zine of the quartz vapor pressure apparatus (Fig. 5), were exposed to the
effusate leaving the open crucible, Examination of the platinum dishes by
the fluorophotometric method showed, at least qualitatively, the presence of
uranium, A small amount of yellowish-brown condensate was present on the
condenser wall, The condensate proved to be uranium in some form as
evidenced by a counting, A sufficient quantity of this condensate was not
present for direct oxygen determination., X-ray examination of the residue
showed the presence of a single face-centered cubic phase, UO, ; x, having
a lattice parameter of 5.4576 kx units, This value of a, corresponds to an
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O/ U value of 2.04 obtained from Fig. 3. During the period of heating, the
sample lost 21.0 mg of material via vaporization. If one now assumes the
total weight loss of the sample is attributable to molecular oxygen, i.e.,

UsOp(s) — — 3U0y(s) + 23X Oxlg) (55)

then one can calculate a value of y = 1.91, or O/U = 1.91, which is con-
tradictory to the actual value of O/U = 2.04. If this discrepancy were
due to experimental error in determining the weight loss of the sample, it
would have amounted to an error of about 3 mg in the total weight loss,
which is highly improbable.

Likewise, one can calculate that U;Og does not vaporize under
the experimental conditions investigated according to the over-all reaction

U304(s) — ~ 1.04 UOz.q4(s) + 1.96 UOs(g) (56)

because the weight loss of the sample would have been almost 2/3 its orig-
inal weight.

Hence, one might conclude that U3;Og does not decompose en-
tirely by loss of oxygen, but the vapor contains a small fraction of a
uranium-carrying species, probably UO;(g). The existence of such a
gaseous molecule is also evidenced by Biltz and Mueller’s data(2) and
Brewer’s analysis of their data. (M)

Undoubtedly the decomposition of U3;Og to UO, occurs in steps.
The single datum reported here is not sufficient to permit the calculation
of the partial pressures of UO;(g) and oxygen in any one of these steps. As
a result, one could calculate only an “average pressure” of UOj3(g), which
is meaningless in the thermodynamic sense. However, Brewer, using the
data given by Biltz and Mueller (2) estimated the partial pressure of UO;(g)
over UO;, 4, at 1600°K to be 107° atm. From this and other available ther-
modynamic data for solid UO;, Brewer calculated 107* atm UO;3(g) in equi-
librium with solid UO; at 1600°K and 107% atm UOs(g) in equilibrium with
solid UQ; at 1450°K. These data, therefore, a,llow one to calculate a heat
of sublimation for UO; which is 70.8 kcal mole™!

G. The Volatility of a Mixture of Uranium Metal and Uranium Dioxide
(Series D)

The volatilities of two different mixtures of uranium metal and
uranium dioxide were investigated as a function of time at a given tem-
perature by determining the activity of a series-of condensation targets
which had been exposed to the effusate from each of the mixtures. All
measurements were carried out in the fused silica vapor pressure appa-
ratus (Fig. 5). Series D-1 was carried out at 2074°K. Tungsten effusion
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cell No.'1 containing an X-ray density tungsten liner was initially charged
with 10,3 mg of cleaned uranium metal in the form of wire, and 39,6 mg of
the dioxide, which gave a value of O/ U = 1,54 for the mixture, Both the
metal and oxide were enriched in the U?3% isotope, the exact isotopic com=~
position being given in Section IV, B-1, It will be realized that the pre=-
dominant a activity was from the U?*, The series of condensation targets
was exposed for intervals of various times ranging from three to twenty
minutes, During the exposures the residual pressure in the vacuum sys-
tem decreased continuously from an initial value of 9 x 10 mm Hg down
to a final value of 5 x 10”7 mm Hg., The volatility data are given in TableIll
and are shown in Fig, 12, the plot of c/m per one-minute exposure vs time
in minutes, The average time, or “half time” of exposure, and the corres-
ponding alpha count are represented by each of the experimental points,
The residual pressure in the system, corresponding to the pronounced
minimum in Fig. 12, was 2 x 10™ mm Hg, The contents of the tungsten
liner, upon exposure to the atmosphere after the experiment, showed the
presence of both metal and oxide, The metal had melted during the expo-
sures and had run to the bottom and sides of the tungsten liner since it is
more dense. than the oxide, X-ray examination of a sample taken from the
interface between the two phases showed only the presence of UO;, qo.

In order to ascertain the effect on the mixture volatility of a varying
residual pressure in the vacuum system, a second mixture experiment,
designated series D-2, was carried out in the same apparatus (Fig. 5). In
this series effusion cell No, 1 containing the X~-ray density tungsten liner
was initially charged with 6.8 mg of uranium metal and 13.3 mg of uranium
dioxide, The tungsten liner had been previously outgassed at about 2200°C
to remove any uranium remaining from series D-1, A constant residual
pressure of about 4 x 10~7 mm Hg was obtained by a prolonged pumping and
“flashing” technique during which time considerable amount of uranium
metal and dioxide may have vaporized from the effusion cell, During all
exposures, the residual pressure in the vacuum system remained constant
at4 x 107" mm Hg, The condensation targets were exposed for six-minute
intervals over a total time of about three hours. The volatility data are
given in Table III, and Fig. 12 gives the resulting plot of c/m per one-
minute exposure vs time in minutes, Again the “half-time” of each ex~-
posure corresponding to a given alpha count is represented by the
experimental points, Examination of the residue after exposure to the
atmosphere showed no visible trace of uranium metal when the tungsten
liner was viewed under a microscope., An X-ray analysis of the residue
showed only the UO, 4o cubic phase to be present,

Since only a three-degree difference in temperature occurred be-
tween the two series, they will be treated as if both were carried out at
the same temperature, Series D-1 was obviously complicated by the con-
stant decrease in background pressure, since all other conditions were
maintained constant in both series. The weight loss data for both series



Table III
VOLATILITY DATA FOR URANIUM-URANIUM DIOXIDE MIXTURES

(Fused Silica Apparatus, Tungsten Effusion Cell No, 1, Enriched U?3%)

Series D-1 Series D=~2

(c/m) * % Average ﬁ (c/m) * % Average
No, * per Time No, * per Time
‘Minute (Min) “ ~Minute (Min)
1 23.1 5.0 22 34,1 8.0
2 13.7 13,0 i 23 33.9 20.0
3 9.6 21,0 l 24 32,9 : 32.0
4 9.6 29.0 25 26.3 44,0
5 10.7 38.0 26 20,5 56.0
6 13.1. 47.0 27 16.1 68.0
7 14.9 55.0 r, 28 13.8 80.0
8 17.0 64.5 29 11.9 92.0
9 19.9 74.5 I 30 10.9 104.0
10 31.4 85.0 31 10.8 116.0
11 36.3 98.5 32 10.2 128.0
12 39.2 119.5 | 33 10.0 140.0
34 9.4 152.0
35 9.2 164.0
. 36 9.0 177.0

* Order of exposure,

* % Corrected for background of 0.1 c/m.
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are summarized in Table IV, The final weights are uncertain to about

t 0,2 mg since it was very difficult to remove all the dioxide from the
tungsten liner in order to weigh the residual metal and dioxide independ~-
ently., The counting rate to be expected for pure uranium metal is shown
as 70 c/m in Fig., 12, whereas a value of 54 c/m is to be expected for
UOx, the oxidized metal obtained from the measurements of Rauh and
Thorn(55) at a temperature of 2071°K. Calculation shows that in series
D-1 all the uranium should have been lost from the effusion cell in
106 minutes if it vaporizes at a pressure corresponding to the value of
70 c/m. If, however, it vaporizes at a pressure corresponding to

54 c/m (UOy), 137 minutes would have been necessary to deplete the
effusion cell of metal., A similar calculation for series D-2 yields times
of 69.4 and 90.0 minutes for total loss of uranium vaporizing at pressures
corresponding to 70 c/m and 54 c/m, respectively,

If one compares the areas under the curves in Fig, 12 with the
respective weight losses of metal and dioxide, good agreement is ob=-
tained if a correction for the time of “flashing” in the case of series D=2
is considered, The total time of flashing was estimated to be 25 * 10 min-
utes, The results are shown in Table V where all areas are given in the
same arbitrary units,

The ratio of areas for the dioxide agrees quite well with the ratio
of observed weight losses of the two series, If one calculates the weight
of dioxide that should be lost, based on the vapor pressure of UO, at this
temperature, a value of 1,2 mg is obtained, Hence, it appears that the
presence of uranium metal does not affect the rate of evaporation of UO,,
The agreement between the ratio of areas under the curves and the ob-
served ratio of uranium metal weight losses does not show as good agree-
ment as in the case of UO,. The reason for this may be associated with
the phenomenon encountered in the inner shield measurements, The
geometrical arrangement of metal with respect to the oxide was such that
only an annular area of metal contributed to evaporation, Hence, direct
evaporation did not occur in the direction of the target,

It is of interest to calculate a pressure corresponding to the initial
portion of series D-2 in Fig. 12 and to compare this value with the vapor
pressure of uranium metal at this temperature, One may assume a value
for the molecular weight M = 235 in view of the weight loss data and cal-
culate a value of about 1,14 x 10~ mm Hg corresponding to this maximum
volatility, This value of the pressure will not be in serious error as a
result of this particular choice of M, since uranium constitutes the large
majority of the mass of any oxide molecule one could postulate as being
responsible for this volatility, The vapor pressure of pure uranium at
this temperature, 2071°K, is 2.1 x 10-3 mm_, Hence, the mixture volatility
seems at least in qualitative agreement with the suppression of the urani-
um vapor pressure by an oxide found by Rauh and Thorn.(55) As it will



Table IV

SUMMARY OF WEIGHT LOSS DATA FOR URANIUM-URANIUM
DIOXIDE MIXTURES

(Fused Silica Apparatus, Tungsten Effusion Cell No. 1, Enriched U?3%
Series D-1 (T = 2074°K)

Initial weight Final weight Weight loss
(mg) (mg) (mg)
metal 10.3 6.6 3.7
dioxide 39.6 38.5 1.1

Initial O/U = 1,54

Series D-2 (T = 2071°K)

Initial weight Final weight Weight loss
(mg) (mg) (mpg)
metal 6.8 0.2 6.6
dioxide 13.3 12.3 1.0

Initial O/U = 1,27

Table V

COMPARISON OF INTEGRATED RATE AND TOTAL AMOUNT
VAPORIZED IN THE MIXTURE EXPERIMENTS

Series . Area . Weight loss-
: (arbitrary units) (mg)
metal D-1 96 3.7
D-2 140 6.6
dioxide D-1 51 1.1
D-2 44 1.0
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become apparent in a later section of this thesis, this maximum volatility
of the metal-oxide mixture will play a predominant role in showing that
fragmentation is unimportant in the vaporization of UO,(s).

