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ABSTRACT

. The alpha-emitting radioiscl.ope curiﬁm-?hh is being developed by the
USAEC as a power sourée for any of scveral conversion systems vhich produce
clectrical powef. Projected costs and availsbility make this radioisotope
especially promising. The cost of curium—éhh vhich is produced in nucleur
power reactors is estimated at $50/Watt (thermal) in quantities of 95 kW
(thermal) per year by 1980. The effiéienb and safc‘use of this isotopic
fuel reguires that a suitéble compound be prepared and fabricaled into a
suitagle ferm with fully characterized physical and <chemical properties.
e task elenents for accomplishing this program consist of compound :
preparation, Source febrication, cémpound charaeterization, scurce ‘

design, and prototypé testing. Techniques developed for accomplishing

these tasks and the resulils achicved to date are reviewed.
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TRTROMUCTLON

Elcctrical power requirements for orvbiting satellites, remote veather stations,

ocean buoys, cbe. have indicuaicd a nced Lor cumpact, reilable power sources capable of

long-term operations [1,2]. Radioisotopes are reliable sources of thermal energy that

can be converted to electrical power by thermoclectric, thermionic,
U.S., Atomic Energy

or mechanical cou-
version systems. Several radioisotopes are being studied in the
Curium-244 is one of

these raulolsotopes. While the develepment of radioisotopic power was initiated in the

U.S. in 1956 [2], curium-244 has been urder development only since 1964, This paper
reviews the current status in the development of curiuwm--244 as a power fuel,
Curium has been chosen as a power fuel for several reasons:

(2) excellent properties of fuel compound, (3) low cost, and (4) availability. ¥he high

‘ . . . . ) . ) Ll mite lossa St
power density of curium compounds (28.4 W/oa® for 2t Cmp035) permits less costly and safer

econverter systems, particularly thermionic converters., Curium sesquioxide (Cmy03) has

been chosen as the primary fuel form for heat source applications because of its thermal
‘stability and its compatibility with high temperatuic-resistant encapsulating materials.
The high melting point (2265°C) and high power density of 2%iCm,03 afford a flixible

range oi power converter applications, including thermoelectric, thermedynamic cycle,

and thermionic generators. The sesquioxide is prepared by precipitating curium oxalate

and calcining to form CmOp followed by heating in an inert atmosphere at 1300°C to reduce

the dioxide. Cylindrical pellets of =ezr theoretical density ranging in size from 0.25-

to 1.0-in, diameter have been prepared by hot pressing at 1450°C and 4000 psi.
Curium-244 will ;e available in large quantities as a by-product of power reactor

0perétion in the last half of the-1970 decade., When curium recovery equipment is in-

stalled in conjunction with power reactor fuel reprocessing equipment, the only cost

allocated to curium will be the processing cost. Various estimates of the future price

of curium-244 based on large quantlty production have ranged from $30 to $60/W of

unencapsulated Cm 6mp03 powder [4]
‘added an estiuated $40/W for encapsulation costs for sources containing about 2000 W

One arrives at a conservatlve (high) $LOO/W for an encapsulated source. It is estlmdted

that encapsulated plutonium-233 heat sources will cost about $500/W to fabricate in the

future as compared to a present day $700/W
! The predicted cost of electrical power from isotope fueled systems makes these

%systems cost~effective in a number of aerospace applications and competitive with solar

\
cells, particularly in low-earth orbit missions. Predicted power costs of curium and

plutonium fueled generators and.solar cells are compared in Table I [4). These figures
Include estimated power generator costs and curium-244 and plutoniun-238 heat sources at
$100/Wt and $500/Wt, respectively. The power costs for recovéred fuel are based on
§50/wt to reprocess plutonium-238 and $20/Wt to reprocess curium-244 after the mission.
o estimate is made for the cost of veturning the fuel from space but it is expected
such a capability will exist when Pefgonucl shuttles are developed.

Curium-244 is a reactor producf that results from the neutron irradiation of

ranium-238, Curium can be recovcfed directly from spent reactor fucl. The avail-

bflity of this isotope is controlled by the quanLJty of reactors in operation in the

P . L

(1) high power density,

To the estimate of curium-244 isotope cost should be
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(2) excellent properties of fuel compound, (3) low cost, and (4) availebility.,
power density of curium compouads (28.4 /e for ?““Cm203) permits leos costly cnd safer
converter systems, particularly thermionic converters., Curium scsquioxide (Cny0y) bas
been chosen as the primary fuel form for heat source applications becausc of its thermal
stability and its compatibility with high temperatuie-resistent oncapsulating materials,
The high melting point (2265°C) and high power density of 24%Cmy03 afford a flexible
range of power converter applications, including thermoelectric, thermodynowmic cycle,

and thermionic generators. The sesquioxidc is prepared by precipitating curium ozalate
and calcining to form CmC, followed by heating in an inert atmosphere at 1300°C to reduce
the dioxide, Cylindrical pellets of nezr theoretical density vauging in size frowm 0.25-
to 1,0-in, diameter hfve been prepared by hot pressing at 1450°C and 4000 psi.

