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SUMMARY

Curium and thulium sesquioxide
are attractlve candidate fuel materials
for lsotopic heat sources to power therm-
lonic diodes.

The vaporization rate of CmzOa,
is sufficiently high that significant fuel
redistribution will occur during therm-
ionic operation, but sufficlently low that
helium venting may be possible, CmO,
loses oxygen preferentially on heating
through two ordered intermediate oxides
to form Cmp0sz., CmpO0sz exhibits body-
centered-cubic (bee), monoclinic, and
hexagonal symmetry up to its melting point
of 1950°C, Cm203 vaporlzes congruently in
vacuum with AHS g, OoK(vap) = 133.0 £2,7
kcal/mole of gas and ASEOOO°K(Vap) = 33.5
t1.2 cal/(deg)(mole) of gas. Log Pg(atm)

= 7.32(%0.26) - 29,050(%590)T *(°K). The
extrapolated boiling point is 3970 #200°K,

TmpOs is an excellent fuel mate-
rial for i1sotopic thermionic power because
of its high melting point and low vapori-
zation rate. TmyOz has cubic symmetry to
2280°C, hexagonal symmetry above 2280°C,
and melts at 2375 #25°C. The oxide vapor=-
izes congruently in vacuum primarily to
form gaseous atoms. AH2980K(vap) T48.3
kcal/male and ASA aaqlvan) = 169 *5 eu..
Log Pp(atm) = 7. 337 -731,500 T"Y(°K). The
extrapolated boiling point is 4400 *300°K,

INTRODUCTION

A variety of radioisotopes are
presently being developed as fuels for
heat socurces in space or terrestrial power
sources,'?® Many of these isotopes, such
as 2%8py, 2%44(m, 23°po, ©°Co, and *7°Tm,
can be made as the primary products of
production reactors. A pilot quantity of
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about 5 kg of 2%*Cm has been made
recently at the Savannah River Plant,3s*
Ninety-five percent dense thullum oxlde
wafers have been made with power densi-
ties typlcally 2 watts thermal per
gram.5’6’7

The state of the art for therm-
ionic diodes 1s well advanced and con-
siderable effort has been devoted to
reactor-powered thermicnic devices.
However, little technology exists for
isotope-powered thermionic devices
largely because of insufficient data on
the fuel materials. Considerable infor-
mation on the properties of curium oxides
has been accumulated in programs underway
at Savannah River and Oak Ridge National
Laboratorlies to develop production and
heat source technology for 2%%4Cm, The
properties of thulium oxide were assessed
at Savannah River to select a reactor
target material to make 17°Tm in a form
suiltable for direct use at reactor dis-
charge.® Those high temperature proper-
ties that relate to 2%%Cm,05 or *7°Tmy,04
fuel behavior at thermionic temperatures
are described in this paper to stimulate
consideration of these fuels for therm-
ionic devices.,

Curium-244 is primarily an
alpha emitter with a half-1life of 18.1
years and a specific power of 2.42 watts
thermal per gram of oxide, or 28.2 watts
thermal per cubic centimeter.® The con-
tainment or venting of the helium decay
product and the radiation from fission
neutrons are two potential problems with
2440m heat sources,

Thulium-170 is a beta emitter
with a relatively short half-1life of 128
days and a power density in the range 2
to 3 watts thermal per gram of oxide, or



18 to 27 watts thermal per cubic centi-
meter.® Decay of 17°Tm produces no
permanent gas, but the bremsstrahlung
radiation agsociated wlth beta decay must
be shilelded.

Both 24%Cm and 17°Tm have suf-
ficient power densitiles for efficient
thermionic operation.

Stringent requirements are
placed on the isotopic fuels to meet
operational and aerospace safety requlre-
ments. Fuel forms should be high melting,
fully oxidized, have low vapor pressure,
and have no deleterious phase transforma-
tions or decomposition products. The
potential appears excellent for 2*%Cm,04
and *7°Tm,0s; to meet these requirements at
thermionic temperature, The phase sta-
bility, interactions 1in various atmos-
pheres, melting points, vaporization
processes and rates, boiling points, and
phase transition temperatures for CmzOs
and Tm,0s are described below., An assess-
ment is made of rates of fuel transport
within the capsule, caused by temperature
gradients, and an estimate is made of
possible rates of loss through defective
welds or through helium vents,