H, Tabulation of All Primary Vaporization Data

All the data comprising series B-4, B-8, C-1, C-2, H-1, H-2, and
I-2 were plotted as shown in Fig, 13, p, 67, These data were taken with
three different effusion cells, in two different apparatuses, using three dif-
ferent isotopic compositions, The temperature corrections were different;

-the geometries were different; the half-lives were different; yet the data

fit together exceptionally well, One notices immediately that the plot ap=-
pears to be linear from 1600° to about 2200°K, but shows positive curvature
above 2200°K, Treatment of all data by the method of least squares(47")
vielded two empirical equations:

log Pmm = 13.340 - 3,7337 x 10*/T + 3.6700 x 10%/T?
+ 2.4638 x 10°/T® (57)
aﬁd
log Py = 14.739 - 4.3817 x 10%/T + 1,2157 x 107/T* . (58)

Either of the above equations will give the continuous curve drawn through
the experimental points in Fig. 13, although the former gives the better fit
of the experimental data, One should remember that the above least squares
treatment was performed with pressures calculated from the assumption
that the molecular weight M ='270,08.



T, °K

2700 2500 2300 2100 1900
+ |.OO | T [ | |

IYOP

67

1600

XX R !
0.00 - &kObserved melting point
Q \

-1.00 NS
-2.00 -
-3.00 -

-4.00 |~

Log Pmm

-5.00 -
-6.00 -
-7.00 -

~8.00 |-

~9.00 '

3.5 4.0 4.5 5.0

—+ (107%™

Figure 13
Log p vs. 1/T Plot for All Vapor Pressure Series

5.5



Table VI

'VOLATILITY OF UO,(s) AS A FUNCTION OF TIME AT CONSTANT TEMPERATURE

Series I-2, (Fused Silica Apparatus, Tungsten Effusion Cell No. 1, Inner Shield, Samele Enriched in U238))

No.* | c/m#* | W(107¢ gms) (sic) ff;; /2 Pram | 108 Pramy | 1/T(107% °K 1)
3 33.0 97.1 540 | 2469 | 49.690 | 7.95x 10”2| -1,100 4,050
4 32.2 94.7 540 | 2467 | 49.670|7.75 x 107%| =-1.111 4,054
5 32.3 95.0 540 | 2467 | 49.670| 7,77 x 107%| -1.109 4,054
6 31.6 92.9 540 | 2466 | 49,659 | 7.60x 107%2| -1,119 4.055
7 31.0 91.2 540 | 2469 | 49.690 | 7.47 x 1072 | =-1.127 4,050
8 32.6 95,9 540 | 2469 | 49.690 | 7.85 x 1072 | =-1,105 4,050
9 32.8 96.4 540 | 2469 | 49.690{7.89x 1072 -1,103 4,050
11 31.1 91.5 540 | 2469 | 49.690 | 7.49x 1072 | -1.126 4,050

* Order of exposure,
** Corrected for background of 0.1 ¢/m,
*%% A constant value of 29° as determined by preliminary experiments, has been added to the

corrected black-body temperature.

Orifice area, Sy = 0,0366 + 0.0009 cm?. Orifice-to-collimator distance, d = 10,6571 * 0,006 cm.
Radius of collimator, r = 0.2813 £ 0,004 cm. Inner shield correction factor = 1,305, Average
of all pressures is indicated byl in Fig, 13,
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Table VII

HIGH TEMPERATURE (SERIES B) VAPORIZATION DATA FOR U0, (s)

(Fused Silica Apparatus, Tungsten Effusion Cell No. 1,

Inner Shield, Natural Uranium)

Series B-4
No.# | c/mve |W(10°® gms) | ° T /2 Prom 1og Ppy | /71071
(sec) (°K)
18 | 205.0 296.6 300 | 2536**+ | 50.359 | 2.51 x 10°' | -0.601 3.943
19 | 410.9 504.6 300 | 2608*** | 51.069 | 5.10 x 10°' | -0.293 3.834
20 | 308.5 446.4 120 | 2661%** [ 51.586 | 9.66 x 10°' | -0.015 3.757
21 | 119.7 173.2 1020 | 2424+*+ | 49.235 | 4.21 x 10°% | -1.376 4.125
22 | 170.2 246.3 780 | 2478%+* | 49.779 [ 7.92 x 10°% | -1.102 4.036
23 77.1 111.6 1200 | 2378+** | 48.765 | 2.28 x 10°% [ -1.641 4,205
24 17.0 24.7 8700 | 2133+#+ | 46.184 | 6.60 x 10°* | -3.180 4.688
25 34.3 49.6 8700 | 2181*++ | 46.701 | 1.34 x 10°® | .2.873 4.585
26 78.7 113.9 4500 | 2279++* | 47.739 | 6.09 x 10°% [ -2.216 4.388
27 88.6 128.2 | 2880 | 2320+++ | 48.166 | 1.08 x 10°% | -1.967 4.310
1 | 160.0 231.5 300 | 2550%** | 50.498 | 1.96 x 107" | -0.707 3.922
Series B-8
28 4.93 7.1 6000 2065t | 45.442 | 2.52 x 10°* | -3.598 4.843
29 | 40.40 58.5 3600 22281 | 47.202 | 3.60 x 10°% | -2.444 4.488
30 4.55 6.6 10800 2031t | 45.067 | 1.29 x 10°4| -3.888 4.924
3t 5.93 8.6 4500 2104t | 45.870 | 4.12 x 10°% | -3.386 4,753

The geometry measurements for Series B-8 are identical with those
except r ~ 0.9507 + 0.0004.
*Order of exposure.
s*Corrected for background of 0.1 ¢/m.
**+Temperature correction applied as in series I-2.
{Temperature correction applied as in Series B-4.
Orifice area, S, = 0.0356 % 0.0009 cm?.
Orifice-to-collimator distance, d = 11.056 * 0.006 cm.
Radius of collimator, r = 0.9507 t 0.0004 cm.
Inner shield correction factor = 1,305.
All data represented by A in Fig. 13.

of Series I-2,
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Table VIII

LOW TEMPERATURE (SERIES C) VAPORIZATION DATA FOR U0, (s)

(Pyrex Apparatus, Tantalum Effusion Cell No. 2, Sample Enriched in y23sy

Series C-1
o-* of/m ( ngmS) ( s:c) I:;:; L Prom log Py, | 1/T(10°4°K" )
1 272.3 2.881 x 10°® | 2400 | 1833 | 42.813 | 4.07 x 10°% | -.5.391 5.455
2 549.8 5.817 x 10°% | 2100 | 1902 | 43.611 | 9.56 x 10~® | -5.020 5.258
3 56.0, 5.933 x 10°° | 5520 | 1736 | 41.667 | 3.55 x 10°7 | -6.450 5.760
4 1.90, | 2.017 x 10"° | 3900 | 1624 | 40.299 | 1.65 x 10°® | -7.782 6.158
5 12.5, | 1.324 x 10°° | 4500 | 1687 | 41.073 | 9.58 x 10°® | -7.019 5.928
6 161.0 1.703 x 10°% | 5100 | 1785 | 42.249 | 1.12 x 10°% | -5.952 5.602
7 | 1039.3 1.010 x 10°7 600 | 1985 | 44.553 | 5.93 x 10°% | -4.227 5.038
8 | 1283.2 1.358 x 10°7 720 | 2000 | 44.721 | 6.67 x 10°% | -4.176 5.000
9 | 1536.9 1.626 x 10°7 | 1800 | 1958 | 44.250 | 3.16 x 10°% | -4.500 5.107
10 400.9 4.242 x 10°® | 2700 | 1865 | 43.185 | 5.34 x 10°® | -5.272 5.362
11 119.9 1.269 x 10°® | 6000 | 1777 | 42.154 | 7.06 x 10°7 | -6.151 5.627
Series C-2
12 13.90 | 1.471 x 10°° | 4500 | 1666 | 40.817 | 1.06 x 10°7 | -6.976 6.002
13 299.8 3.172 x 10°® | 3600 | 1814 | 42,501 | 2.97 x 10°% | -5.527 5.513
14 351.8 3.722 x 10°® | 1800 | 1883 | 43.393 | 7.10 x 10°® | -5.149 5.311
15 855.7 9.053 x 10°® | 1500 | 1938 | 44.023 | 2.10 x 10°® | -4.678 5.160
16 590.0 6.242 x 10°® | 1500 | 1916 | 43.772 | 1.44 x 10°® | -4.841 5.219
17 181.0 1.924 x 10°8 | 2700 | 1829 | 42.766 | 2.41 x 10~ | -5.617 5.467
18 78.0 8.252 x 10°° | 5100 | 1758 | 41.929 | 5.38 x 10°7 | -6.270 5.688
20 840.4 8.891 x 10°8 5106 1586 target was contaminated - discarded
21 24.67 | 2.610 x 10°° | 4500 | 1709 | 41.340 | 1.90 x 107 | -6.721 5.851 .
22 1.55 | 1.640 x 10"° | 4200 | 1600 | 40.000 | 1.23 x 10°° | -7.910 6.250
23 840.4 8.891 x 10°° 306 | 2010 | 44.833 | 1.03 x 10°* | -3,987 4.975

The geometry measurements for series C-2 are identical with series C-1.
All data are represented by O in Fig. 13.

*Order of exposure.
**Corrected for background of 0.1 c/m.
***Preliminary experiments indicated cavity and black-body temperatures were identical.
Room temperature orifice area, So = 0.0272 £ 0.0004 cm?.
Room temperature orifice-to-collimator distance, d = 11.895 £ 0.009 cm.
Room temperature radius of collimator, r = 0.8041 % 0,0006 cm.




