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PREFACE

This report is the second in a series on the appliled aspects
of lsctopes that are under study at the Savannah River Laboratory
(SRL), and that are of interest as isotoplc heat source materials.
Principal emphaslis is on isotopes that are produced by neutron
addition, since these are the materials for which the production
capabllifies of the Savannah River Plant reactors and other facll-
ities can be used effectively. Data for other materials will be
included 1f pertinent -- such as the isotoplc ¢r chemical com-
positlon of fisslon products that can be recovered from Savannah
River process wastes.

These reports are intended to present data that are useful
to system designers and also to potential or active user agencies.
The reports thus deal with the follewing subJect areas of SRL

programs:

1. Properties and reactions of lsoctopes useful or poten-
tially useful as heat sources.

2., Information on the 1rradiation and postirradiation
processing of these materlals, when the informatiocn
1s relevant to thelr use as heat sources and 1s not
in a - sensitive area cof production technology.

3. Development of design data directed toward manufac-
turing capability for isotopic heat sources.

The present report contains principally data from work in
October, November, and December 1966. The first report, DP-1088,
presented some background data and reported the data from work
in July, August, and September 1966.

Isotople fuel data sheets on cobalt are included as an
appendix to this report, and serve to update DP-1051, Revisioen 1,
"Properties of ®°Co and Cobalt Metal Fuel Forms" by W. ¢. Windley,

Jr.
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SUMMARY
Cobalt-60

Of the candidate capsule materials tested, "Inconel" 600 and
TD Nickel are most compatible wilth cobalt metal, based on 168-
hour tests at 80C, 1000, and 1200°C. TD Nickel Chromium has out-
standing oxidation resistance, based on 1000-hour tests in alr
at 1000°c,

Capsules of "Inconel" 600 and "Hastellcy" C containing radio-
active cobalt were heated for 100 hours in air at 850°C with no
significant changes 1n appearance or dimensions.

8900 heat sources were shown to require lighter shields than
®03prTi0, heat sources at powers asbove about 2 kwt.

Curium-244

Reaction of CmOz with HpS in the presence of (S, was used to
synthesize CmsSs. The sulfides (notably CmS) are potential high
melting fuel compounds of *4%*Cm,

In analogy with the rare earth sesquloxides, Cmz0g5 exists
with increasing temperature in three crystallographic forms:
(1) body-centered-cuble C-type, (2) monoclinic B-type, and (3)
hexagonal A-type. The B-type Cmgy0a, c¢an be retained cn cocling
and resists self-radiation-induced transformation at low tempera-
tures. It thus appears to be the best candidate curium oxide for
'"heat sources. The decompogition of CmOy to Cmp0, during heating
proceeds through at least one intermedlate composition with a fee
cubic structure closely related to the parent CmO, structure.

Relatively high losses of Cmp05; due to vaporization through
a small hecle have been observed during measurements of the vapor
pressure of the oxide uslng the Knudsen technique.

A cermet compact of Cmy05 with tungsten, fabricated by cold
pressing and sintering at 1850°C, showed no evidence of deleterlous
interaction between the oxlde and metal particles,

A shipping contalner for transport of curium oxide in 120 g
batches was designed.

i
¢
i
i
4
:



CONTENTS ]

v
o
[0}

List of Tables and Pigures . . e e e e e e e e e e e e
Discussion + « o v o & ¢ s o o & 5 s & & 4 s 2 0 v 4 4 v s
Cobalt=-60 & v v v v 4 4 v s s s n e e e e e e
Production of ©%o for Heat Source Development . .