PROPERTIES OF CURIUM OXIDES
AT HIGH TEMPERATURES

Phase Behavior

Thermogravimetric analyses at
QOak Ridge and Savannah River have shown
that the curium-oxygen system is compli-
cated by several oxide compositions
between CmO, and Cmy03.°"'7 On heating
in air, CmO, decomposes to CmO;,gs at
400°C; CmO;,gs decomposes to CmO,, .5 at
450°C; CmO;, 75 decomposes above 700°C to a
phase with composition between CmO;, g5 and
CmO,,s4; and CmO,;,s4 decomposes to CmO;,so
above 900°C, No oxides lower than CmyOg
were observed when Cmy0z was heated in
hydrogen., The most sultable compound for
high temperature service, then, is CmpOg
rather than CmO,, as was first suggested
by analogy to the refractory oxides ThOs,
U0z, and Puls;.

The phase behavior in the CmpOg
region is still being explored, Three

structures have been observed by X-ray
diffraction in different temperature
ranges: bhody-centered-cublc (bee), mono-
clinic, and hexagonal.'® This behavior
is entirely predictable when actinide
sesquloxide behavior 1s compared with
that of the rare-earth sesquioxides,?!®
All three structures occur among the
rare-earth sesquloxides and the tempera-
ture range over which a particular struc-
ture exists 1s dependent on the size of
the +3 metal ion, The parallel ionic
size-temperature relation among the
structures of the actinide sesquloxides
is Indicated by observation of hexagonal
Nps0Os, *® cubic and hexagonal Pu,0s,2°
cubic and monoclinic Amp04,221722% cubilc
Bk, 0g, and monoclinic and cubic Cf,05.2%
For a Cm'® radius between that of Sm™2
and Pm™®, Cm,0, should exist as bcc up
to 700-800°C, monoelinic to about 1500°¢C,
and hexagonal above 1500°C, High-
temperature X-ray diffraction analyses
substantlate this, showing the sluggish,
irreversible transition from bcc to mono-
clinic between 800 and 1300°C, and a
completely reversible transition between
monoclinic and hexagonal symmetry at
1600°C, Thermogravimetric and X-ray
diffraction evlidence, in addition to
related information among rare-earth
oxides, suggest that the bee form of
Cm, 03 may be oxygen-rich.

Monoclinic or hexagonal Cmy0s
are the deslired curium oxides for high
temperature application. The large
density change (9%) in bce-to-monoclinic
transition would be deleterious to
fabricated fuel forms. The density
change in monoclinic-to-hexagonal transi-
tion (2,5%) is considerably less severe,

The melting point of CmpOs has
been reported by Oak Ridge National
Laboratory as 1950°C,2°S

Vaporization Rates

The vaporization behavior and
vaporization rate of Cmy0s have been
determined at Savannah River by the
Knudsen technique, using a tungsten
effusion cell in a vacuum of 1077 mm Hg.
Thermionic fuel should vaporize without
significant change in composition of the
s0lid. The invariant vaporization was



shown when monoclinic and hexagonal
gtructures were observed in both the
vapor deposlts and residues after up to
85% of the Cmp0Os had been vaporized.

Thls invariance 1s demonstrated by the
linear plot of log Pg versus 1/T in

Fig., 1. Experimental polnts ranged
between 1800 and 2600°K, through the
transition temperature and melting point.

The vapor pressure cannot be
established because the vapor specles are
not known, Consequently, Pp 1s the cal-
culated pressure of a fictitlous Cmy0q
molecule. Several vaporization processes
are possible to form combinations of
gaseous Cm, O, Oz, CmO, and CmO,, Prece-
dent for these vapor species has been set
by the observation of similar species over
other actinide oxides. Depending on the
particular vaporization process, total
pressures calculated from the measured
vaporization rates would be greater than
Pp by factors between 1.4 and 1.9,

The low vaporilzation rate of
Cmp 0z further indicates the suitability
of Cmp0a for thermionic operation, The
vapor pressure of Cm,0as 18 one-fourth that
of PuOp and cnly 30 times that of ThO.,
one of the most refractory oxides,

Table T summarizes the avallable
thermochemical information on Cmy,0s, The
heat of formatlon was estimated from
related data on other actinide oxides.