Table IX

ULTRA-HIGH TEMPERATURE (SERIES H) VAPORIZATION DATA FOR U0, (s)

(Fused Silica Apparatus, Tungsten Effusion Cell No. 3, Natural Uranium)

Series H-1
No.x | c/mex | W(10"¢ gmsy | ¢ | TH** | q/2 1o 1/T(10° k" !
(seey | (%K) Prm € P ( )
13 | 83.9 121.4 420 | 2488 | 49.881 | 1.29 x 10°' | -0.888 4.019
14 99.5 144.0 240 | 2538 | 50.379 | 2.71 x 10°' | -0.567 3.940
15 130.2" 188.4 180 | 2588 | 50.872 | 4.78 x 10°' | -0.321 3.864
16 173.8 251.5 180 | 2617 | 51.156 | 6.41 x 10°' | -0.193 3.821
17 144.0 208.4 120 | 2638 | 51.362 | 8.00 x 10°' | -0.097 3.791
18 | 217.3 - 314.4 120 | 2688 | 51.652 1.21 +0, 084 3.748
19 55.7 80.6 72 2697 orifice clogged - not used
20 258.5 374.0 120 2699 | 51.952 1.453 +0. 162 3.705
Series H-2
1 42.2 61.1 600 | 2384 | 48.827 | 4.46 x 10°2 | -1.351 4,195
2 60.2 87.1 480 | 2435 | 49.346 | 8.04 x 10°% | -1.095 4.107
3 '65.8 95.2 360 | 2463 | 49.628 | 1.18 x 10°' | -0.929 4.060
4 411.3 595.2 120 2720 | 52.154 2.321 +0. 364 3.676
5 375.9 543.9 60 | 2778 { 52.707 4.287 +0.632 3.600
6 255.9 370.3 30 2809 | 53.000 5.870 +0.769 3.560

The geometry measurements for series H-2 are identical with series H-1.

*Order of exposure.

**Corrected for background of 0.1 c/m.
***Same as for Series C-1.
= 0.0164 * 0.0004 cm’
Orifice-to-collimator distance, d = 11.286 % 0.008 cm.
Radius of collimator, r = 0.9507 * 0.0004 cm.

Orifice area, S

0

‘A1l data are represented by X in Fig. 12.
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Table X
VAPORIZATION DATA FOR UOz(s) (TANTALUM EFFUSION CELL)

(Fused Silica Apparatus, Natural Uranium)

Series B-6
t T ek
* Aok -6 172 -4 oyr-1
No. c/m W(107° gms) (sed) | (°K) T Pmm log Prym | 1/T(107% °K"Y)
16 45.6 66.0 3000 2147 46.336 | 1.04 x 10;3 -2.982 4,658
28 96.2 139.2 900 | 2271 | 47.656 | 5.21 x 10~* | -2.283 4.403
29 122.5 177.3 360 _ 2378 48.764 | 2.46 x 10~2 -1.610 4,205
30 88.8 128.5 1320 2242 47.350 | 4.72 x 1073 -2.327 4,460
31 54.6 81.6 1500 2199 46.893 | 2.61 x 10-3 -2.583 4,548
Series B-7
17 82.4 119.2 2700 2247 47.462 5.67 x 1073 -2.246 4,450
32 216.3 313.0 900 2393 49,942 | 4.71 x 1072 -1.327 4,179
33 92.0 133.1 1200 2316 48.125 | 1.45 x 1072 -1.840 4,318
34 125.5 181.6 780 2375 48.734 | 3.08 x 1072 -1.512 4,211
35 115.8 167.6 420 2424 49,233 | 5.32 x 1072 -1.274 4,125
E3

sk
koK

Order of exposure.

Corrected for background of 0.1 ¢/m.

Constant values of 111° and 32°, as determined by preliminary experiments, have been
added to the corrected black-body temperatures to give cavity temperatures for series
B-6 and B-7, respectively.

Orifice area (series B-6) = 0.1110 £ 0.0005 cm?.

Orifice area (series B-7) = 0.0560 % 0.0004 cm?.

Radius of collimator, r = 0.9507 £ 0.0004 cm (same for both series).
Orifice-to-collimator distance, d = 10.035 t 0,007 cm (series B-6).
Orifice-to-collimator distance, d = 11,615 t 0.008 cm (series B-7).
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VI. ANALYSIS AND INTERPRETATION OF THE DATA

A, Vaporization Phenomena ‘of the UO, Phase

The congruency of the evaporation of UO,(s) has been demonstrated
previously, It remains to deduce the processes important in vaporization.
For UQ,,the possibility of vaporization to the elements can be readily ex-
amined since the free energ of formation of UQ, is known as a function of
temperature up to 1500°K(16 ’5 and the vapor pressure of liquid uranium has
been established over the temperature range 1630° to 1970°K.(55) The cal-
culation is shown below at 1500°K,

UO,(s) = U(£) + Oy(g); AF°/T = 131.80 e.u. (59)

U(£) = U(g); AF°/T = 45.08 e.u. (60)
Summation of these equations gives,

UO,(s) = U(g) + Oy(g); AF°/T = 176.88 e.u. (61)

The equilibrium constant for the reaction in question is,

K = (62)

- 2 - 2
PuPo, = Py ~ Po,
Since AF°/T = =-4,576 log K, the equilibrium partial pressures of U(g) and
Oz(g) may be conveniently calculated. The same calculation can be per-
formed at 2000°K by extrapolation of the free energy of formation data of the
oxide,

In a similar fashion, the equilibrium partial pressures of U(g) and
O(g) may be calculated at 1500°K. Thus one writes

UO,(s) = U(g) +20(g); AF°/T = 225.72 e.u. . (63)

For this case

K = pyp§ = 4Py =2Pg - (64)

Calculations for this process can also be carried out at 2000°K by extrapo-
lation of the necessary data, The results of these calculations are given in
Fig. 14, Since the measured volatility of UG, is 10* times greater than the
volatility calculated on the basis of decomposition to the elements, one con-
cludes that these processes are not important at these temperatures and
that gaseous oxide molecules must be of importance in the equilibrium
vapor phase above UO,(s).
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1. The Linear Region of log p vs. l/T

Inspection of Fig, 13 shows that log p vs. l/T appears to be
very nearly linear over a 600° temperature range from 1600 to 2200°K,
An extrapolation of this line fails, however, to contain the highest temper-
ature points, The results will be interpreted in terms of two independent
vaporization reactions. Consider first the low temperature range over
which the plot is linear,

The predominant process occurring in the temperature range
1600° to 2000°K is undoubtedly the formation of UO,(g). X-ray diffraction
patterns of sublimates collected on quartz targets at a temperature of
about 800°C indicated the presence of the UO, cubic phase only, Spectro-
.graphic analysis indicated the absence of tungsten or any of its oxides.
The absorption spectrum (see Addendum) of these sublimates also was
characteristic of the UO, phase, However, X-ray diffraction patterns of
sublimates condensed at temperatures <400°C indicated that the collected
sublimates were amorphous. Direct oxygen analysis of these sublimates
proved them to have a composition of about U30g, This is not surprising
in view of the thermodynamic instability of UO,(s) at room temperature
with respect to oxidation to U; Og(s). Since the UO,(g) was condensed on
the cold target in a very active amorphous state, rapid oxidation of the
collected sublimates probably occurred when air was admitted to the ap-
paratus after a series of exposures, Additional evidence that UO, was
oxidized in this process was furnished by the observation of a sharp color
change in the rather large amount of sublimate that had condensed on the
fused silica condenser wall, The color change was from brown to black;
bulk UQ, is brown; bulk U304 is black.

If the higher temperature points did not exist, one would be
inclined to pass a linear least-squares line through the points from 1600°
to 2000°K, and to calculate a heat and entropy of sublimation from the
slope and intercept, respectively. The linear least-squares equation is,

log Ppyyy = (=30.019 £ 0.335) x 10%/T + 10.865 + 0.197 . (65)

The effective heat of sublimation over this temperature range is
137.4 £ 1,6 kcal mole~! and the entropy of sublimation is 36,5 * 0.9 e.u.

Rehn and Cefola(56) reported measurements of the vapor pressure
of UQ, at one hundred degree temperature intervals from 1873°to 2273°K.
Their pressures are larger than those reported here by a factor of ten. They
did, however, report a heat of sublimation of 137 kcal mole~!, Apparently
their measurements contained either an error that was proportional to the
Pressure which did not, therefore, influence the slope of the vapor pressure
plot, or their measured temperatures were too low by nearly 150° over the
entire experimental range,
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One knows that over a temperature range of 400° the heat of
sublimation will not remain constant and the plot of log p vs l/T will be
curved instead of linear. One may express the heat of sublimation as a
linear function of the temperature over the temperature range in question
as

AHp = AHg+ AC, T (66)

where AH, is an integration constant having the dimensions cal mole-!,
The relationship

<i(AaFT°/T)_>p ] _%ﬂ , (67)

may be used with Eq. (66) to obtain
108 Pagm = (AC, /R) log T = =AH,/4.576T +1 (68)

in which p is the vapor pressure in atmospheres and I is a constant of inte-
gration, The left-hand side of Eq. (68) is commonly designated as - z,
which, when plotted against l/T, yields a value of AH, from the slope., In
order to calculate values for - Z, one must either possess a knowledge of
AC, for the sublimation process or be able to estimate it, For the sub-
limation of UO,(s), A Cp was not known so it had to be estimated, Kelley(37)
gives the heat capacity of UO,(s) from 298°K up to 1500°K: ’

Cp = 19.20 + 1,62 x 1073 T -3.96x105T"2 (69)

From this expression one calculates a value of C, equal to 21,45 cal deg™!
mole~! at 1500°K, The heat capacity of UO,(g) if it is assumed to be a non-
linear and classically fully excited molecule would be 14 cal deg™ mole™.
It is more likely to be about 12 cal deg™ mole™ in view of the measured
heat capacities of such triatomic molecules as H,O(g) and CO,(g), which
possess vibrational degrees of freedom that are not fully excited over at
this temperature, The electronic contribution to the heat capacity of UO,(g)
at 1500°K may be as large as 1 or 2 cal deg'l mole™!, Hence, it does not
seem unreasonable to estimate a value of 13.5 cal deg'l mole™! for C_ of
UO,(g) and, therefore, AC, is equal to -8 cal deg"l mole™! for the sublima-
tion process, UO,(s)—UO,(g), over the temperature range 1600° to 2000°K,

In the absence of more reliable data this value was assumed in
the calculation of AH,, Figure 15 gives the 3 -plot for UQ, obtained by
means of Eq."(68). The value of AH, evaluated from the slope is equal to
151,5 £ 1,7 kcal mole”!, From the least-squares constants obtained from
the = -plot treatment, the heat of sublimation for the process UQ,(s)— UO,(g)
over the temperature range 1600°to 2000°K is given by

AHS = 151,500 - 8T (70)



while the entropy of sublimation for the same process is given by

AST. = -18.42 log T + 96.36 . (71)

At 1800°K, AH® = 137.1 kcal mole-! andAS° = 36.4 e.u. mole},

Equations (68), (70), and (71) give the pressure, the heat of
sublimation, and the entropy of sublimation over the temperature range
1600 to 2000°K. How far beyond these temperature limits the equations
apply depends, of course, on how well the AC_ has been estimated. In the
absence of experimental heat capacity data for UO,(g), the necessary
thermodynamic data must be estimated in order to extrapolate heats and
‘entropies.to lower temperatures.