Curium-244 will be available in large quantities as a by-product of povwer reactor
operétion in the last half of the-1970 decade, When curium recovery equipment is in-
stallgd in conjunction with power reactor fuel reprocessing eqﬁipment, the only cost
allocated to curium will be the processing cost., Various estimates of the future price
of curium-244 based on large quantlty production have ranged from $30 to $60/W
uuencapsu]ated Cm 6mp03 powder [4] To the estimate of curium-244 isotope cost should be
added an estimated $40/U for encapsulation costs for sources containing about 2000 U .
One arrives at a conservatlve (high) QJOO/W for an encapsulated source, It is estlmated
that encapsulated plutonium-233 heat sources will cost about $500/W to fabricate in the
future as compared to a present day $700/W

The predicted cost of electrical power from isotope fueled systems makes these
systems cost~effective in « number of aerospace applications and competitive with solar
cells, particularly in low-earth orbit missions, Predicted power costs of curium and
plutonium fueled generators and solar cells are compared in Table I [4]. These figures
include estimated power generator costs and curium-244 and plutonium-238 heat sources at
$100/Wt and SOO/H respectively. The power costs for recovered fuel are based on
$50/Wt to reprocess plutonium-238 and $)0/w to reprocess curium-244 after the mission.
‘No estimate is made for the cost of 1cturn1ug the fuel from space but it is expected
such a capability will exist vhen pcroonnﬁ] shuttles arc developed.

Curium-244 is a reactor product that results from the neutron irradiation of
uranjum~-238, Curium can be recovered dlrecL]y from spent reactor fuel. The avail-
abllity of this isotope is controlled by the quantity of reactors ;n operation in the
U.5.. Another controlling factor in the availability of this isoﬁépc is the existeice
of farilitics aececsary Lo sepavate curium from irradiated yeactor fuel., tuither the
private power reactor anuval oporating levels nor the avallability of separations

facilitices can be prodicted with cortainty




Currently, curiuw-244 for heat source applications is produced in ALC reactors.
It is anticipated that eventuslly production of this isotope will be assumed by the

privete socior, Projoctod availobilivy fiovw Cowwercial svurces is” showm in Table 1 [2].

The listed availability of curiuw-244 is 66Z of the total to be available iu. the years
175 through 1978 and 75% from 1979 through 1981, Curium-244 that would be available

from the irradiation of recovered americiuvm-243 has not been qddcd to the table.

SQURCE COMPOUNDS AND FUEL FORMS
The safc and efficient use of radioisotopes ?n varied abpiipations (extant, pro—-
poscd, or cnvisioned) requires the selection of a suitable fuel compound with known
physical and chemical propertics and demonstrated fabrication technology. This paper
is priwarily concerned with the source compound 2"’*Cm?_03 since it is the compound which

has been studicd cutensively,

carbides, nitrides, sulfides, fluorides, oxysulfides, phosphides, phosphosulfides, and

Ocher compouwnds of curium-244, such as silicides [5],

borides, were studied only to the extent necessary to indicate their suitabiiity as

source compounds [5-8].
Mixtures of CmpO3z with metals offer advantages in safety and certain operating
parameters. Fuel containment can be enhanced by mixing a relatively small proportion
(20~-30%) of 2“"Cm30§ with an inert metal, such as iridium. The resultant cermet pos-
sesses sufficient pover density for thermoelectric and thermodynamic generator applica-
tions vwhile presenting essentially an inert face to environmental effects. Cermets of
Cmy03 also exhibit improved thermal conductivity and permit the use of larger individual
fuel components whilcihaintaining reasonable interior operating temperatures and reducing
thermdl stresses, Cermets ranging from 20 to 80 volume percent 2““Cm203 to previde power
dengities raaging from 4 Wt/cm3 to 16 Wt/cm3 are presently being investigated for fab-
ricability, uniformity, helium release, thermal conductivity, and impact effects. The
percentage incremental cost due to iridium would range from 2.5Z for 80 volume percent
Cnz03 cermet to 38.5% for 20% Cmp03 cermet based on 540/wt for curium-244 and $5/g for
iridium, '
Advanced fuel formg'of curium prescntly being investigated are the noble metal com-
pouﬁfs of curium, CmPt3, CmRh3, and CmIrz. Such compounds may have excellent high
temperature properties as well as resistangé to impact and environmental effects, par-
ticularly vhen alloyed with a noble metal [9]. Work at present involves studying the

reactions to produce these compounds.

PROPERTIES 6F CURIUM~-244 SESQUIOXIDE »
The production of curiumn-244 on a kilogram scale has been.descrifed by Groh
et al,, [10) vho also describe the radiochemical purity of 2“"Cm02 prépared on a minia-
ture scale, The purity [11] of a typical batch of 2"Cm0, prepared on a full-production
scale is given in Tables I11-V, .
Curium, like the actinides plutoﬁium and amerjcivm and the lanthanides ccrium and
prascodymiua, can exist as an oxide\in more than onc oxidation state. Asprey el al. [12]

prepared a black oxide by fgnition of apéréiimately 400°C and cooled it in air., A white
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source compounds [5-8],
Mixtures of CmpOz with metals offer advantages in safety and certain operating
parameters, Fuel containment can be enhanced by mixing a relatively small proportion
(20-30%) of 2””Cm20§ with an inert metal, such as iridium. The resultant cermet pos-
sesses sufficient power density for thexmozlectric and thermodynamic generator applica-
tions while presenting essentialiy an inert face to enviroumental effects., Cermets of
Cmy03 also exhibit improved thermal conductivity and permit the use of larger individuval
fuel componants whilc‘ﬁaintainiug reasonable interior operating temperatures and reducing
thermal stresses. Cermets ranging from 20 to 80 volume perceant 2“"0m203 to provide power
densities ranging from 4 Wt/cm3 to 16 Wt/cm3 are presently being investigated for fab-
ricabiiity, uniformity, helium release, thermal conductivity, end impact effects. The
percentage incremental cost due to iridium would range from 2.5% for 80 volume percent
Cmy03 cermet to 38,5% for 20% Cmp03 cermet based on $40/wt for curium-244 and $5/g for
iridium, |
Advanced fuel forms of curium presentl& being investigated are the noble metal com-
pouﬁfs of curium, CmPtj, CmRhz, and CmIrz. Such compounds may have excellent high
temperature properties as well as resistangé to impact and environmental effects, par-
ticulavly vhen alloyed with a noble matal [9]. Work at present invelves studying the

reactions to produce these compounds.