T,°K
2200 2000

The temperature dependence of vapor pres-
sure and rate of welght loss on vaporiza-
tlon are expressed. The bolling polnt of
Cmp0s was determined to be 3970 *200°K by

extrapolating the log Pp versus 1/T
curve to Py 1 atm,

TABLE 1

Thermodynamic Properties of CmpOg

Heat of Formation:

AH3ggoy = (-415 30 kcal/mole)

Melting Polnt:
Te = 1950 #25°C

Vapor Pressure:

log PE(atm) = 7,32(+0,26) -

29050(+590)

T(°K)
Vaporization Rate:

& .

_ 29050(%590)

(%) - 1/2 1log T(°K)

Boiling Point:
Ty, = 3700 $+200°C

Heat of Vaporization:
AHZ 5000k = 133.0 2.7 kecal/mole of gas
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Fig. 1 Vaporization of
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PROPERTIES OF THULIUM OXIDE
AT HIGH TEMPERATURE

The thulium-oxygen phase dlagram
is simple. Only one oxlde of thulium
exists, TmpOg, even on heating in oxygen
or hydrogen,® It 1is essentially a "line
compound" with a cubic structure (density
= 8,884 g/cc) up to 2280°C, where it
transforms to hexagonal structure, The
melting point was determined at Savannah
River as 2375 25°C. It has a very high
heat of formation (Aﬂgggox = -451.4 keal/
mole), making 1t one of the most stable
oxides known.2®

The vaporizatlion process and
vapor pressures were established by
thermodynamic arguments based on limited
data on TmpyOas, and extensive data on
other related rare-earth oxides.®7? Thulia
vaporlzes at constant composition in
vacuum predominantly to form gaseous
atoms, Competlng wlth vaporlzation to
the elements is vaporization to ™mO(g) and
oxygen, Because of the uncertalnty in the
dissociation energy of TmO(g), the rela-
tlve 1mportance of TmO(g) compared with
Tm(g) cannot be established thermodynami-
cally. However, mass spectrometric
studles by Panish®® show that Tm(g) 1s a
factor of 10 more important than TmO(g)
in equilibrium with TmyOa(s).

Calculated curves for log Pp
versus 1/T for both vaporization processes
are shown 1n Fig. 2, TmpO0s; has about the
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same vapor pressure as ThOp and 1s 30
times less volatile than is CmpOj.

The thermodynamic properties of
Tm,0s are summarized in Table II,
Expressions for the temperature coeffi-
cient of vapor pressure and vaporization
rate are derlved that apply below and
above the meltling point. The bolling
point was established by extrapolating
the curve 1n Fig., 2 to a vapor pressure
of 1 atmosphere.

TABLE II
Thermodynamic Properties of Tm=0gs

Heat of Formatilon:

AHS98°K = -451.4 kcal/mole
Melting Point:

Ty = 2375 ¥25°C
Vapor Pressure:

log Pp(atm) = 7.37 - ilzp-9(0-26500K)

T(°K)
30100
T(°K)
(2650-4400°K)
Vaporization Rate:

W
at(

log Pp(atm) = 6.81 -

31500
sec cm? T(°K)

- 1/2 log T(°K){0-2650°K)
Boiling Point:
Ty, = 4150 #300°C

log ) = 10,02 -

Heat of Vaporization:
AHZggog = T48.3 kcal/mole

Flg., 2 Total Pressure for Congruent

Vaporization of TmyOa



FUEL TRANSPORT RATES

Even though vapor pressures are
low, possible fuel transport within and
from a thermionic heat source must be
evaluated for operation and safety.
Vaporization rates of CmpOs and TmpOa at
various temperatures are llsted in
Table III, These rates are sufficiently
high that a considerable radiologlcal
hazard would occur if a capsule of elther
isotope were to break open and continue
to maintain a fuel temperature of the
order of 1850°C.