Materials Teg¢hnology and Development . . . . . . .
Propertles of Irradiated Ccbalt Metal . . . . .
High Temperature Fuel Candldates . . . . . .
Evaluation of Capsule Materials . . . . . . . .
Capsule Fabricatlion and Testing . . . . . . . .
Heat Source Deslgn . . . + + « ¢« ¢« & « & o « « &

RefereriCes + « + v o o o o o o s s s s s s o s s
Curium-2434 . L . . . e e e e e e e e e e e e e e e e

Materlals Development . + +« & + ¢ ¢ o ¢ & + ¢ o« +
Synthesis of Curium Sulfides . . . . . .
Tdentiflcation and Stabhility of Curium Oxldes .
Vapor Pressure of Curdum Oxlde . . . . . . . . .
Curium Oxide-Refractory Metal Cermets . . . . .

o
FOWW WV O OV ERDHRE H B <

=
N

Englneering Development . . « « + + &+ o+ &

=
-q

Curium Oxide Shipping Container . . . . . . . 17
References .« ¢« « « v 4 4 ¢ ¢ o 4 4 o 4 & s s+ 4 4 19
Appendlix A . . v v 4 4 et s e e s e e s e s e s e s e e e 21

- iv -




LIST OF TABLES AND FIGURES

Table ' Page
I Effect of Irradiation and Decay on Denslty and
Hardness of Cobalt .+ « « v « v v v o o« o & o + o s 2
IT Vaporization Rate of CmsOs « o « o & o o o & o o« o 14
Figure
1 Uranium Shield Weight Required to Reduce Radlation
from Spherical Sources of ®°3r and ®°Co to 10 mr/hr
at 1 meter from Center of Source . . . . « « + + . T
2 Tungsten Shield Welght Required to Reduce Radilatiocon
from Arrays of ®9Sr and °°Co Capsules to 10 mr/hr
at 1 meter from Center of Source . . . . « + « + & 7
3 Iinear Thermal Expansion of Near Stolchliometrilc
CmMOs  + &+ & v v 4 e s e e e e e e e e e e e e s 11
4 Curium Oxide Lattice Parameters . . . . . . . . . . 12 i
5 Surface Appearance and Microstructure of Sintered;
Cmo05-W Cermet Pellet o o « o v « o v v o « « « o' 16
6 Gurium Oxide Shipping Container . . . . + . . . . . 18
— V —




i

DISCUSSION
COBALT-60 :

Objectlives of the Savannah River Laboratory (SRL) program on
8006 are to develop and establish allowable operating limits for:

e C(Capsules containing radioactlve cobalt metal in an
oxidation resistant cladding by the end of FY-1968,
and

e Capsules containing a higher temperature fuel form
cf 290 1n a refractory metal cladding by the end
of FY-1970.

The program is a limlted one to meet needs of general applicablllty
to heat source designers and users. Development and evaluation of
specifile concepts are not at present included in the scope of the
SRL program.

PRODUCTION OF ®°Co FOR HEAT SOURCE DEVELOPMENT

Production of high-activity cobalt for experimental programs
and poszgible heat source demonstrations was continued. As of
December 30, about & million curies of ®°Co, averaging 260 curies
per gram of metal, had been produced. Irradiation will continue |
until about 8 MC1 (125 kw), at an average of 350 Ci/g (48 watts/
em®), have been produced. This will include 6 MCi as 0.74#5-inch-
dilameter by 0.040-inch-thick wafers plated with 0.0005 to 0.001
inch of nickel, and 2 MCi as 0.80-inch-diameter wafers and 3-inch-
long slabs of various types (nickel-plated, stainless-steel-clad,
stalnless-steel-bonded).

MATERIALS TECHNOLOGY AND DEVELOPMENT

Propertles of Irradiated Cobalt Metal

Changes in dimensions, density, hardness, and microstructure
of irradisted cobalt metal are being measured tc deflne the effects
of irradiation and radiocactive decay.