PROPERTIES bF CURIUM~-244 SESQUIOXIDE ae

The production of curium-244 on a kilogram scale has been.descriked By Groh
et al., [10) vho also describe the radiochemical purity of 2"“@m02 prepared on a minia-
ture scale, The purity [11] of a typical batch of 2"‘l'CmO;g prepared on a full-production

‘gcale is given in Tables III-V, .

Curium, like the actinides plutoﬁiﬁm and americium and the lanthanides ccerium and
praseodymium, can exist as an oxidé\in more than one oxidation state. Asprey et al. [12]
prepared a black oxide by ignition of apéraiimately 400°C and cooled it in air. A white
or faint tan oxide was prepared by thermal decomposition of the biﬁck oxide at 600°C and
10f? torr. These oxides were deduced to be CmOs (black) and Cm20q7?tan) hy x—rav
aualysis. Posey et al, [13] investigated the couwposition of curitw oxide as @ function
of temperature and oxygen partial pressure. Ry using thermal gravionetric analysis

G0z, G0z, and two intemmediate phascs of cowposition, Crndy 5y end Ty ge (Fip, 1),




'wcré identified., Stable Cm,On was 1(ddily formed by thexmal decowposition of a higher

oxide in vacuum or nonox1d¢4lngfutwouphelcd. Hosley [14] conlixmed the work of Yoscy
eé ai. [13). Chikalia and Lyring [35] confirmed the carlicr work and extended the

investigation of the curium-oxygen system, .They report the partial moler fiee encigics

of the oxides.
\h]lmqn [16] studied the effect of sclf-radiation on curjum otuqulO\JdL (bcc,

Jl 00 # 0.01 &) which he preparved by 1caL1ng ?”’CnO? at 600°C in vacuum. le iden-

tified an A-type CmCfy03 (hexagonal, a = 3. 80 * 0.02 A, = 6. 00 £ 0.03 A) pLoduccd by
self-radiation, Haug [17] succeeded in preparing D-type CmpOz” (monocllnlc, a = 14,282 *
©.008 &, b = 3.65 % 0,003.%, ¢ = 8.900 % 0.005 &, b = 100,31 % 0.05°) by heating C-type

Ciny03 above 850°C. The A-type Cmp03.was prepared by Mésley [14] by heating B-type Cm,0j3
above 1600°C where a reversible transformation occurs. He reports the monoclinic form
of Cuy03 to be resistant to alpha radiation. DMNosley recvaluated the lattice constants
of all the forms of Cmy03 (Table VI) and compared the transformation to those that occur
in lanthanide oxides (Fig. 2). He concluded that B-type Cmy03 is structurally best suited
for a source form. Phase diagrams for the curium~oiygen system have been tentatively
proposed by Smith [18] (Fig. 3) and Chikalla [15]. Smith's constructior of a phase dia-
gram is from the data of Mosley [14] and Posey [13] and is for the condition in air at
atmospheric pressure. Chikalla's construction is from his thermal analysis data and
covars the composition range of Cuy03 to Cm0O;.

The properties of a radioisotcpic power fuel which must be known to predict the
behavior of the fuel can be divided into two categories (Table VIIO: those which relate
primarily to terrestrial safety and operational aspects, and the additional properties
prima;ily for aerospace safety, -

The properties of a radioisotope heat source inevitably change with time. The
source is, at best, a pure compound only at the instant it is formed; thereafter, due
to radicactive decay, it is a system of changing composition., In addition to the changes
resulting from the accumulation of decay products, the effect of self-irradiation must
also be considered. The changes in the prope*tles produced by self-irradiation are
primarily those which occur as a result of change% in the structure of the solid. Prop-
erties most likely toc be affected include density, thermal conductivity, helium reclease,
mechanical sirength, and leach rate. Othe;'properties such as vapor pressure, melting
point, heat capacity, boiling point, hecat of vaporization, aund heat of fusion are essen-
tially unaltered by radiation damage. As.the temperature of a heat source increases,
annealing of defects produced by radiation Jamage increases, so that at a given tempera-
ture steady state is established between the effects of anncaling and Chose of radiation
damage. At the temperatures at which heat sources will be used, gteady s&ate is estab-

~lished in a short time compared to the mission life of the source.