TABLE IIT

Vaporization Rates of Cmo0Oz and TmpOg

Temp, Vaporization Rate, g/{cm®)(sec)
°c CmpOg Tmp O

1000 9.2 x 10715 5,0 x 10717

1500 2,1 x 1078 4,3 x 1071°

1850 9,7 x 10~° 3.3 x 1077

2000 7.5 x 107° 2.8 x 107°

On the other hand, suppose that
a capsule operating at 1850°C contains a
cracked weld that can be represented by a
hole 0,001 in, in diameter by 0.200 in.
long. If molecular flow were limiting,
about 125 pg of Cmp0s; and 4 pg of TmpOa
would enter the leak in one month and
about 1/100th of that would escape.
These rates represent the worst condition,
because fuel escape by transpiration in
vented helium gas saturated with Cmy0Oa or
Tm,Og vapor, or escape by diffusion 1in a
helium atmosphere, would both be lower by
factors of 100, Such a leak rate may
represent a tolerable radiological hazard.
The fairly low loss rate of 2%**Cmy04
through small holes suggests it may be
possible to design a #**Cm~fueled capsule
that vents the hellum decay product
directly, which would eliminate thick-~
walled capsules and the need for void
volume, and woculd increase power
efficiency,

Vapor transport rates for CmpOa
are sufficiently high at thermionic temp-
eratures that fuel will redistribute in a

few days over the vold volume of a
capsule to form an lsothermal fuel-vold
interface., Table IV shows the net
transport rates per unit area down temp-
erature gradlents that might be experi-
enced initially in fuel capsules, In a
ten~-degree gradient, curium oxlde will
redistribute at ~10 g/{month)(cm® of
vaporizing surface), The rates increase
3-fold and 5-fold for gradlents of 50
and 100°C, respectively. Again the rates
are for the worst case of molecular flow.
An Ilnert gas blanket and a decreasing
gradlent with fuel redistribution would
lengthen the time required to generate
an isothermal fuel surface, Even so,
the relatively high rate of Cmy0Os re-
distribution suggests that high-density
oxlde forms such as mlcrospheres, discs,
or annular rings may not be appropriate;
or, alternatively, primary encapsulation
in a cermet form permeable to helium
wlll be deslred to fix the fuel,

TABLE IV

Vaporization Rates of CmzOs and TmpOga
in Thermal Gradients

Net Transport Rate,

Temperature g/{cm?) (sec)
Gradilent, °C Cme Oa Tmp O
1850 to 1840 14 x 1077 0.5 x 1077

1.9 x 1077
76 x 1007 2,7 x 1077

1850 to 1800 41 x 1077
1850 to 1750

The redlstribution rate for
TmpOs is 1/30th that of Cmy0s. Because
of lower redistributlion rate and absence
of a gaseous decay product, >79Tmp,Cs may
be encapsulated as a high-density form
wilthout planned voild volume,

ACKNOWLEDGMENT

The information contained in
this artlicle was developed durlng the
course of work under Contract AT(O?-Q)—l
with the U. S. Atomic Energy Commission,



REFERENCES

R, L, Mead and W. R. Corliss. Power
from Radiolsotopes, a booklet in the
USAEC series on "Understanding the
Atom" (Revised December 1966).

W, R, Corliss and D. G. Harvey,
Radiolsotopic Power Generation,
Prentice-Hall, Inc., Englewood
Cliffs, New Jersey (1964),

H, J. Groh, R. T. Huntoon, C, S,
Schlea, J. A, Smith, and F. H,
Springer. Nucl, Appl. 1, 327-36
(1965).

R. B, Neel, et al. Chemical Proc-
essing of Curlum - Status of the

Pilot Production Program at Savannah

River,

USAEC Report DP-1066, Vol

II, p II-57, E., I, du Pont de Nemours
and Co., Savannah River Laboratory,
Aiken, S. C. (1966),

P. K. Smith, J. R. Keski, and C, L,
Angerman. Properties of Thulium
Metal and Oxide., USAEC Report DP-
1114, E. I. du Pont de Nemours and
Co., Savannah River Laboratory,
Aiken, S. C. (1967).

J. L. Crandall (compiler), The
Savannah River High Flux Demonstra-
tion, USAEC Report DP-999, E, I, du
Pont de Nemours and Co,, Savannah
River Laboratory, Aiken, S, C.
(1965).

J. R. Keski and P, K. Smith.
Thulium Sesquloxide for Isotopic
Heat Sources. Presented at the
Twentieth Pacific Coast Regional
Meeting of The American Ceramlc
Society, San Francisco, Calif,,
November 1-4%, 1967 (USAEC Report
DP-MS-67-61, E, I. du Pont de
Nemours and Co,, Savannah River
Laboratory, Aiken, S. C. (1967)).