Kelley(37) gives 23,750 cal mole~! as (H{ - HSg and 30.82 e.u.
for (Sfhoo - SSys) for UO,(s). A graphical integration of the data of Jones,
Gordon, and Long(35) gives 2,725 cal mole~! as (Hz9s - Hp) for UO,(s). The
entropy, S%g = 18.63 e.u. for UO,(s). It is estimated, that (Hfs - Hfoe) is
14,400 cal mole™!, that (S0 - S is 19.31 e.u., that (Hgyg - Hf) is 2,100 cal
mole ™!, and that Szyg is 64.6 e.u. for UO,(g). The uncertainties in these
values are unknown and may be large.

These values may be used together with values ofAH% and
AS% at 1500°K calculated from equations (70) and (71) to give

AHzgs = 159,650 cal/mole,

AHQ = 160,275 cal /mole,

1]

and

AS$ys 49.37 cal/deg/mole.

The entropy of sublimation of UO, determined in this work is
in the range to be expected for simple fublimation processes, The entropies
of sublimation of ThOz(ZB’ 2) and PuO, 53) are about the same as the value
found in this work.

It is now possible to construct a thermodynamic cycle involving
UO,, as shown in Fig. 16. The heat of formation of UO,(s) at 0°K, AHg, was
estimated to be -258.6 kcal mole~! from the thermodynamic data given by
_Coughlin.(lé) Rauh and Thorn(55) calculated the heat of sublimation of
uranium at 0°K, AHS(U), to be 116.6 kcal mole~!, The heat of sublimation
of UO,(s) at 0°K, AHJUO,), is 160.3 kcal mole™! as estimated from the
8lope of the 2 -plot, Fig. 15, and the estimated thermodynamic data for
'UOZ(g). The dissociation energy of oxygen, Do(Oj), is given by Gaydon(zz)
as 116.9 kcal mole~!. These data enable one to calculate a dissociation
energy for UO,(g) to the gaseous atoms at 0°K, Do(UO,), which is 331.8
kcal mole~! or 14.4 e.v.
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2. Analysis of the Curved Region of log p vs, l/T

From an inspection of Fig, 13 one readily discerns that the
vapor pressure plot shows positive curvature at the higher temperatures,
As was pointed out previously, curvature may arise from ACP, exceeding
the upper limit of the effusion method, experimental error, and other
vaporization processes, The quantity ACy for all known oxide vaporization
processes is negative and usually falls within the range -5 to =15 cal mole™!
deg™!, Therefore, ACP causes curvature in the negative direction,

The employment of the effusion method over pressure regions
where deviations from molecular flow become pronounced might also give
rise to curvature, Several ratios of mean free path to orifice diameter
were calculated at given temperatures over the range of discernible curva-
ture using Eq. (20). The value of the ayerage collision diameter for the
vapor molecules was assumed tobe 5 A, The results are shown in Table XI,
The work of Mayer and Johnson clearly validates the use of the effusion
method at these values of X/d. Hence, it would seem improbable that the
curvature in log p vs. l/T could have been caused by exceeding the upper
limit of the effusion method,

Table XI

RATIO OF MEAN FREE PATH TO ORIFICE
DIAMETER AT VARIOUS TEMPERATURES

1/T

4,60 2174 100
4,30 2326 10
4,05 2469 1.0
3.70 2703 0.1

One also might argue that the curvature arises from systematic
or basic errors in the effusion measurements. The principal source . of
error associated with all the measurements probably lies in the determi-
nation of the temperature, If the curvature were due to error in measure-
ment of the temperature, this error must have been as large as 200°at about
2600°K, This seems very unlikely in view of the calibrated pyrometer used and the
precision one can obtainintemperature measurements with an optical pyrometer
even at these high temperatures, Consequently, the only plausible explanation
of the curvature is given by the postulation of one or more additional processes
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such as polymerization, fragmentation, ionization, or reaction with the
crucible, which become important at the higher temperatures. Proceed-
ing on this basis one may then analyse the data in the following manner.

The least-squares equation for the vapor pressure of UQ,,
corrected for ACP, is that obtained in the Z -plot treatment [see Eqs. (68),
(70), and (71)],

1og Py (UO;) = -33,115/T -4.026 log T + 25,686 (72)

The partial pressure of UOz(g) calculated from Eq. (72) was subtracted
from the total volatility calculated on the basis of M = 270,08 and obtained
from the empirical least-squares Eq. (57) to give the pressure correspond-
ing to the second vaporization process designated as process 2; the results
are embodied in the following least-square equation:

log p ., = 38,221/T + 14.207 (73)

The results of these calculations are shown in Fig, 17, It should be pointed
out that Eq. (73) is necessarily based on the molecular weight of the vapor-
izing species being that of UO, and must therefore be corrected when applied
to processes in which the molecular weight does not correspond to that of UQ,,

The following -eengnuent vaporization processes were postulated
to account for process 2: '

Case I, UO,(s) = UO(g) + (1; “) 0,(g) +a O(g);

Case II. U0,(s) = 1/2 U,0(g) + (3-30)/4 Oy(g) + (3/2) a O(g);
Case III, UO,(s) = 1/2 UO(g) + 1/2 UOs(g);

Case 1V, UO,(s) = 1/3'U(g) +2/3 UOs(g);

Case V.  UOQ(s) ¥ UO; (g) + e (g);

Case VI, UO,(s) UO,(g),

and UO,(s)

vo(s) +(152oste) + efe).

and Uo(s) = UO(g);

1]

Case VII. 2U0,(s) = (UO,),(g);

Case VIII. 3UO,(s) + 2W(s) = 3U(g) + 2WOs(g) .
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a, Case I: Formation of UO(_g_): The equilibrium constant for
Case I may be written as follows:

- (1-a)/2 a

where & is the fractional decomposition of oxygen molecules to oxygen atoms,
Since Kj is a constant at a given temperature, an infinite number of combi=~
nations of values for pyq, Po, s and pg exist as long as the solid composition
is not specified, However, if bne assumes the solid phase to be constantly
subliming at the composition UQ,, 4, the following relationships necessarily
hold:

Po, = (l;OL)PUO ' (755

and

PO = %Pyo . (76)

Substitution of these relationships into Eq. (74) gives

g\ ‘
) = (A52) (0% Gy (77)

The total oxygen pressure is given by

(1+a)
poxy = 2 pUO ’ (78)
whereas the total pressure is given by
(3 +a

If one assumes that Case I gives rise to the increased volatility of UQ, at
higher temperatures, then a value of pyyp at any given temperature may be
calculated from Eq. (73), since only the UO(g) would have been collected on
the condensation targets, The small difference between the molecular
weights of UO and UQ, is insignificant and will be ignored. One can then
evaluate K; once a method of calculating a is established. This can be done
by considering the following equilibrium:

0, =20 . (80)
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The equilibrium constant for this process is

Koxy = P(z)/ PO, = (‘Z(IOL{L;/OE)IZ+PO§’)XV . (81)

Substitution of Poxy from Eq. (78) into Eq. (81) yields
Koxy = (Z ocz/l -CL)on . (82)

The above quadratic equation can be solved for &, Since the quantities
under the radical are both large it is useful to expend it in series, Thus

a= 1 - (2pyo/Koxy) + BPli0/Koy,) =« - - : (83)
If process 2 is represented by Case I, then one can calcu-

late the pressure of UO in equilibrium with the mixture of metal and dioxide
at 2071°K, and compare it with the value observed in the mixture experiment,
To do this one first calculates a value of o from Eq. (83) at 2071°K. The
value for K,y at this temperature is 1.46 x 107% atm determined from the
available thermodynamic data for oxygen. The value of py is calculated
directly from Eq. (73). The value of a thus obtained is 0.91 which now en-
ables one to calculate from Eq. (77) a value of 1,00 x 107" atm for K;.
Using this value of Ky, one obtains A F°/T = 64.1 e.u. It is now possible to
calculate the equilibrium pressure of UO(g) above the mixture via the two
equations,

UO,(s) = UO(g) + 0.045 O,(g) + 0.91 O(g); AF°/T = 64.1 e.u., (84)
and

0.045 O,(g) + 0.91 O(g) + 1/2 U(£) + 1/2 UOQ,(s); AF°/T = -54.0 e.u,
(85)

The value of AF°/T in Eq. (85) was obtained from data given by Coughlin.(lb)
Summation of the above equations yields the equation for the process under
consideration. Thus one obtains

1/2 UO,(s) + 1/2 U(£) = UO(g); AF°/T = +10.1 e.u. (86)

If process 2 is represented by Case I, the equilibrium constant calculated
from the last equation should equal the equilibrium pressure of UO(g) above

the mixture of metal and oxide. The calculation gives 6,21 x 1072 atm or:

4,72 mm Hg. The maximum pressure observed above the metal-oxide mix-
ture was only 1,14 x 10”2 mm. Therefore, Case I cannot be the correct
process to account for the increased volatility of UO,(s) at high temperatures.



b. Case Il: Formation of U,O(g). The calculations necessary
to show that Case Il cannot account for the increased volatility of UOz(s) at
higher temperatures are similar to those for Case I. The reaction under
consideration at 2071 °K is

1/2 UO,(s) + 3/2 U(£) = U,0(g); AF°/T = -41.7 e.u. (87)

From the above value of AF°/T one calculates a value of py =2 x 10"%atm
3 . . . 2 '
which clearly eliminates Case Il as a reasonable explanation,

c. Case III: Formation of UO(g) and UOs(g). For the equi-
librium constant for Case III one writes

Kip = pg - pij/gs : (88)

If one specifies congruent sublimation of the solid phase then pyg = PUO;
necessarily follows. Since all the effusate would have been condensed on
the targets, the total measured pressure P for process 2 is given by

P = 2Pyo = 2PUO, - (89)

Hence, the equilibrium constant K;jj becomes p/Z, and AF°/T evaluated at
2071°K is equal to 34.0 e.u. To test the compatibility of Case III with the
observed volatility of the metal-oxide mixture at 2071°K, the following
four equations are necessary:

2UO,(s) = UO(g) + UOs(g); AF°/T = +68.0 e.u, (90)
3/2 O,(g) + 3/2 U(£) = 3/2 UO,(s); AF°/T = -126.4 e.u. (91)
UOs(g) = UOs(s); AF/T = -17.5 e.u. (92)
UOs(s) = U(£) + 3/2 O,(g); AF°/T = +80.2 e.u. (93)

The necessary thermodynamic data for the evaluation of AF°/T for Eqs. (91)
and (93) were extrapolated from data given by Coughlin.(lé) AF°/T for

Eq. (92) was evaluated from the estimated vapor pressure data of UO;
given by Brewer, 7) Summation of the above four equations gives:

1/2 UO,(s) + 1/2 U(£) = UO(g); AF°/T = 14.3 e.u. (94)

The calculated pressure of UO(g) in equilibrium with the metal-oxide mix-
ture is 7.5 x 10™ atm or 5.7 x 10”! mm Hg, compared to the experimental
value of 1.14 x 10™% mm Hg. In view of the extrapolations involved in ob~-
taining AF°/T values for Eqs. (91) and (93), and of the uncertainty involved
in the value of AF°/T for Eq. (92), one cannot rigorously exclude Case III.
However, it would seem quite probable that Case III does not account for the
increased volatility of UO,(s) at higher temperatures, based on the available
thermodynamic data,



86

d. Case IV: Formation of U(g) and UOg(g). Case IV cannot
be directly related to the experimentally measured volatility of the uranium-
uranium dioxide mixture, but its volatility can be calculated at 2071°K and
compared with the experimentally observed volatility for process 2 (Fig. 17)
at this temperature. To accomplish this calculation one writes the four
equations:

UO,(s) = U(4) + O,(g); AF°/T = +84.3 e.u. (95)
1/3U(%) = 1/3U(g); AF°/T = +8.5 e.u. (96)
3/2 UOs(s) = 2/3 UOs(g); AF°/T = + 5.0 e.u. (97)
Oy(g) + 2/3 U(£) = 2/3 UO4s(s); AF°/T = =53.5e.u. (98)

Summation of these equations gives the desired process. Thus one writes
UO,(s) = 1/3 U(g) + 2/3 UOs(g); AF°/T = + 44,3 e.u. (99)
The equilibrium constant for this process at 2071°K is

Kpy = 2.1 x 10710 = p{J/“ © YR, . (100)
If one assumes the composition of the solid to remain fixed, then

Py = 1/2 PyO; = p/3 » where p would be the measured pressure if

Case IV occurred The value of P wh1ch one calculates from Kjy at

2071°K is 4,0 x 107'% atm or 3.0 x 10”7 mm Hg., The pressure for proc-
ess 2 that one calculates at 2071°K from Eq. (73) is 5,9 x 10~° mm Hg.
Hence, Case IV gives rise to a calculated pressure that is about 100 times
less than the actual pressure for process (2) and one concludes that

Case IV does not explain the positive curvature in log p vs. l/T (Figs. 13
and 17), Again, one should exercise caution in view of the extrapolations
of thermodynamic data and the estimation of the UO3; vapor pressure data
involved in the calculations. Therefore, one is justified only in saying that
Case IV appears improbable as based on the available thermodynamic data.

e. Case V: Formation of UO, (g) The possibility of an appre-
ciable number of UO; (g) ions which give rise to the curved region in Fig, 13
was examined experimentally. Three condensation targets were exposed to
the effusate from tungsten effusion cell No. 1 (Fig. 6) in the fused silica
apparatus (Fig. 5) at 2473°K which is definitely in the region of curvature,.
The three targets were exposed in succession with voltages of +22, 0, and
=22, with reference to the crucible, impressed on them. All three targets
showed the same weight gain within experimental error as determined by
alpha counting, Since any UOj(g) ions formed would leave the effusion cell
with an average energy of about 1/5 of an electron volt, it was assumed that
+ 22 volts should repel them from the target and, hence, they would not be
collected, Therefore, in view of these experimental results Case V can be
eliminated as possible explanation for the curved region in Fig. 13,
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f. Case VI: Formation of UO(s). If UO, were to vaporize
according to the reactions listed as Case VI, one might expect to find evi-
dence of UO(s) in the residue after heating UOQ,(s) to a high temperature.
This would certainly be the case if UO(s) were thermodynamically stable
at room temperature and its vapor pressure were comparable to that of
UO,(s). However, if UO(s) were thermodynamically stable only at very
high temperatures, then one might not observe it at room temperature
with conventional X~-ray diffraction techniques. Previous work in the
uranium-oxygen system, as shown by Fig. 1, seems to indicate that UO(s)
is found, if at all, only at temperatures greater than 1200°C, Hoch and
Johnston(28) found that ThO(s) was formed when a mixture of thorium metal
and thorium dioxide, ThO,, was heated at 1850°C, Their findings are based
on the appearance of a new cubic phase evidenced by high-temperature X-ray
diffraction patterns. The X-ray patterns also show that the ThO(s) phase
completely disappeared, and the Th and ThO, phases reappeared, at lower
temperatures. Since the high temperature behavior of ThO,(s) may be very
similar in many respects to that of UO,(s) it would seem reasonable to in-
troduce Case VI as a possible explanation of the high temperature behavior
of UO,(s).

Let us assume that UO,(s) undergoes partial decomposition
to UO(s) at very high temperatures to form, at a fixed temperature, an in-
variant system composed of two condensed phases and a vapor phase, If
effusion measurements are then carried out on the system, both UO,_(g)
and UO(g) will contribute to the equilibrium vapor above the two solid
phases and both will be condensed out on condensation targets, Hence, the
total volatility minus the UO,(s) vapor pressure will yield the vapor pres-
sure of UO(s) which will then correspond to process 2, Fig. 17. The
slight difference between the molecular weights of UO and UQ, can be
shown to be insignificant for the purpose of this calculation. The constant
volatility obtained in the I-2 series (Table VI) indicates that the rate of
formation of the UO(s) must be slightly larger than its rate of effusion
out of the orifice., Series H-2 indicates that the UO,(s) is never completely
converted to UO(s) because the oven charge in this series of measurements
was held at a temperature of about 2800°K for about 5 minutes before ex-
posures of condensation targets at somewhat lower temperatures were
carried out, If all the UOz(s) had been converted to UO(s) the H-2 series
points would have fallen on the curve designated as process 2, Fig, 17, a
result which was not observed. Hence, if Case VI is a reasonable expla-
nation, both UQ,(s) and UO(s) were present in the effusion oven throughout
all of the series H-2 and I-2 exposures. Making the assumption that
process 2, Fig. 17, represents the vaporization of UO(s), one can calcu~-
late the pressure of UO(g) that would exist in equilibrium with a mixture
of uranium metal and uranium dioxide at 2071°K, To do this one writes
the equations:

UO(s) = UO(g); AF°/T = + 32.6 e.u. (101)
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U(£) +1/2 O,(g) = UO(s); AF°/T = - 41.3e.u, (102)

1/2 UO,(s) = 1/2 O,(g) + 1/2 U(L); AF°/T = + 42.1 e,u. (103)
Summation of these three equations gives

1/2 UO,(s) + 1/2 U(4) = UO(g); AF°/T = + 33.4 e.u. (104)

The standard heat and entropy of formation of UO(s) were estimated by
Brewer(7) and these values were used to make the calculation of AF°/T

for Eq. (102), From the value of AF°/T = 33.4 e.u. for Eq. (104), one

can calculate the pressure of UO(g) in equilibrium with the metal-oxide
mixture to be 5.0 x 107® atm or 3.8 x 107° mm Hg; experimentally one ob-
served a pressure of 1,14 x 10> mm Hg. Again one must proceed with
caution in drawing conclusions in view of the possible error in AF°/T for
Eq. (102). However, an error as large as 7 or 8 e.u. in AF°/T for Eq. (104)
would still give results in harmony with the experimental pressure of the
mixture,

If the process 2 curve in Fig, 17 represents the vaporization
of UO(s), then the average heat of sublimation over the temperature range
2200° to 2700°K calculated from the slope of Eq. (73) is 174.9 kcal mole™,
and the average change in entropy associated with this process, as obtained
from the intercept of Eq. (73), is 51.9 e.u, mole™?, Such a value for the
change in entropy associated with the simple vaporization process,
UO(s)—>UO(g), seems unreasonably large., In general, the change in en-
tropy accompanying a simple vaporization process ranges from about 30
to 40 e.u, for refractory substances. The change in entropy associated
with the simple vaporization of UO,, UO,(s)—>UO,(g), was found to be about
36 e,u. Hence, from the entropy considerations above, one must view
Case VI as a very unlikely interpretation of the curvature in log p vs. l/T
(Fig. 13).

Additional support to this last statement is obtained from
the calculation of the equilibrium oxygen atom pressure associated with
the following reaction at 2500°K:

UO,(s) = UO(s) + O(g) . (105)
In order to make this calculation one writes the equations:

UO,(s) = U(L) + O,(g); AF°/T = 62.9 e.u, (106)

U(£)+1/2 0,(g) = UO(s); AF°/T = - 30.6 e,u. (107)

1/2 O,(g) = O(g); AF°/T = 8.3 e.u. (108)



Summation of these equations yields the desired equation, namely, Eq. (1 05)
with a value of AF°/T = + 40,6 e,u, The equilibrium pressure of oxygen
atoms is found to be 1,02 x 107% atm or 7.8 x 10”7 mm Hg. The sources of
the necessary thermodynamic data for the above calculation have been pre-
viously cited. Clearly if the equilibrium pressure of oxygen atoms is only
about 1 x 107 mm Hg and if UO(s) vaporizes at a pressure of the order of
0.1 mm, as indicated in Fig. 17, then UO(s) would be leaving the effusion
cell by a factor of 10° more rapidly than it is being formed from the decom-
position of UOz(s). Therefore, in view of the above arguments, Case VI is
not a reasonable interpretation of process 2.

g. _Case VII. Formation of the Dimer, U,04(g). If UO,(s) were
to vaporize at very high temperatures according to the expression listed as
Case VII, then one can neither prove or disprove the existence of the dimer,
U,04(g), on the basis of the data submitted in this thesis alone. The criterion
used to reject Cases I, II, and III, namely the observed volatility of the metal-
dioxide mixture (series D-2), is thermodynamically unrelated to the existence
of U204(g). In fact, there are no available thermodynamic data that can be
employed either to confirm or refute the existence of the dimer.

Nevertheless, arguments can be presented which would
indicate that, if U,O,(g) existed in the equilibrium vapor above UO,(s), it
would be of importance only at very high temperatures and would be of little
or no importance at lower temperatures. Brewer(5) has reasoned that for
high boiling substances the dimer will be important only at high tempera-
tures whereas the monomer will be the principal vapor species at low
temperatures. For low boiling substances this situation is exactly reversed.
Stevens(65) finds UO;"(g) to be the predominant ionic species in his mass
spectrometer when UQ,(s) is vaporized from a tantalum filament at tem-
peratures up to about 2200°K. Regions of higher temperature have not been
investigated by this means.

Hence, in view of these arguments and the lack of any other
reasonable process to account for the high temperature vaporization be-
havior of UO,(s), let us treat process 2, Fig. 17, as resulting from the
vaporization of UO,(s) to form U,O4(g).