Properties inferred from measurements made on analogous nonradioactive materials

(actinide and rare-earth stand-ins for curium fuels) are valid only if the property being
determined is unaffected by radiation damage. Property neasvreuents of nonradioactive
szumples can be-assumed to represent the values at time zero when radiation damage is nil.,

To completely describe the physical properties of a heat source, Lhc effects of radiation

C dam: oocthermal sssesdas  atecke i PR WP P S { “M




RE Y-y aqAL on, Haug [17] succeeded in prcapziring D-type Cip03 (monoclinic, a = 14,282 &

£.008 R, b = 3.65 % 0.003 £, ¢ = 8,900 £ 0,005 R, b = 100.31 % 0.05°) by heating C-type
Ciny03 above 850°C, The A-type Cmp03 was prepared by Hésley [14] by heating B-type CmpOs
above 1600°C where a reversible transformation occurs. He reports the monoclinic form
of CmyOz to be resistant to alpha radiation. DNosley rcevaluated the lattice constants
of all the forms of Cmp0O3z (Yable VI) and comparcd the transformation to those that occur
in lanthanide oxides (Fig. 2). He concluded that B-type Cmp0az is structurally best suited
for a svurce form. Phase diagrams for the curium-oxygen system have been tentatively
proposed by Smith [18] (Fig. 3) and Chikaila [15]. Smith's constructior of a phase dia-
gram is frow the data of Mosley [1l4] and Posey [13] and is for the condition in air at
atmospheric pressure. Chikalla's construction is from his thermal analysis data and
covers the composition range of CuyQ3 to CmO,.

The properties of a radioisotcpic power fuel which wmust be known to predict the
behavior of the fuel can be divided intn two caztegories (Table VIIO: those which reiate
primarily to terrestrial safety and operational aspects, and the additionul properties
primafily for aerospace safety, -

The properties of a radioisotope heat source inevitably change with time. The
source is, at best, a pure compound only at the instant it is formed; thereafter, due
to radiocactive decay, it is a system of changing composition, In addition to the changes
resulting from the accumulation of decay products, the effect of self-irradiation must
also be considered, ThE changes in the properties prodvced by self-irradiation are
primarily those which occur as a result of éhanges in the structure of the solid. Prop-
erties most likely to be affected include density, therral conductivity, helium release,
mechanical strength, and leach rate. Othe;.properties such as vapor pressure, nelting
point, heat capacity, boiling point, hcat of vaporization, and heat of fusion are essen-
tially unalteved by radiation damage. As.the temperature of a heat source increases,
annealing of defects produced by radiation damage increases, so that at a given tempera-
ture steady state is established between the effects of anncaling and fhose of radiation
damage. At the temperatures at which heat sources will be used, gteady s%ate is estab-
lished in a short time compared to the mission life of the source.

Properties inferred from measurements made on analogous nonradioactive materials
‘(actinidc and rzre-earth stand-ins for curium fuels)} are valid only if the property being
determined is unaffected by radiation.damage. Property neasuvreuents of nonradioactive
sazwuples can be assumed to represent‘the values at time zero when radiation damage is nil.
To completely describe the physical properties of a hecat source, ic effects of radiation
dam-.ge-thermal anneal at stecady state must be determined, and the transient cffects of —_
rqdiation damage and composition changes with time must be esr?bliﬁho”.
of the puper the property measurcmznts made ju the continuing effort to characterize
ﬁurium~24ﬁ senquioxide hent source fuel ave roviewed, Estineted velues for preperties

of curiva=244 vhich have not been moasured are reported by Rinshan and otchen [19].




" Donsity
The density of B-type (nonoclinic) Cuy03 as reported by Mosley [14] dis 11,7 g/cn®
i room LCiporaturde. dhis value was calculated from x-ray data, assuvaing six molecules

per unit cell. The densitices of A- and C--type Cmy03 are given in Table VI, -

Thermal Coefficient of Expansion

The thermal coefficient of expansion [14] of monoclinic Cmy03 is shown in TFig. 4
for temperatures up to 1420°C. The demsity of monoclinic Cup0j3-at 1600°C (obtained by
extrapolation) is 10.9 g/cm3.' The density of A-~type CmpOj at’ 1650°C (see Table VI) ié
-21.4 g/cm3. MHoseley suggests that the change in density from B-type to A-type structure

at approximately 1600°C may zffect the integrity of fabricated Cmy03.

Specific Power and Power Density

The specific power of elemental 100Z curium-244 as calculated fr.om decay energies
and half-life (18.1 yr) is 2.84 W/g. The specific power of production quality 2""Cm203
will approach 2,45 V/fg depending'on the level of ionic impurities and amount of decay.
The theoretical power density of production quality 2””Cm263 is 28.4 W/enm3 at room
temperature, Assuming 957 of theoretical density for pellets, the power density after

fabrication is 27 W/em3,

Radiation and Shielding

The radiation chgracteristics of ZHQCm203 product are given in ref, 20, The
radiation characteristics of Savannah River Laboratory production ?““Cm203 are summarized
and 6omparcd with the radiation cliaracteristics of 238Pu0, in Table VIII. Arnold [21]
has made calculations on the shiclding requirement for curium isotope power fuels.

The razdiation measurements made on 36.2 g of curium-244 in a stainless steel con-

tainer with a wall thickness of 0.6 in., is given in Table IX,

Helium Rélease

”.
The release of helium from 2l*'*szDg microspheres as well as 1- by l-cm cylindrical

pellets was studied [22] under steady-state conditions [23]. In the steady-state release
experiments it was assumed that gemeration of heliun within the material occurred at a
rate, P (cn3 of gas)/(cm® of solid)(sec), independent of time and position. At steady
state the release rate of heliumm will equal the generation rate and under the foregoing
assumptions the concentration distribution of helium within a releasing spherical unit

»ne

is given by .
clr) = £ (2 - 1), \ b

concentration of helium at radius r, cm3/cm3,

]

vhere c(r)
: a = effective radius of releasing unit, cm, and

D = effective diffusion coefficient, em?/sec.

a

e P
- Cav‘" 157 * 2)

wh:re D” = D/a%, the effective diffusion-release parameter, sec“l.‘ Experimentally, the

The average concentration within the sphere, C y* may then be calculated as (23]

1




Thermal Coefficicent of Eipaﬁéibn

The thermal coefficient of expaneion [141 of monoclinic CmpO3 is shown in Fig. 4

for temperatures up to 1420°C., The density of monoclinic Cmp03-at 1600°C (obtained by
extrapolation) is 10.9 g/cm3.‘ The density of A-type CmpO3 at 1650°C (see Table VI is
-31.4 g/cmg. Moseley suggests that the change in density from B-type to A-type structure

at azpproximately 1600°C .y affcct the integrity of fabricated Cry0j.