Other properties will be investigated as required for partlc-
ular applications.

i
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Specimens of five levels of specific activity have been .
examined. Measured densities and hardnesses are shown in Table I. i 3? ;
These variatione from nominal preirradiation values, lncluding
the expected incréase in hardness, should be negligible in terms
of heat source design and operation. No changes in dimensions
could be measured. The microstructures were alsc unaffected, as L
reported earlier, ()

[

TABIE I e

Effect of Irradiation and Decay
on Density and Hardnesa of Cobalt

Specific Activity, Composition,(a) % Density,(b) Hardness,(C)‘ i
Cci/g TG0 ®5Co  Ni g/cc Roekwell D Secale i

100 - - 8.8 14.7 3

6 100 - - 36.5 N

93 91 8 1 8.85 36.2 e
100-50(4) 91 Y 5. 8.72 44.8 bt
300-140(d) 65 13 22 8.77 49.0 -

700 27 62 11 8.93 42,9 s

{a) Composltion glven is that at the time of the examlnation. '§
{v) Averages of at least three measurements; ranges were +0.5%. o
(¢) Averages of at least five measurements; ranges were *5%. 5
(d) First number is initial specific activity and second is ) -

actlvity at the time of the examinatlon.

High-Temperature Fuel Candidates

Alloys and compounds of cobalt that have higher melting tem-
peratures than cobalt metal are being explored for use in high- i
temperature ®°Co heat sources. Cobalt-rhenium (Co-Re) alloys oy
have sufficiently high melting temperatures but would have fto be N
fabricated after irradiation te prevent conversion of the rhenlum i
to osmium and the concurrent formation of & lower-melting alloy.'?’ N
Methods are being developed to obtalin Cc-Re alloys that can be
fabricated from radicactive cobalt, and alternative forms of
cobalt are being developed that can be fabricated before lrradia-

tlon.




Fabrication of Cobalt-Rhenlum Alloys

Clo-Re alleys formed by sintering ccld-pressed compacts have
been porous. More complete consolidation by cold-hearth arce-
melting of the compacts ylielded nonequilibrium alloy structures.
Additional attempts to fabricate sound alloys by these techniques
have been deferred.

Alternative High-Temperature Forms of Cobalt

Ceramlc bodies of cobalt oxide (Ce0) or a mixture of cobalt
and magnesium oxides {Mg0) can be fabricated before irradiation.
The solid solutions of the Co0-Mg0 system have the desired high
melting temperatures though at some sacrifice of power density.
Co0 alsc melts in the desired temperature range but presents a
compatibillity problem wilth encapsulating materials.

The CoO-MgO system has complete s0lid solubllity. As the
concentration of Mg0 is increased the melting temperature lncreases
from 1745 to 2800°C, but the power density decreases. A Co0-Mgo
alloy with a power density of 12 w/cc with 300 Ci/g ®°Co has a
melting temperature of 2150°C compared to 2300°C for a Co-Re alloy
of the same power density. The s0lid solutions might be compati-
ble with refractory-metal containers because Mg0 is cne of the
most stable oxides. Co0-Mg0 ceramics will be investigated further.

The melting temperature of CoO 1s reported to be 1745°.(2)
The power density of the oxide {24 w/cc for 300 Ci/g ©°Co) 1is
similar to the 25 w/cc density of the Co-Re alloy of the same
melting temperature. The oxide is probably incompatible with
refractory metal capsules since the calculated free-energy change
for the oxidation of the refractory metals 1is more negative than
that for the oxidation of cobalt. Therefore, the refractory metal
would reduce the oxlde and liquid cobalt would be formed above
1495°c. Conseguently, use of CoC in high-temperature heat sources
would have little advantage over use of cobalt metal.




. Evaluatlion of Capsule Materials

" .Belection of sultable materials and definition of thelr
limiting operating conditions requires the assessment of the
compatibility between cobalt and cladding. Necessary data include
knowledge of rates of diffusion of ©°Co through the cladding,
rates of oxldation of the cladding, and effects of these reactions
on the mechanical properties of the materlals. Direct measure-
ments of these characteristics are supplemented by demonstration
tests in whilch capsules fabricated from the most promising mate-
rials and containing unirradlated cobalt (5900) are annealed for
longer than 1000 hr. Effects of the radiation fileld are being o
measured in a smaller number of companion tests on 1dentical ?.f
capsules containing %°Co. :