In order to carry out this treatment one must consider in
some detail the relationships between pressure, amount, and rate of effusion of
the monomer and dimer in the equilibrium vapor leaving the effusion cell, In
the effusion experiments one actually measured the total number of moles
of uranium u collected on the target. The assumption was then made that
the vaporizing species was UO,_(g) and all pressures p, were then calculated
based on Eq, (8) Hence, the defining equation for p, is

u = pe 2TMRT)V2 | (109)

89
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Where M, is the molecular weight of UO,., Actually both monomer and
dimer are assumed to be present in the vapor. If u = the total number of
gram atoms of uranium effusing per cm?per sec; u; = the number of gram
atoms of uranium in UO,(g) effusing per cm? per sec, and u, = the number
of gram atoms of uranium in U,0,(g) effusing per cm? per sec, then

u=u +u;. The numbers of moles of UO,(g) and U,0,(g) effusing per cm?
per sec are u; and 1/2 u,, respectively. In view of Eq. (8) one can write
that

w = py @TMRT)™V2 | (110)
and

1/2 up = p, @TMRT) ™2 = p,(2)"/22mMRT)V2 (111)

where M,;, p; and M,, p, are the molecular weights and pressures of the
monomer and dimer, respectively,

From Eqgs. (109), (110), and (111) and the uranium balance
one can derive a relationship among pe, p;, and p;, viz.,

Pe =P = (2)1/2 P2 - (112)

It will be remembered that Eq. (73) was obtained by sub-
tracting p; from Pe to obtain p, at various temperatures. Therefore, this
equation can be easily modified to yield the correct pressure of the dimer
by the appropriate correction involving 2172, Obviously, only the constant
term will be affected and it will be less by an amount 1/2 log 2. Eq. (73)
thus corrected becomes

10g Prypy = - 38,221/T + 14.056 (113)

Eq. (113) applies over the temperature range 2200° to 2700°K. The heat
AH® and entropy ASQ of sublimation of UO,(s) to U,04(g) as calculated
from the slope and intercept of Eq. (116) are 174,9 kcal mole™ and

51.1 e.u., respectively.

If the curvature in Fig. 17 is caused by UZO4(g), the heat
of dissociation of the dimer A-H%, is readily calculable from the summation
of the following equations and their respective heats. At 2450°K one has

2 Uoz(s)—»zﬁoz(g); 2 AHP = 263.8 kcal mole™ (114)

U,O04(g)—= 2UQ,(s); - AH = - 174.9 kcal mole™ . (115)
Thus one obtains

U,04(g)—> 2U0,(g); AHS = 88.9 kcal mole™ . (116)

D
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The change in entropy associated with the dissociation of the dimer to yield
2U0O,(g) is found similarily and is 16.6 e, u. at 2450°K.

The respective amounts of monomer and dimer in the equi-
librium vapor is related to the pressures p;, and p, by the equation

= 20/(1-a) (117)

where a is the fractional dissociation of U,O,(g) to 2UO,(g). The quantity
a, explicitly solved in terms of p, and p,, is

a = p/@pz + 1) . (118)
At 2200°K, a = 0.44, while at 2700°K, o = 0.11,

h, Case VIII, Reaction with the Effusion Cell, One must bear
in mind the possibility of a reaction between the charge and the material of
construction of the effusion cell, The formation of U(g) or UO(g), along with
WOs(g) or other gaseous tungsten oxides, might account for increased vola-
tility at high temperatures.

The large entropy change of about 52 e.u, accompanying
process 2 is somewhat difficult to account for on the basis of a simple
vaporization process, i.e., MO (s)—>MO (g) Reaction with the crucible
material to form two volatile species would be expected to have a large
entropy change associated with it,

Two lines of evidence indicate that appreciable reaction
with the effusion cell did not occur. First, the vaporization results with
tantalum effusion cells were very nearly the same as with tungsten effusion
cells. Second, the amount.of tungsten leaving the effusion cell would have
been comparable with the amount of uranium, During several target ex-
posures, the total quantities of both tungsten and uranium oxides would have
been present in large amounts on the condenser wall. There was no visual
evidence indicating a large quantity of tungsten oxide deposition which would
have been dark blue in color, Furthermore, spectroscopic analysis showed
no tungsten on the condensation targets and only insignificant quantities on
the walls of the vapor pressure apparatus. Tungsten was present in the
residue.in an amount less than 0.2%. Hence, it appears that reaction with
the effusion cell cannot account for the curvature in the plot of log p vs, l/T,
as shown in Fig, 13,

In summarizing the above treatments, one can say that the
high temperature vaporization behavior of UO,(s) is explainable on the basis
of Case VII, the formation of U,O4(g). One can further state that Case VII
represents the most reasonable process of the eight cases that were postu-
lated to explain this very interesting high temperature phenomenon, Cases]III
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and IV cannot be rigorously excluded in view of the uncertainties in the
thermodynamic quantities for UO;. Experiments of a more direct nature
would, therefore, be desirable in order to identify the molecular species
giving rise to the curvature in log p vs. l/T in Fig. 13, Such valuable

data might be obtained from momentum detection experiments similar to
those of Weber and Plantenberg,(70) or from velocity selection experiments
similar to those carried out by Ko.. 39) The mass spectrometer might also
serve as a useful tool in identifying the vapor species in equilibrium with
UO,(s) at high temperatures.

B. Vaporization Phenomena of Metal-Metal Dioxide Mixtures -

Figure 18 is an attempt to classify the general volatility-time
behavior of metal-metal dioxide mixtures according to the types of proc-
esses that might occur when the mixture is heated in an effusion cell at a
given temperature in vacuo. The oxide MO, is assumed to yield MOz(g)
upon vaporization,

The type of behavior indicated by curve 1l is that of no appreciable
reaction between equimolar amounts of metal M and the d10x1de MO,. Both
are then free to vaporize at their respective vapor pressures pM and pMO
Usually pM is larger than PMO for almost all oxides, Thus,

M(s or £) = M(g)
and . (119)
MO;,(s) = MO;,(g)

A marked decrease in volatility results when the evaporating surface of
the metal is no longer large enough to maintain the saturation vapor pres-
sure of the metal inside the effusion cell,

Curve 2 shows the behavior of an equimolar mixture containing an
easily oxidizable metal, The vapor pressure of the metal is suppressed
by the presence of a closely adhering oxide skin which forms on its surface
as a result of residual oxygen in the vacuum system, Again, no reaction
occurs and the principal gaseous species in equilibrium with the condensed
phases are M(g) and MO,(g), i.e.,

M(oxide-coated) = M(g) ]
and, Lo (120)
MO, (s) = MO,(g) f

Appreciable reaction between equimolar amounts of M and MO, to
form a stable gaseous oxide MO is shown by curve 3. If appreciable MO(g)
is formed, the initial observed volatility must necessarily be greater than
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the sum of the vapor pressures of M and MO,, and reaction occurs accord-
ing to the equation:

M (s or £ ) + MO,(s) = 2MO(g) . (121)

Curve 4 represents the complete reaction between equimolar amounts
of M and MO, to form the relatively nonvolatile solid oxide MO, The ob-
served volatility of the mixture represents the vapor pressure of MO(s)
which may be either more or less volatile than MO,(s). Two curves num-
bered 4 are shown, Hence, reaction occurs according to the equation:

M (s or £) + MO,(s) = 2MO(s) . (122)

Two other processes of significance are indicated by curves 5 and6.
Curve 5 represents the volatility-time behavior of a mixture containing
only a small amount of pure metal and a large amount of oxide which under-
goes no reaction, The amount of metal present in the mixture is insufficient
to maintain the saturation vapor pressure of the metal, Hence, the initial
volatility decreases rapidly with time. Curve 6 indicates the similar be-
havior of a mixture containing a small amount of oxide-coated metal and a
large amount of oxide.

Specific cases could occur which would involve one or more com=
binations of the various types of behavior cited here. Such cases would be
necessarily complicated and volatility-time measurements might have to
be supplemented by other data in order to determine the exact nature of the
processes occurring., Solid and gaseous oxides of different stoichiometry
than MO (such as M,0 and M,0;) might be formed, but the volatility-time
behavior in such cases would be similar to that shown by curves 3 and 4,

1. Interpretation of the Uranium=-Uranium Dioxide Mixture
Volatilities ’

The principal vapor species above the series D-2 metal-
dioxide mixture were U(g) and UO,(g) as is evident from the weight loss
data given in Tables IIl and IV, Hence, it appears that no chemical re-
action occurred between the metal and dioxide, The uranium vapor pres-
sure is suppressed by the presence of an oxide skin, a result similar
to the findings of Rauh and Thorn.(55) The volatility-time behavior shown
by series D-2 (Fig. 12) is indicated by curve 2 in Fig, 18,

The anomalous behavior of the series D~1 measurements
(Fig. 12) is no doubt associated with the constantly changing background
pressure which controlled the rate of formation of the oxide skin, At the
beginning of the series, when the background oxygen pressure was
9x 1078 mm Hg, the rate of formation of the oxide skin was large com-
pared to its net rate of evaporation and the rate of evaporation of uranium
was thereby initially suppressed. At the minimum in the ¢/m vs. time
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curve, where the background pressure was 2 x 10~ mm Hg, the rate of
formation of the oxide skin just equaled its net rate of evaporation. A
further decrease in the background pressure caused the increased vola-
tility with increased time,

It should be pointed out that the interpretation by Rauh and
Thorn of the mechanism suppressing the vapor pressure of uranium is
probably not quite correct in that the oxide skin which formed on the sur-
face of the liquid was assumed to be impervious, This being the case, the
volatility of the oxide-coated liquid should reach a minimum when the entire
surface of the liquid becomes covered with a monolayer of the oxide, This
minimum should then correspond to the vapor pressure of the oxide
which they designated UOyx. On the basis of this investigation, the oxide
UOy is, in all probability, UO,, This minimum volatility is almost a fac-
tor of ten larger than the vapor pressure of UO, at the temperatures of
their measurements, Hence, it seems quite probable that the presence of
the oxide monolayer did not completely suppress the vaporization of the
metal, and that the volatility of this oxide-covered liquid really is due to
the sum of the oxide vapor pressure and the pressure resulting from dif-
fusion of U(g) through the oxide skin, To test the validity of this hypothesis,
one would have to carry out the measurements on the uranium vapor pres-
sure at higher oxygen pressures, and, therefore, at greater thicknesses of
the oxide skin. Such measurements might enable one to calculate quanti-
tatively the rate of diffusion of U(g) through various thicknesses of the oxide
skin according to classical diffusion theory. For thicknesses of the order
of monolayers, the measurements would have the further interesting aspects
in that quantum theory should be applicable and one might then be able to
obtain an insight into the nature of diffusion on the basis of atomic concepts,