Specific Power and Power Density

The specific power of elemental 100% curium-244 as calculated from decay energies
and half-life (18.1 yr) is 2.84 W/g. The specific pover of production quality 2%%Cm,0;
will approach 2.45 V/g depending'on the level of ionic impurities and amount of decay.
The theorctical power density of production quality 2””Cm263 is 28.4 W/ewd at room
temperature., Assuming 95%Z of theoretical density for pellets, the power density after

fabrication is 27 W/cmS.

Radiation and Shielding

The radiation chfracteristics of 2””Cm203 product are givea in ref, 20. The
radiation characteristics of Savannzh River Laboratory production 2"%Cm,0; are summarized
and compared with the radiation characteristics of 238pPu0, in Table VITI. Arnold [21]
has nmade calculations on the shielding requirement for curium isotope power fuels.

The radiation measurements made on 36.2 g of curium-244 in a stainless steel con-

tainer with a wall thickness of 0.6 in. is given in Table IX.

Helium Release

”.
The release of helium from 2“40m203 microspheres as well as 1- by l-cm cylindrical

pellets was studied [22] uuder steady-state conditions [23]. In the steady-state release
experiments it was assumed that generation of helium within the material occurred at a
rate, P {cm® of gas)/(cm® of solid)(sec), independent of time and position. At steady
state the release rate of helium will equal the generation rate and under the foregoing

assumptions the concentration distribution of helium within a releasing spherical unit

FAY

is given by

p .
c(r) = '65— (a?‘ - 1‘2) s < (1)
vhere c(r) = concentration of helium at radius r, cm3/cm3,
a = effective radius of releasing unit, cm, and
D = effective diffusion coefficient, em?/scc.
The average concentration within the sphere, C_ > may then be calculated as [23]
N
(2)

av- 15D° °
vh:re D7 = D/az, the effective diffusion-release parameter, sec™!, Experimentally, the

(I .

AT U -

o
sample is maintained at the required temperature in vacuum wntil the mozcured
D

release rate cquals the known generation rate. 7The average heiiws concentration is then
determined by melting and degassing the sawmple, and en offcctive diffusion paroncter, D7,

can be calcvlated diyectly from Eq. (2).



) The results of the stecdy-state heliva release determinction from 990 to 1e00°C arc
plotted in Fig. 5. The diffusien paraweter, D7, is independent of the geouctry of the
sample, which indicates that the basic releasing unit is of constant dimensions.

At temperatures belew 10620°C (the temperature of the monocliﬁ§c~hcxugonul phuase
-transition) the diffusion paramcter, p’, was controlled by twe diffcrcnt»prbbesscs. The
value of D’ is obtained by adding the values calculated from

. D” = 7.87 x 10~% enp(-i6,248/RT°K) ,. .. , ©(3)
vhich is predominant at temperatures below 1300°C and the valuéé calculated from

D” = 68.0 exp(-53,080/R%°K), .. - (%)
which is predominant up to 1620°C. At temperatures above 162060, the release of helium
is significantly different from that below 1620°C. This was presumzbly duc to the charac-
teristics of the hexaponal structure or to changes in the sample produced during the
monoclinic~hexagonal transition. Figure 6 shows the rapid tronsicnt release of heliwnm
at the transition temperature in Zq”Cm203. The steady-state diffusion parameters in
24%Cn,03 above 1620°C are given by

| " D’ = 4,65 x 107 exp(-102,780/RT°K) . ' (5)
The activation energies, -16,248 cal/wole and —53,0éb cal/mole, are similar to that
observed in 238Pu02 [23].

Angelini [22] studied the effect of varying the radiation dose rate on the diffusion
parameter (/%) of helium in 2””Cm203. To vary the radiation dose ratz the 21*”Cm203 was
diluted with Gd203; The classical diffusion model posits that the diffusion paramoter is
independent of helium concentration (or in this case the production rate of helium). The
radiation dose rate, bowever,-is a linear function of the helium production rate. Values
of the steady-state heliwn concentration in the 21*I*C111203--Gc1203 samples (from which diffu-
sion parzueicrs are calculated) were deternined on 75 mole Z Cmp03-25 mole Z GdpOs and
46 nole 7 Cnp03-54 mole % Gdy03 in the temperature range 1300-1700°C, Data for the
diffusion parameter of helium have been previously reported. The data arc plotted in
Fig. 7. A power dependence of Dé on radiation dose rate is inferred. This conclusion
is consistent with the relative values of D' determined on 2%2Cmy03, 2"‘L'Cm203, and 2%8puo,,
The assunption that Gds03 is ipert is reascnable but not proven.