Compatibility

Preliminary evaluations of compatibility have been made by
annealing multilayered diffusion couples of cobalt and various
nickel- and cobalt-based heat resilstant alleys for 168 hr at 800, 2%
1000, and 1200°¢, (1) Metallographic examinations and electron ";ﬁ
microprobe analyses showed that the resultant diffusion zones are i
reglons of so0lid sclution terminating in a band of velds. Of the
materials tested, the rate of growth of this diffusion zone was Pl
lowest in "Inconel"* 600, and TD Nickel*#*, followed by TD Nickel LA
Chromium**, "Hastelloy"#** (C, and "Hayneg'wx#% 25, '

Diffusion of %%Co i

The rate of diffusiocn of ®°c through various cladding mate-
rials is being measured by standard radiocactlve tracer techniqgues.
Preliminary results obtained with "Inconel™ 600, "Hastelloy" C,
and "Incoloy"* 825 indicate that the rate of diffusion along the
grain boundaries and the rate of diffusicn thrcough the volume of
the grains varled with alloy content. These tests are contlnuing
and will be Interpreted in terms of the amcunt of ®°Co that could
be present near the surface of a capsule after operation for
various lengths of time.

(1)

Rate of Oxidation

The oxldation resilstance of numerous nickel- and cobalt-based
heat-reslstant alloys is belng measured by exposing test coupons

¥ International Nickel Co., Inec., New York, N. Y.
**% E, I. du Pont de Nemours & Co., Wilmington, Del.
**#* Union Carbide Corp., New York, N. Y.
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to still air at 1000°C for times up to 10,000 hr.'?) Examinations
after 1000 hr showed that TD Nickel Chromium had outstanding
resistance to oxldation and that "Inconel" 600, "Hastelloy" C,

and "Hastelloy" X were satisfactory confirming predictions based
on literature values. Companion specimens are belng tested to
total exposures of 5000 and 10,000 hr.

Capsule Fabrication and Testing

Welding of Theoria-Strengthened Allcys

Although TD Nickel and TD Nickel Chromium are prime candidates
for encapsulating radiocactive cobalt, they are difficult to weld
without causing segregation of the thoria dispersion, and are
normally Joilned by brazing. The degree of segregation in welds
made by varlious technlgues 1is currently being evaluated.

Examinatlon of TIG welds of TD Nickel and TD Nickel Chromium
showed that thoria segregation occurred in the weld metal. Pockets
of thoria-free metal and thorla-free "stringers" were present,
predominantly along the original interface between the components.
The reduced strength of these stringers may not be detrimental to
this particular application because of the low level of sfress
expected in a capsule.

Electron-beam welded sections, which should have little or
no segregatlion because of the shorter fusion time and increased
agitation of the molten metal pool, will be evaluated in future
tests.

Heating Tests of Inactive Capsules

Reliability and durablility cof prototype capsules are belng
evaluated by heating for 1000 hr at 1000°C in sti1ll air. The
first test demonstrated that "Inccnel" 600 and "Hastelloy" C
were compatible with the unirradiated nickel-plated cobalt wafers
and were reasonably reslstant to oxidation; "Incoloy" 825 had
inadequate resilstance to oxidation. (1!

The second and third tests have been completed. In the
second test, the three capsule materials oxldlzed extensively,
probably asg a result of reaction wilth the filrebrick that supported
the capsules during the heating. A third test with capsules of
"Tneonel” 600 and "Hastelloy" C confirmed that these materials
were compatible with the cobalt and that "Inconel" 600 was more
resistant to oxldation than "Hastelloy" C. The degree of oxida-
tion for both materials was greater than in the first test due to

05-




thermal cycling caused by furnace failures during the 1000-hr
exposure period. None of the cobalt wafers could be removed from
either of the capsules after the tests because the wafers bonded

to each other and to the capsules.