C. Discussion and Summary of Errors

Equation (19) gives the vapor pressure p explicitly in terms of con-
stants and experimentally determined quantities, The uncertainty in p cal-
culated from this equation may result from four kinds of errors, (l) An
inherent error is one originating from an inaccurate knowledge of some
constant not measured in the experiment, (2) A systematic error is one
that arises from an uncertainty in a measured quantity, which uncertainty
affects all calculated values of p in a2 nonrandom manner, (3) A statistical
error is one arising from purely statistical fluctuations in equally reliable
measurements. (4) A basic error is one originating from failure of the
experimental method employed to fulfill a condition demanded by theory.
The basic errors involved in the effusion method are discussed in Sec-
tion IV-1, In order to discuss the remaining kinds of error involved in the
calculation of a vapor pressure, Eq. (19) is rewritten so as to show the
kind of error associated with each group of terms, viz,,
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»\1/2 /
b = j(ZIiT/IR) . dzr+s1‘;2 jl . [ (CZmz T! "] . (126)

. Y 4 )
inherent errors systematic errors statistical errors

where all quantities have been previously defined except j, which is the con-
version factor from counts per minute to grams of UQ,. The particular
group of terms in the respective error brackets is purely arbitrary and

the author recognizes, for example, that errors of both a systematic and
inherent nature are to be found in the temperature. All errors that are
discussed are probable errors unless otherwise specified, The probable
error of a function Z = f (z;, z,, - - - ) is defined by the expression,

Ry = [(32/ 3z r% + (3Z/8 2P #% +--- M2 (127)
where r,, r,, etc. are the probable errors in z;, z,, etc.

1. Inherent Errors in the Vapor Pressure

The uncertainty in the gas constant R is considered to be negli-
gible in this discussion, The molecular weight M of the vaporizing species
in all calculations of p was assumed to be that of UOQ,, and no significant un-
certainty in M resulted below 2000°K. Above 2000°K, proper cognizance of
the variation in the molecular weight of the effusing vapor was taken, The
constant j originates from the conversion of counts per minute to grams of
UO, for a collected sublimate and directly involves the half-lives of radio-
active species., For the U?* exposures, the probable error in the half-life
is £ 0,6%, and the percentage isotopic composition is known within a probable
error of 0.02%, which is negligible, Similar magnitudes of errors are in-
volved in consideration of other isotopes. The total inherent probable error
is then approximately + 0.6% at temperatures below 2000°K,

2. Systematic Errors in the Vapor Pressure

The geometry factor was corrected for the changes occurring
in d, r, and S, due to their respective expansions and contractions at the
various temperatures of measurement. (Refer to Section V.) The error
introduced in this correction is due to the uncertainties in the respective
linear coefficients of thermal expansion and can be shown to be negligible,
The errors incurred in the room temperature measurements of d, r, and S,
are quoted in Section V and are also considered negligible in this discussion,

3. Statistical Errors in the Vapor Pressure

The uncertainty associated with c/m arises from three sources:
(a) the statistical fluctuation in the total number of observed counts, (b) the
uncertainty in the counting time, and (c) the error resulting from resolution
losses and drift of the counter. Sources (b) and (c) are insignificant and the
largest probable error associated with (a) for all targets is +1,3%.
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In computing the probable error in t, the exposure time of a
target, a probable error of + 0,01 minute in starting, and £ 0,01 minute in
terminating the exposure was assumed, The probable error in any one
value of t was taken as the square root of the sum of the squares of these
errors, viz,, + 0,014 minute. For the shortest exposure of 2,00 minutes,
the error involved is 0,7%. Since all other times of exposure were con-
siderably longer, the probable error in t can be considered negligible.

In determining the statistical uncertainty involved in the meas-
urement of the temperature T, one must consider the following four experi-
mental steps involved in every assignment of a value to T: (1) the calibration
of the optical pyrometer based on the freezing point of copper by means of
rotating sectors, (2) the determination by means of the pyrometer of the
transmissivity of the window and prism combination used in viewing the
effusion cell, (3) the determination of the apparent temperature of the black-
body hole, and (4) the comparison of black-body hole with cavity temperature.
To get some idea of the magnitudes of the uncertainties involved in these ob-
servations let us consider the measurement of one particular temperature
(target No. 23, series C=2). This particular exposure was chosen since it
represents about the best precision obtained. The average pyrometer read-
ing in this particular case was 1710°C, which was determined from seven
independent measurements. The probable error in the average tempera-
ture was calculated to be £0,7°, The transmissivity of the interposed
window and prism combination yielded the result that

1/T, -1/T = (0.116 £ 0,002) x 10™* deg™ . (128)

Calculation of the probable error in T using the previously calculated prob=-
able error in T, and the above expression yields a value of £1,5° The
black=-body hole temperature and the cavity temperature agreed within an
estimated probable error of +1.0°, The calculation of the probable error
associated with the calibration of the pyrometer at this temperature pro-
ceeds as: follows, The probable error in the effective wavelength A, is
estimated to be £ 0.1 mu. The measurements of the sector transmissivities
were quite precise and the probable error associated with their respective
transmissivities is considered to be zero, In view of these errors and the
probable error involved inthe two sector measurements necessary to extrapolate
the calibration curve from the copper point to the desired temperature (as-
suming a probable error of +0.7% at the copper point) one calculates a prob-
able error associated with the calibration procedure of about + 2,4°, The
total per cent probable error associated with the measurement of temperature
is the square root of the sum of the squares of the errors for all involved
processes, namely, £ 0,17%,

Consider now the probable error in the calculated values of p
arising from the measurements indicated in the third bracket of Eq. (123)
alone, Since the percent probable error in the temperature is much smaller
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than that for the counting, it can be shown that the percent probable error
in the result is essentially that of the counting, which is about one per cent.
This value is to be compared with statistical error obtained by making a
number of successive exposures at a constant temperature, such as the
I-2 series, Table VI, After the individual values given in Table VI were
normalized to a temperature of 2469°K, the average value obtained was -
(7.84 £ 0.043) x 10”2 mm Hg. The probable error of a single observation
was 1.4 per cent. The agreement is good,

It should be remembered that the errors above specifically
exclude basic, systematic, and inherent errors. The scatter of the vapor
pressure points shown in Fig, 13 is not caused entirely by the statistical
error previously calculated since errors as large as 25% in the vapor
pressure occur for those points showing greatest deviation from the least-
squares curve, Consequently these large errors must be classed as in-
determinate.
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VII. SUMMARY AND CONCLUSIONS

A high temperature, high vacuum investigation of the vaporization
processes of uranium dioxide has been carried out over the temperature
range 1600° to 2800°K by means of the effusion method. Prior to this in-
vestigation effusion measurements extending over such a large range of
high temperature and pressure were unknown. The use of various radio-
active isotopes of uranium made it possible to carry out these measure-
ments.

It has been demonstrated that UO, vaporizes congruently over the
entire range of investigation by the observation that the vapor pressure is
unique at constant temperature, as evidenced by series I-2, and that the
composition of the residues after appreciable vaporization was always
found to be UO, (o by X-ray lattice' parameter measurement and direct
oxygen analysis.

A plot of log p vs. 1/T for all the data is linear from 1600° to about
2200°K, but shows a definite positive curvature above this latter tempera-
ture. An empirical equation which has been fitted to all the data by the
method of least-squares is

3.7337 x 10% . 3.6700 x 10% . 2.4638 x 107
T T? T3

log Pmm = 13.340 - .(57)

This equation was obtained in order to permit a quick calculation of the
rate of evaporation. In order to simplify its use for that purpose, a molec-
ular weight corresponding to UO, was employed, even though UO, may be
the less important vapor species at higher temperatures. Therefore, the
use of this equation, together with this molecular weight, will yield the
observed rate of vaporization.

Over the temperature range 1600° to 2000°K, UO,(s) vaporizes pre-
dominantly to UO,(g). The vapor pressure over this range of temperature
is represented by the least-squares equation -

33,115
log Pmm = R

- 4.0261log T + 25.686 . (72)
The average heat and entropy of sublimation for UO,(s) to UO,(g) over this
temperature range are 137.1 I 1.6 kcal mole~! and 36.4 e.u., respectively.
The value for AHQ, the heat of sublimation of UO,(s) to UO,(g) at absolute
zero, is 160.3 t 5.0 kcal mole-!. From the calculated and available thermo-
dynamic data a dissociation energy for UO,(g) to its gaseous atoms is found
to be 14.4 ev at 0°K.

The positive curvature in log p vs. 1/T above 2200°K probably does
not result from exceeding the upper limit of the effusion method. This con-
clusion was reached after a study of infrequently cited molecular beam
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investigations. The positive curvature was then reasoned to result from
the presence of another vaporization process. Eight vaporization proc-
esses were proposed to explain the positive curvature in log p vs. 1/T.
The processes involving the formation of UO(g), U,0(g), Uo;f (g), and
UO(s) were shown to be impossible by calculations and additional experi-
ments. The processes involving the formation of UO(g) and UOs(g), and
U(g) and UO;(g) were regarded as unlikely in view of the available thermo-
dynamic data. Even though extrapolation and estimation of thermodynamic
data could have introduced considerable uncertainty in the calculated re-
sults, this uncertainty was probably not sufficiently large to alter the
conclusions reached unless the thermodynamic quantities for UO; are in
serious error. Experimental evidence eliminated reaction of UO, with
the effusion cell as the cause of the increased volatility at the higher
temperatures.

To account for the positive curvature in log p vs. 1/T at high
temperatures the existence of the dimer, U,O4(g), was postulated. The
least-squares equation obtained for the vapor pressure of UO,(s) vaporiz-
ing to U204(g) is

_38,221

108 Py = S +14.358 . (113)

The heat of dissociation of the dimer to 2UO,(g) was found to be 88.9 kcal
mole~! at 2450 °K.

From the observation that melting of the over charge had occurred
at 2426°C or below, but not at 2388°C, one concludes that the melting
point lies between these limits; the value chosen is 2405°C.

Specially designed experiments demonstrated that the location of
the evaporating surface inside the effusion cell markedly affects the rate
of effusion in the forward direction, if this area is comparable with the
orifice area.

The absorption spectrum of thin films of UO;(s) has been meas-
ured from 4000 to 8000 A.