Thermal Concuctivity

.The therm.l conductivity of 2”“Cm203 was measured [24] in a longitudinal heat flow
thermal conductivity apparatus using an absolute method which was developed for use with
highly radioactive samples and vhich had previcusly been used to measure the therimal con-
ductivity of s*rontium-%0 compounds. The thermal conductivity measurepcnts which were
made in the temperature range of 500-1100°C are plotted in Fig. 8. The data shown in
Fig., 8 have been used to derive an equation to represent the thermal conductivity of 100%

theoretical density 2""*Cm203 as a function of temperature (Eq. 6),
. . 4

1/k = 37.795 + 0.01659T ,

~

vhere k is in W/cw-°C and T is in °K.




" which is predominant at temperatures below 1300°C and the values calculated from
b” = 68.0 exp(-53,080/R1°K), . - - (4)
vhich is predominant up to 1620°7. At terperatures above 162060, the release of helium
is significantly different from that helow 1620°C, This was presumably duc to the charac--
teristics of the hexagenal structure or to changes in the sample produced during the
nonoclinic-hexagonal transition., Figure 6 shows the rapid transient rceleace of boliunm
at the Lransition temperaturc in 2””Cm203. The steady-stzte diffusion parameters in
2MCn,03 above 1620°C are given by
| " B’ = 4.65 x 107 exp(-102,780/RT°K) . ' (5)
The activation energies, -16,248 cal/mole and —53,086 cal/mole, are similar to that
cbserved in 238Pu02 [23].

Angelini [22} studied the effect of varying the radiation dose rate on the diffusion
parameter (®/r?) of helium in 2“@Cm203. To vary the radiation dosec rate the zq”Cm203 was
diluted with Gdz03. The classical diffusion wmodel pesits that the diffusion paramcter is
independent of helium concentration (or in this case the production rate of helium), The
radiation dose rate, however, is a linear function of the helium productica rate. Values
of the steady-state helium conceantration in the 2““Cm203~Gd203 samples (from which diffu-
sivu paranniers are calculated) were deternined on 75 mole Z Cmp03-25 mole Z Gd03 and
46 wole 7 Ciny03-54 mole % Gdp03 in the temperature range 1300-1700°C., Data for the
diffusion parameter of helium have been previously reported. The data are plotted in
Fig., 7. A power dependence of Dﬁ ot radiation dose rate is inferred. This conclusion
is consistent with the relative values of D' determined on ?%*2Cm;05, 24%Cmy03, and 238pu0,,

The assumption that GdyC3 is inert is reasonable but not proven.

Thermal Zonductivity

The thermal conductivity of 24”Cm203 was measurced [24]) in a longitudinal heat flow
thermal conductivity apparatus using an absolute methed which was developed for use with
highly radioactive samples and which had previously been used to measure the thermal con-
ductivity of strontium-90 compounds. The thermal conductivity measurenents vhich were
made in the tewmperature range of 500-1100°C are plotted in Fig. 8. The data shown in
Fig. 8 have been used to derive an equation to represent tie thermal %onductivity of 100%
theoretical density 2”“Cm203 as a function of temperature (Eq. 6),

.

1/k = 37.795 + 0.01659T , (6)

viere k is in W/ ewn.°C and T is in °K,

* Melting Point

The melting point of a sample 2“”Cm203 of unknown purity was reported by Mclenry [25]™
’,l

to be 1950°C, Subsequently, measurements mede on highly purilicd CuyOz (dow pluiovniuva

content) gave higher melting points. Smith [26] reports 2255-2277°C for his wost purified

voterial and 2173-2180°C for material of couposition sinilar to prodection quality
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2“‘Cm203. Chikalla [27] made similar measurements of purified Cuy03 @nd obtained melting

temperatures of 2220-2240°C,

Critical Hass
The critical mass of 2%%Cmy03 has been calculated [28] at Oak Ridge National

Laborztory from cross-section data. UThe results (Table JX) indicate an underestimation

of the critical mass, compared with replacement measurements made at Los Alamos [28],

Vapor Pressure and lleats of Vaporization and Formation

The vaporization rates of 2L”“Cr11203 have been meééhred by Smith [18] using a con-
veniional Knudsen effusion technique. TFrom Knudsen effusion data, the vapor pressures
and heats of vaporization can be detcermined if the vapor spacies are known., Since the
vapor species are not known (however, they are inferred by Smith from thermodynamic con-
siderations to be curium plus oxygen), he arbitrarily expresses his vapor pressure date
(Fig. 9) in terms of one mole of solid Cmy,03 vaporizing to one mole of gaseous (hypo-
thetical) Cmp03. He gives the heats of vaporization for the hypothetical condition of
one mole of solid Cmp03 vaporizing to 5 miles of gaseous atoms. When the vaporization
reaction is determined, his vaporization rate data can readily be adjusted for the
vaporization reaction to obtain true vapor pressures and heats of vaporization. The
equation for the vapor pressure is’
_ log P, (atm) = 7.32 (+ 0.26) - [29,050 (x 590)/T(°K)]. (7)
?he equation was fitEZd to the data by least mean squares, Errors are standard deviation.
}he heat of vaporization of one mole of Cmp0O3 to 5 moles of ggseOus atoms over the
temperature range of 1800-2600°K was calculated to be 665 * 13.5 kcal/mole of Cmp0O3, The
heats of veporization were calculated to be 678.5 * 8.0 and 670 + 10 kcal/mole of Cmp 03
at 0°K as derived from the Third Law and Second Law of thermodynamics, respectively.

The heat of formation at 0°K was estimated by Smith [18] to be -429 * 14 kcal/mole.