Similar tests of other encapsulating materials, such as TD
Nickel, TD Nickel Chromilum, and "Hastelloy" X, will be completed
next quarter. Additional tests of "Inconel” 600 capsules at 850°C
for times up to 10,000 hr are in progress; these capsules will be
compared with companions filled with radloactive cobalt and
aumealed under identical conditions.

Heating of ®°Co Capsules

Prototype capsules filled with radiocactive cobalt are belng
heated to demonstrate the reliabllity of the remote encapsulation
procedures and to measure the effects of the radiation on oxida-
tion and compatibility. Annealing conditilons range between 850
and 1000°C for 1000 to 10,000 hr.

Two capsules, one of "Hastelloy" C containing 9000 Ci and
one of "Inconel" 600 containing 16,000 Ci, have been annealed for
100 hr at 850°C in still air. Hellum leak tests before and after
the anneal showed that the integrity of the capsules was main-
tained. No significant changes occurred ln the appearance of the
capsules. Metallographic examinatlon for oxildatlon and interdlf-
fusion is in progress.

Heat Scurce Design

Shield Welght for Practical %%Co Heat Sources

To assess the effects of engineering realitles such as fuel
encapsulation on heat source shield welghts, ®°Co and #°Sr sources
of 1 to 20 thermal kilowatts were compared. The dlameter of a
spherical ®°SrTi0, source is about 3-1/2 times the dlameter of a
300 Ci/g ®°Co source of equal power. Because the inner diameter
is much smaller, uranium shielding for ®°Cc weighs less than for
203rT10, at powers sbove ~2 kwt. Blological shilzlding weilghs
less for %% than for ®°3r at initial powers above about 2 kwt
for a concentrle sphere configuration with uranium shileldlng,
Filgure 1. ©%°Co is even more favorable for large heat sources
conslsting of cylindrical arrays of encapsulated fuel with tung-
sten shielding, Figure 2, although shleld welghts for practical
heat sources are at least 40% heavier than for spherical sources.
Tungsten shielding for an inlitlal heat source power of 20 kwt
weighs about 2000 1b for ®°Co and about 4000 1bs for °°Sr (as
SrTi0g) .

-6 -
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Figure 2 compares the welght of tungsten shlelds for a heat
source consleting of a T-capsule close-packed array, each capsule
having a ©.050-1nch-thick wall and ©.075-1nch-thick end caps. U
I/D of the capsule array 1s 1. Capsule diameters vary with power niﬁ
over the reasonable ranges of 0.6 to 1.1 inches for ©°Co and 1.8 -
to 3.7 inches for ®°°Sr from 1 to 10 kw. If capsules must be ’
spaced apart instead of close-packed, e.g. to allow for gas
coolants, total shield weight increases and the advantage of ®%Co
is even more pronounced. Figure 2 is based on initial heat socurce
pcewer. A compariscon baged on average or end-of-1ife power would
be only slightly less favorable for %% c. TFor equal powers after
one half-1ife of ®°Co the power level at which the ®°Sr and ©°co
shleld weights are equal is increased to about 2-1/2 kwt for
practical heat sources.
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CURIUM- 244

Approximately 4.5 kg of 24%Cm is now belng produced in the
Savannah River Reactors to provlde material for the development
of 2%%Cm heat sources. 2%%Cm, which decays with a half-life
18.1 years principally by the emission of alpha particles, gen-
erates 2.65 watts/g in pure form. The isotopes can thus be
utilized in applications requiring high power-to-welght ratios,
with operating temperatures in the 1500-2000°C range required
for thermioniec conversion systems ag well as in the lower tem-
perature ranges required for thermoelectric and thermodynamic
converslon systems. Study of refractory forms of the igotope
and development of fuel capsules for these applicationg 1s under-
way at Oak Ridge National ILaboratory (ORNL) and at the Savannah
River Laboratory (SRL).