D. H., Stoddard (compiler), Radia-
tion Properties of 2*%Cm Produced
for Isotopic Power Generators,
USAEC Report DP-939, E, I, du Pont
de Nemours and Co,, Savannah River
laboratory, Aiken, S. C. (1964).

10,

11.

12,

13.

14,

15.

16,

17.

J. C, Posey, P, R, Kuehn, and R, E,
McHenry. "The Influence of Tempera-
ture and Oxygen Pressure on the
Composition of Curium Oxide." Paper
presented at the American Chemical
Society Meeting, Divislion of Nuclear
Chemistry and Technology, Atlantic
City, September 13-17, 1965.

W. C. Mosley. B-Type Cmp0a, A
Candidate Isotopic Power Fuel., To
be presented at the American Chemil-
cal Soclety Meeting, Division of
Nuclear Chemistry and Technology,
March 31 - April 5, 1968, San
Francisco, California. (USAEC
Report DP~-MS-67-104, E, I, du Pont
de Nemours and Co,, Savannsh River
Laboratory, Aiken, S. C. (1968).)

L. B, Asprey, F. H. Ellinger, S.
Fried, and W, H., Zacharlasen. J.

Am, Chem. Soc. 77, 1707-8 (1955).

J. C, Wallman., J. Inorg,
Chem, 26, 2053-57 (1964).

Nucl.

G. R. Cole, P, K. Smith, E., F.
Sturcken, and M, C. Thompson.
Trans, Am, Nucl. Soc. 8, 49 (1965).

W. R. McDonell, et al. Curium-244
for Radlolsotopic Heat Sources:
Work at the Savannah River Labora-
tory. USAEC Report DP-1066, Vol II,
p III-17, E. I, du Pont de Nemours
and Co., Savannah Rlver Laboratory,
Aiken, S. C. (1966).

P. XK. Smith and J. T. Livingston.
"Metallography of Curium-244
Oxides.," Presented at the Twentieth
Metallographic Conference, Denver,
Colorado, May 18-29, 1966 (R, J.
Jackson and A, E, Calabra, Advances
in Metallography. TID-4500,

October, 1966).

B. B. Cunningham and J, C, Wallman,
J. Inorg, Nucl., Chem, 26, 271-275

(1964).

H. S, Hilborn (compiler), "Savannah
River laboratory Isotoplc Power Heat
Sources, Quarterly Progress Report,
October - December 1966," USAEC
Report DP-1094, E, I, du Pont de



18,

15,

20,

21,

22,

23,

24,

25.

26,

27,

28,

Nemours and Co,, Savannah River
Laboratory, Aiken, S. C. (1967).

M. Foéx and Jean-Plerre Traverse.
Rev. Int. Hautes Tempér, et Réfract.,
t. 3, 429-453 (1966).

R, J. Ackermann, R. L. Faircloth,
E. G. Rauh and R, J., Thorn, J.
Inorg. Nucl, Chem, 28, 111-118
(19€6).

E. R. Gardner, T, L, Markin, and R.
S, Street, J. Inorg, Nucl. Chem,
27, 541-551 (1965).

T. D. Chikalla. "On the Nature of
the Americium-Oxygen System: Dlsso-
clation Pressures, Related Thermo-
dynamic Functions, and Phase
Equilibria." PhD. Thesis, Univ, of
Wisconsin, Metallurgy (1966).

D. E, Templeton and C, H. Dauben,
J. Am. Chem., Soc. 75, 4560 (1953).

J, C, Wallman, J, Inorg, Nucl., Chem.
26, 2053 (1964).

J. R, Peterson and B. B. Cunningham.
Inorg. Nucl. Chem. Letters 3, 327-
336 (1967).

R. E. McHenry. Trans, Am, Nucl, Soc.
8, 75 (1965).

E. J. Huber, Jr., E, L. Head, and
¢. E, Holley, Jr. J. Phys. Chem,
64, 379-80 (1960).

P, K. Smith, High Temperature Sta-
bility of Thulium Oxlde. USAEC
Report DP-1116, E. I. du Pont de
Nemours and Co., Savannah River
Laboratory, Aiken, S. C, (1967).

M. B. Panish., J. Chem. Phys. 34,
2197 (1961).