Vapor Transport of 2"%Cm,05

*

The rate of transfer of Cmy03 by volatilization and diffusion in a helium atmosphere
has been measured by Posey [29]. These experiments simulated the conditions inside a heat
source powered with ZL*L*Cm203= The rate of movement of Cmp03 through a helium atmosphere
in a tube of known length and constant cross secfion wvas determined. From these data thé
product of the vapor density tiwes the diffusion coefficient was determined. A pellet of
Cmp03 was placed in one end of a 0,25-in.-ID tungsten tube of known léﬁggh. The end of
the tube containing the Cmp03 was heated, whilc the other end was held at a lower tempera-
ture, 7The tube was in a vertical position with the hot end at the top to prevent thermal
convection, Experiments were carried out at three temperatures, The details of the con-

AR

ditions are given in Table XI,
The results of the experiments described in Table XI are given in Table XII. The

data in Table XII are reportcd'at onc atmosphere of helium by use of the equation(D){C)

(D}(c) =§_" s




" “Laboratory from cross-section data, The results (Table TX) iridicate an underestimation

of the critical mass, compared with replacement measurements made at Los Alamos [28],

Vapor Pressure and lleats of Vaporization and Tormation

The vaporization rates of 2””Cm203 have been meééﬁred by Smith [18] using a cou-
ventional Knudsen effusion technique. TFrom Knudsen effusion data, the vapor pressures
and heats of vapourization can be determined if the vapor species arve knowa. Since the
vapor species are not known (however, they are inferrved by Smith from thermodynamic con-
siderations to be curium plus oxygen), he arbitrarily expresses his vapor pressure date
(Fig. 9) in terms of one mole of solid Cmy03 vaporizing to onc mole of gaseous (hypo-
thetical) CmpO3. He gives the heats of vaporization for the hypothetical condition of
one mole of solid Cmy03 vaporizing to 5 miles of gaseous atoms. When the vaporization
reaction is determined, his vaporization rate data can readily be adjusted for the
vaporization reaction to obtain true vapor pressures and heats of vaporization. The
equation for the vapor pressure is
_ log P, (atm) = 7.32 (& 0.26) - [29,050 (* 590)/T(°K)]. (7)
?he equaricn was fitéZd to the data by least mean squares. Errors are standard deviation,
The heat of vaporization of one mole of CmpOsz to 5 moles of géseous atoms over the
temperature range of 1800-2600°K was calculated to be 665 * 13.5 kecal/mole of Cmy03, The
heats of veporization were calculated to be 678.5 + 8.0 and 670 * 10 kcal/mole of CmpOj
at 0°K as derived from the Third Law and Second Law of thermodynamics, respectively.

The heat of formation at 0°K was estimated by Smith [18] to be ~429 % 14 kcal/mole.

Vapor Transport of 2"%Cmy04

2

The rate of transfer of Cmp03 by volatilization and diffusion in a helium atmosphere
has becn measured by Posey [29). These experiments simulated the conditions inside a heat
source powered with 2'*'*Cmp_03. The rate of movement of Cmp0O3z through a helium atmosphere
in a tube of known length and constant cross section was determined. From these data the
product of the vapor density times the diffusion coefficient was determined. A pellet of
Cmy03 was placed in one end of a 0,25-in.-1D tungsten tube of known 1éﬁggh. The end of
the tube containing che Cmp03 was heated, while the other end was held at a lower tempecra-
ture, The tube was in a vertical position with the hot end at the top to prevent thermal

convecticn., Experiments were carricd out at three temperatures. The details of the con-

~

ditions are given in Table XI.
The results of the experiments described in Table XI are given in Table XII., The

data in Table XIL are reported at one atmosphere of helium by use of the equation(D)(C) =
- "
D)) = > ' (8)

diffusion cocfficient, em”/sec, : { . —_

i

vhere D

-,

p = helium pressure, atmospheres,
C = vapor density of Cmy0z, g/cm?, and

k = constant.




) :
E The data in Table XIL have lLeen correlated by Eq. (9) so that the value of (D)(C) cun
f be calculated for temperatures other than thosc at which tlic data were taken:

-1 ) . .

!QQQ? x 207 = 2hLsEh - (22,050/), - (9)
-y . '

I‘J

logao

diffusion ccefficient, cm’/sce,

vhere'D =
C = concentration of CmypOj, g/cm3, and
T = temperature, °K.

This equation was derived assuming that the vapor pressure varies with temperature accord-
ing to the equation of Smith and Peterson [18]. The. diffusion coefficient was assumed

to vary as the 1.5 power of fhe absolut temperature, Vith the present data specific
diffusion coefficicnts were not calcuvlated., The vapor density, C, can be calculated
directly using the vapor pressure data of Smith and Peterson [18). Their data, however,
were derived assuming a likely vapor specie. Any error in the assumption would have been

reflected in the calculated value of "D". The produét,'(D)(C), is measured directly and

is readily usable.