The specifilc oblective of the SRL program 1s to acquire the
technology needed for large-scale manufacture of 2%*Cm fuel cap-
sules., Pending definition of specific product goals, both basic
and development studies of candidate systems have been 1nitiated.
Close lilalson 1s maintained wilth ORNL. Work is currently being
done in the following areas:

# Synthesls and measurement of properties of refractory
2440m compounds

® Development of technlques for preparing dense fuel
forms

e Testing of the compatlibllity of the fuel forms with
candidate encapsulation materials

1

e Design of facilitles for encapsulation of 100-500
watt fuel forms

MATERIALS DEVELOPMENT

Synthesis of Curium Sulfides

Refractory compounds of curlum are being syntheslzed as
alternatives to curium oxide for high temperature heat source
applications. Curium monosulfide (CmS) 1s a promising candidate.
By analogy with cther sulfides, CmS 1s expected to have a high
melting temperature (estimated >2300°) and good thermal stability.
A procedure has been devised for preparation of curium sesquisul-
fide (CmoSs), from which CmS might be cbtained by thermal decom-
posltion.




The sulfides are generally readily prepared from the oxlides.
Previous attempts to prepare (mpSs were made by exposing the oxide
to HeS at 1400°C in a graphite boat for 4 to 5 hours - a method
used successfully to prepare PusSa. However, the graphite boat
was attacked and the products contaminated so heavily with carbon
that no clear evidence of the curium gesqulgulfide could be
obtained by X-ray diffraction. The problem was aggravated by the
amall scale of the experiments.

An improved procedure was developed and tested using cesium
oxide (Ce0,) as a stand-in for the curium oxide. A ceramlc com-
bustion boat was used as reactlon vesgel, and the reactant
hydrogen sulfide (HpS) was saturated with carbon disulfide {CSz)
vapor; the presence of carbon has been reported necessary to
reduce an intermediate product Cez0sS. In several tests at 1300°¢
the conversion of Ce0, to sulfide was essentially complete after
seven hours. Analysis of the cerium sulfide indicated a $/Ce atm
ratio of 1.4, with 0.7% resldual oxygen still present, indicating
the reaction product to be a mixture of CegSg and Cegds.

During the current quarter, the new procedure was employed
to synthesize a 100 mg sample of 2440m.8,., COmO, in a ceramic
combustion boat was exposed for five hours at 1300°C to HzS satu-
rated with CS, vapor. The product was a dark brown sclld which was
soluble in dilute acids. Chemical analysis showed 8/Cm atm ratio
to be 1.56, indicating a composition approximating the sesquisul-
fide was obtalned.

X-ray analysig of the product showed only a few weak dif-
fraction lines which could not be interpreted; self-radlation
damage apparently produced a poorly defined crystal structure
within the time (1 week) between synthesis and X-ray examinations.
Fresh specimens will be prepared for prompt X-ray ‘examinations 1n
future work.

Tdentification and Stability of Curium Oxides

The variocus phases in the curium-oXxygen system are belng
studied to define a suitably refractory oxide fuel form and to
establish conditions for obtalning it.

As described previously,‘l) curium dloxide (CmOy), a product
of the chemical separatlons, decomposes on heating to curium ses-
quioxide (Cma0g) . In analogy with rare earth sesquioxides, Cmp0s
may exlst at progressively higher temperatures in three crystal-
lographic structures, (1) a body-centered-cubie {bee) C-type,

(2) a monoclinic B-type, and (3) a hexagonal A-type. The C-type
oxlde may contalin excess OXygen, and on standing several weeks at

- 10 =




room temperature transforms because of self-radilation damage to
a phase that closely resembles hexagonal A-type oxide.(2) The
B-type and A-type oxldes most probably represent stoichiometric
Cm,0g5, which as a sclid will not undergo further thermal decom-
position. However, the A-{ype oxlde formed at high temperature
reverts fo the B-type oxide on coollng. The monoelinle B-type
oxlde, which can be retained on cocling and which resists
irradiation-induced transformation at room temperature,‘a’ 1s
thus the best candidate curium oxide for heat sources.