The vaporization behavior of the reliably established uranium
oxides at about 900°K is summarized in the total pressure vs. composition
phase diagram shown in Fig. 19. The dioxide, UO,, is the only known
uranium oxide which vaporizes congruently.
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VIII. SUGGESTIONS FOR FUTURE RESEARCH

There remain several unsolved problems concerning both the
uranium-oxygen system and other aspects encountered in this research.
Further investigations are necessary to prove or disprove the existence
of the dimer in the equilibrium vapor above UO,(s) at temperatures
greater than 2200°K. Such investigations might include the direct ex-
amination of the average molecular weight of the vapor by means of a
momentum detector or a velocity selector. Additional information as
to the nature of the vapor species might be obtained from mass spec-
trometric studies. N

Volatility-time curves should be obtained for mixtures of uranium
metal and dioxide heated at temperatures in the region of 2200° to 2500°K
in an attempt to find UO(s). Additional information about the formation
and stability range of UO(s) could be obtained from a high temperature
X-ray diffraction study of these mixtures. Since ThO(s) is stable at high
temperatures only, this author suspects a similar behavior for UO(s).

The absorption spectrum of uniform thin films of UO,(s) prepared
by condensation of vapor on cooled targets should be studied as a function
of film thickness and as a function of the target temperature. This in-
vestigation could be extended to include the effect of dissolved oxygen, i.e.,

‘the formation of the UO,;x phase, upon the absorption spectrum.

A method should be devised whereby the partial pressure of oxygen
in equilibrium with a known composition of the UO,4x phase can be meas-
ured at various temperatures. A knowledge of both the equilibrium oxygen
pressure and the solid composition would enable one to calculate the ac-
tivity of oxygen in the UO,;+4 phase. It may also be possible to establish
more reliably the pressure vs. composition phase diagram of the uranium-
oxygen system by such a method, at least at low temperatures where nu-
merous solid phase transformations are known to occur as shown in Fig. 1.

The vaporization of ¥3;0g and lower oxides between U;Og and UO,
requires additional study since it appears that vaporization of U3;Og and
lower oxides is somewhat complicated by a small but significant loss of
uranium which may be carried as UO3(g). Reliable measurements of the
vapor pressure of UO; would be useful in interpreting this loss of uranium
in terms of UO;3(g), and also in re-evaluating the high temperature vapori-
zation behavior of UO,(s).

Further fundamental investigations dealing with the effusion method
are necessary. The upper limit of the method has not been unequivocally
established. One might employ an effusion cell containing a thin-edged
orifice and measure the spatial distribution of effusing Cs atoms as a
function of source pressure by means of a surface ionization detector.
Similarly, the spatial distribution of effusate from a channeled orifice
could be measured.
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Measurements of the effect of location and size of the evaporating
area should be carried out at temperatures where the mean free path is
quite small. This would mean almost all molecules leaving the effusion
cell would originate from the gas phase and the beam intensity in the for-
ward direction should be independent of the location of the evaporating
area. Similar measurements should also be performed at very large
mean free paths. The cavity of the effusion cell should be spherically
shaped to enable one to perform conveniently the integrations involved
in the calculation of the arrival rate or beam intensity at a given point in
the 2m solid angle above the plane of the orifice. A comparison of the
spatial distributions outside the orifice obtained with both annular and
central evaporating areas, comparable in magnitude to the orifice area,
should be quite revealing.
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IX. ADDENDUM

THE ABSORPTION SPECTRUM AND COLOR
OF URANIUM DIOXIDE SUBLIMATES

The room temperature absorption spectrum of solid uranium diox-
ide was measured in the region 4000 to 8000 A. A uniform thin film
(0.2 mg/cm?) of uranium dioxide, as evidenced by X-ray diffraction lines,
was deposited on a 1-mm quartz condensation target by exposing the target
to the molecular beam originating from an inductively heated effusion cell.
The exposure was carried out in the fused silica vapor pressure apparatus
(Fig. 5) fitted with a water-cooled, fused silica cold-finger attachment that
accommodated a single condensation target. The temperature of the target
during the exposure was estimated to be about 800°C. A recording Cary
spectrophotometer was used for measuring the absorption spectrum.
Figure 20 shows the absorptmn spectrum thus obtained. Maxima occur
at 7500 & and 5200 A ; a partially hidden maximum occurs at 4500 A.
The fundamental absorption band begins at about 4300 A and extends be-
yond 3500 A where a maximum optical density of 2.4 was recorded. The
optical density was still increasing at th1s wavelength. Gruen(26) had
prev1ously found a maximum at 6500 A and had mistakenly identified a
5200 A maximum with the begmmng of the continuous absorption band
which actually begins at about 4300 A as shown by this investigation.
Effusate collected at a temperature <400°C was shown to be U30g by
direct oxygen analysis and the measured absorption remamed constant
from 8000 to about 4000 A. For wavelengths less than 4000 A, a slightly
increased absorption was noted.

Thin uniform films of UO;(s) condensed on liquid nitrogen-cooled
platinum targets show very interesting variations in color, depending upon
their thickness. These colors vary in the following order of increasing
thickness: light tan, purple, blue, yellow, green, and red violet. It is
possible to estimate with good accuracy the weight of material on a given
platinum target from its color.
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X. APPENDICES



RELATION AMONG ATOMIC PERCENT O, WEIGHT PERCENT 0, AND ATOMIC RATIO IN THE URANIUM-OXYGEN SYSTEM

Atomic Weight Atomic Weight Atomic Weight Atomic Weight Atomic Weight Atomic Weight

o/u Percent | Percent o/u Percent | Percent o’y Percent | Percent|| 0O/U Percent | Percent o/u Percent | Percent o/u Percent | Percent
Oxygen Oxygen Oxygen Oxygen Oxygen Oxygen Oxygen Oxygen Oxygen Oxygen Oxygen Oxygen

0. 00 0.000 0.000 0.50 33.33 3.252 1.00 50. 00 6.299 1.50 60.00 9.161 2.00 66.67 11.8S 2.50 71.43 14.39
0.02 1.961 0.134 0.52 34.21 3.378 1.02 50.49 6.417 1.52 60.32 9.271 2.02 66.89 11.96 2.52 71.59 14.49
0.04 3.846 0.268 0.54 35.06 3.503 1.04 50.98 6.535 1.54 60.63 9.382 2.04 67.11 12.06 2.54 71.75 14.58
0.06 5.660..] 0.402 0.56 35.90 3.628 1.06 51.46 6.652 1.56 60.94 \9.492 2.06 67.32 12.16 2.56 71.91 14.68
0.08 7.407 0.535 0.58 36.71 '3.783 1.08 51.92 6.769 1.58 61.24 9.602 2.08 67.53 12,27 2.58 72.07 14.78
0.10 9.090 0.668 0.60 37.50 3.878 1.10 52.38 6.886 1.60 61.54 9.712 2.10 67.74 12.37 2.60 72.22 14.88
0.12 10.71 0.800 0.62 38.27 4.001 1.12 5§2.83 7.003 1.62 61.83 9.821 2.12 67.95 12.48 2.62 72.38 14.98
0.14 12,28 0.932 0.64 39.02 4.125 1.14 53.27 7.119 1.64 62.12 9.931 2.14 68.15 12.58 2.64 72.583 15.07
0.16 13.79 1.057 0.66 39.76 4.249 1.16 53.70 7.234 1.66 62.41 10.04 2.16 68.35 12.68 2.66 72.68 15.17
0.18 15.28 1.196 0.68 40.48 4.372 1.18 54.13 7.350 1.68 62.69 10. s 2.18 68.55 12.78 2.68 72.83 15.27
0.20 16.67 1.327 0.70 41.18 4.494 1.20 54.54 7.465 1.70 62.96 10.26 2.20 68.75 12.89 2.70 72.97 15.36
0.22 18.03 1.458 0.72 41.68 4.617 1.22 54.95 7.580 1.72 63.24 10.37 2,22 68.95 12.99 2.72 73.12 15.46
0.24 19.35 1.588 0 74 42.53 4.739 1.24 55.36 7.695 1.74 63.50 10.47 2.24 69.14 13.09 2.74 73.26 15.56
0. 26 20.63 1.718 0.76 43.18 4.861 1.26 5§5.75 7.810 1.76 63.77 10.58 2,26 69.33 13.19 2.76 73.41 15.65
0.28 21.88 1.849 0.78 43.82 4.983 1.28 §6.14 7.923 1.78 64.03 10.69 2.28 69.51 13.29 2.78 73.55 15.75
0.30 23.08 1.977 0.80 44.44 5.104 1.30 56.52 8.037 1.80 64.28 10.80 2.30 69.70 13.39 2.80 73.68 15.84
0.32 24.24 2.106 0.82 45.05 5.225 1.32 5§6.90 8.151 1.82 64.54 10.90 2.32 69.88 13.49 2.82 73.82 15.94
0.34 25.37 2.235 0.84 45.65 5.345 1.34 57.26 8.264 1.84 64.79 11,01 2.34 70.06 13.59 2.84"| 73.96 16.03
0.36 26.47 2.363 0.86 46.24 S.465 1.36 57.63 8.378 1.86 65.03 11.12 2.36 70.24 13.69 2.86 74.09 16.13
0.38 27.54 2.491 0.88 46.81 5.5858 1.38 57.98 8.498 1.88 65.28 11.22 2.38 70.41 13.79 2.88 74.23 16.22
0.40 28.57 2.619 0.90 47.37 5.706 1.40 58.33 8.603 1.90 65.52 11.33 2.40 70.59 13.89 2.90 74.36 16.32
0.42 29.58 2.746 0.92 47.92 5.825 1.42 58.68 8.714 1.92 6S.75 11.43 2.42 70.76 13.99 2.92 74.49 16.41
0.44 30.56 2.871 0.94 48.45 5.944 1.44 59.02 8.827 1.94 65.99 11.54 2 44 70.93 14.09 2.94 74.62 16.50
0.46 3t1.51 3.000 0.96 48.98 6.063 1.46 59.35 é.938 1.96 66.22 11.64 2.46 71.10 14.19 2.96 74.75 16.60
0.48 32.43 3.126 0.98 49.49 6.181 1.48 59.68 9.050 1.98 66.44 11.75 2.48 71.26 14.29 2,98 74.87 16.69
3.00 75.00 16.78

Expressions used in the construction of this table were:

At. 30 =

(0/U)" 100

1+ (o/u)

We. % O =

16/238 (0/U)° 100

16/238 (O/U) + 1

I XIONEdAV

801



APPENDIX II

FREE ENERGY FUNCTIONS FOR UO,(s) AND UO,(g)

T _(F?}-Hi'qs) _(M)
(°K) T . T .
1500 24.12 75.33
1600 25. 77 76.11
1700 27.88 76. 84
1800 28.70 77.54
1900 30.03 78.20
2000 31.29 78.83

AHjp = 159.7 kcal mole~!
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