Solubility and Leach Rate of 2u40m203

i
The solution of Cmy03 in air saturated distilled water and seawater has been inves-
tigated by Posey [30,31]. The solubility of 2"%Cmp03; in seawater reached saturation in a
few hours and did not change with time (up to 1032 hr), The solubility was 3.4 * 1.4 x 1073
ng/liter. Preliminaf§ results on the solubility of 2“”0m203 in air saturated distilled
water’ as rcported by Posey differ considerably from that in seavatér, The solubility
increascd exponentially with time up to 1032 hr (the duration of the tests), The data

were correlcted with the equation:

S = 9,06 x 107%¢1-913 ' _ (20)

solubility in mg/liter, and

1

vhere S
t

time, hr, ya
The equation was fitted by a method of leasi-squares., A plot of Eq. (10) is shown in

Fig. 10. 7The saturation solubility of 24”Cm203 in air saturated distilled waster was not
determined. The différence in the solubility of 2”“Cm203 in seawater and distilled water
was possibly attributable to the formation of a colloidal suspension in fresh water.
Further studies are in progress by Posey. A

ne

Compatibility

The compatibility of 2““Cm203 with the refractory metals and alioys Ta, Ta-10% W,
T~111, Mo, TZM, W, and W-26% Re was studied by DiStefano ;nd Lin [32]‘for times up to
10,000 hr at 1650 and 1850°C, The alloy W-26% Re showed the least interaction with
24%Cm,05; but Mo, TZM, and tungsten rere acceptzble, especially at 1650°C. Serious
attack occurred with Ta and Ta aii;ys. Ne reduction of 2””Cm293 was observed. The
attack was believed to be by disso;u;idﬁ.' Figures 11 and 12 show the several metals

exsosure to curium oxide at 1650 and 1850°C. Andelin and Watrous [33] are currently



T = temperature, °K.
This equation was derived assuming that the vapor pressure varies with temperatare accord-
ing to the equation of Smith and Peterson [18]). The diffusion coefficicent was assumed
to vary as the 1.5 power of the absolut temperature. With the present data specific
diffusion coefficicnts were not calcula’ed. The vapor density, C, can be calculated
directly using the vapor pressure data of Smith and Peterson [18}. Their data, however,
were derived assuming a likely vapor specie. Any error in the assumption would have been

reflected in the calculated value of "D". The product, (D)(C), is measured directly and
is readily usable. ' ’
J

i

The solution of Cmy04 in zir saturated distilled water and scawvater has been inves~
2Y3

Solubility and Leach Rate of ?%Cmy03

tigated by Posey [30,31]. The solubility of 2%%Cmy03 in seawater reached saturation in a
few hours and did not change with time (up to 1032 hr). The solubility was 3.4 * 1.4 x 1073
mg/liter, Preliminaf§ results on the solubility of 2l*l*Cm;;_O;; in air saturated distilled
water’ as reported by Posey differ_ considerably from that in scavater, The solubility
inereased” exponentially with time up to 31032 hr (the duration of the tests). The data

were correlated with the equation:

S = 9,06 x 10~1.913 (10)

solubility in mg/liter, and

vhere S
t
"The equaticn was fitted by a method of leasi-squares. A plot of Eq. (10) is shown in

]

time, hr. s .

Fig, 10. The saturation solubility of 2“”cm203 in air saturated distilled waster was not
determined. The différence in the solubility of 2”“Cm203 in seawater and distilled water
was possibly attributable to the formation of a colloidal suspension in fresh water,

Further studies are in progress by Posey.

Compatibility

The compatibility of 2”“Cm203 with the refractory metals and alioys Ta, Ta-10% W,
T-111, Mo, TZM, W, and W-267 Re was studied by DiStefano and Lin [32].for times up to
'10,000 hr at 1650 and 1850°C. The alloy W-26% Re showed the least interaction with
244eom,05; but Mo, .T7ZM, and tungsten frere acceptzble, espacially at 1650°C. Serious
attack occurred with Ta and Ta aiioys. Yo reduction of 2””Cm293 wvas observed. The
attack was believed to be by dissolutioh.' Figures 11 and 12 show the several netals
exsosure to curium oxide at 1650 and 1850°C. Andelin and Watrous [33] are currently
studying the compatibility of 2""Cmy03 with W, W-25% Re, Mo, Mo-453% Re, W-30% Mo — 30% Re,
’énd Re for tiaes up to 16,000 L ot 2G6G0°C. dheir resulis to datL at 2000°C for 100G hr
are similar to those of DiStefano and Ling however, the attack on Mo and ¥ is wore severe
with penctration by dissclution along grain boundayrics of up to 10 rils. Minor voids

vere obaerved in otheor netels to a depth of 1 mil,



CURIUM SOULCES

A one-kilowatt heat source has been tested at ORRL for a period of 22 months. The
cbjectives of this test were:

1. to develop the techniques for fabricating the fuel capsule, fuel pellets and

fueling an all»refrqctofy»meéal heat source containing 2””Cm203;

2. to investigate the performance of an open heliun venting systen; and

3. to investigate fuel pellet behavior in a full-size heat source. .

Yhe fuel capsule shoun in Fig., 13 was fueled with 400 g of Cup03. The %gggmhiﬁxisxthow
asseﬁbiy is shown in Fig. 14, "The source was tested for 22 months at an average tempera-
ture at the surfaée of the base of the source of 1100°C. The highest temperature was
1281°C. ' e
i The test assembly was disassembled in December 1972 and the.fuel capsule was cut
open. Some fuel migration was evident, Fuel was found between the boticm of the vent
disk and the top of the fuel channels, An analysis of this material showed it to be about
the same as the fuel pellets. A small amount of fine material (&2.7 g) was found above
the vent disk; its heat output (&1.2 W/g) is substantially less than material éhipped
from the top of the fuel pellets (1.83 W/g). Analysis showed that this material contained
Na, Ca, Mg, K, Al, and Ti in concentrations greater than the concentration in the parent
fuel. A calorimefric measurement of the vent tube did not indicate that any curium-244
had rcached the outside of the capsule,

The fuel pellets appeared to be intact and still in eylindrical form, but they were
stuck’ tightly in the holes. The capsule pieces and vent tube were sealed in a large

Hastelloy-C capsule and stored for metallurgical examination,

-
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