Az shown in Figure 3, crystal structures and temperature
ranges of stabllity of the various oxldes were estakbllished by X-
ray diffractlion analysis of curlum oxide samples during and after
heating to successively higher ftemperatures in two cxidizing
atmospheres (0.1% 0,/He and 1% Op/He). The starting Cm0, was
prepared typlcally by calcination of curium oxalate on an i1ridium
filament in oxygen at 600°C and slowly coolilng to room tempera-
ture; in some cases platinum powder was added to the specimen to
serve as an internal standard for temperature measurement.
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FIG. 3 LINEAR THERMAL EXPANSION OF NEAR STOICHIOMETRIC CmO,

CmO, has a face-centergd-cubic (fee) structure, with lattice
parameter a = 5.377 & 0.0034, whilch changed little on heating to
200-300°C. Thermal expansion of the fce OmO, as indicated by
lattice parameters at elevated temperatures 1s shown 1n Flgure 3.

Ag shown in Figure %, however, heating to above 400°¢ o
increased the lattlice parameter from 5.377A of CmO, to 5.45-5.474,
which was attributed to the formation of a new fcc phase of lower
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oxygen content. The new phase persisted to higher temperatures
in 1% Op/He atmosphere (600°C) than in the 0.1% 0,/He atmosphere
(500°¢C) .

Heating above 400°C alsc produced diffraction peaks of the
bee C-type Cmp0Og, which were resolved above 600°C ingo a well-
defined bec pattern with lattice parameter z = 10.97A. The
lattice parameter remained relatively constant to over 1000°C
(in the absence of platinum powder), which indicated that the
C-type Cms0, has a fixed composition (not necessarily steichio-
metric Cmy0g) with a very limited range of oxygen content.

In a sample contalning platinum (Pt) powder heated to 850°C
in 1% 0,/He atmospheres, the bee lattice parameter of the C-type
Cmy04 was reduced to 10.G4A, probably because of reaction wilth
the Pt powder at these temperatures. The lattice parameter of
the cubic Pt powder decreased from 3.9238 to 3.9164 and several
extra peaks occurred in the diffraction record near positions
expected for the compound Cmy0g5*2Pt0,. Heating to 1300°C in
nitrogen, at whilch temperature the complex compound would be
expected tc decompose, caused the extra peaks to vanish, and the
lattice parameter of the small amount of bee oxide that pgrsisted
to this temperature reverted to 1ts previous value (10.9T7A).

On heating to 8009C the monoclinic B-type Cmo05% pattern
appeared in the diffracticn record, though temperatures up to
1300°C (in nitrogen) were required in some cases to achleve com-
plete transformation. Preliminary evidence suggests that rapid
heatlng promctes formation B-type Cm,0s5 at lcwer temperatures; j
the kinetles of the C-type to B-type oxide transfermation requlre
further study.

The B-type oxide produced at elevated temperatures was
. retzined at room temperature, and cocoling in nitrogen in steps
of 200-450°C did not cause a reversion to the C-type oxilde to any
significant degree. The transformation thus appears lrreversible
in the absence of coxygen, indicating the C-type Cm 0z may contailn
excess oxygen.

Heating in inert atmosphere in the range 1400-1750°C trans-
formed the oxide to the hilgh temBerature form, most probably the
hexagonal A-type Cm,0s (2 = 3.88R, ¢ = 6.20% at 1750°C). This
form persisted up to the melting point of the oxide, remeasured
at about 1950°C in agreement with previous ORNL results.'¢’) on
cooling %o below 1400°C, the high temperature form generally
reverted to the B-type Cm;04, though on rapid quenching to room
temperature, the diffraction record indlcated a small fraction of
the high temperature form persisted.

* a = 14,278, b = 3.658, ¢ = 8.928, B =~ 100°16"
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4 hexagonal form of Cmy0g can be preduced by self-radiation
damage of the bece C-type oxide during several weeks at room
temperature.(e’ This hexagonal form may be the same as the high
temperature form observed above 1500°C, though the relative inten-
sities of the diffraction peaks differ somewhat.

Vapor Pressure of Curium Oxide

Relatively high losses of Cmy0s have been observed durling
studles of the vaporization characteristics of the oxide at high
temperatures using the Knudsen effusion technique. 1In a flirst
experiment, a total of 19 mg of Cmy0s5 was vaporized tThrough za
0.976-mm dlameter hole in the 1id of a tungsten (W) crucible
during seven hours at temperatures of between 1640-1850°C.
Vaporization rates varied from 10~ to 107% g/em®-sec over this
temperature range; corresponding vapor pressures were calculated
assuming the varporization reaction Cmy0g(s) = CmO,(g) + CmO(g),
as given in Table II. The heat of vaporizatlon at temperature was
about 150 keal/mole Cmy0q4.

TABLE II

Vaporization Rate of CmgOg*

Temp. , Rate, P(Cm0s) 5

°g g/{cm?) (sec) atm

1641 h,00 x 107®  1.19 x 1077
1656 9.00 x 107® 2,68 x 1077
1682 15.9 x 107® 4,78 x 1077
1713 17.0 x 10°% 5.15 x 1077
1750 59.8 x 10°% 18.3 x 1077
1768 76.5 x 107% 23.5 x 1077
1836 119. x 107% 37.1 x 1077
1849 221, x 107% 69.2 x 1077

cmo( g)

+

* Apsuming Oms0ga(8) = CmO,(g)

In a second experiment, about 9 mg of Cmgz0s sample left over
from the first experiment was vaporized through the 0.976-mm-
diameter hole in the 114 of the eruecible durlng 7.5 hours over a
temperature range 1560-1930°C. The heat of vaporization calcu-
lated from the data of the second experiment was the same as for
the first experiment within the precision of the highly scattered
data points. The measured vaporization rate was, however, lower
by a factor of 15 in the second experiment than in the first
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experiment. Teat data are belng further analyzed and experimental
parameters are being evaluated to resolve the discrepanciles between
the first and second experiments and to reduce scatter in the data.

No reaction was observed between the curium oxide and the
100% dense tungsten crucible after the first experiment. All
oxlide residues and vapor deposlts were eaglly scraped from the
tungsten, and the knife-edge orifice in the crucible 11d had not
been enlarged within a precision of 1%.

Af'ter the second experiment, however, the residual oxide in
the cruelble had a slight yellow color, and a subsftantlal deposit
had built up around the periphery of the orifice in the crucible
1lid. Thils deposit proved to be readlly scluble in water. X-ray
diffraction analysls cf the resildual oxide yielded a complex
pattern which has not been resclved. It 1s suspected that a
complex compound of curium oxides and tungsten oxide had been
formed, posslbly alded by alpha-radiation induced spalling of the
crucible wall, durldng about four months standing at room tempera-
ture in air between the first and second experiments. The experi-
ment will be repeated using a freshly made Cmz05 sample.

Curlum Oxide-Refractory Metal Cermets

Cermet pellets of Cmpy0s and several refractory metals that
could be employed as matrix or capsule materials for 2%4%4Cm heat
sources are being fabricated., The primary cblective of the work
is to determine the nature and extent of interactlon between }
Cmy05 and the candidate metals at high temperatures. In a first
experiment, a 25 vol % Cmy04-75% vol % W cermet pellet was
fabricated by cold pressing and sintering. A high quallty cermet
was not achleved because of inadequate mixing of the component
powders but no evidence of deletericus interaction between Cm.Og
and tungsten at 1850°C was observed.

Monoclinic (B-type) Cm,0, powder was prepared from CmO, by
heating in 4% Hp/He at 1300°C. About 50 mg of the Cmy0g powder
was mixed wilth 250 mg of tungsten powder and cold compacted at
50,000 psi to a pellet 0.31-inch diameter by 0.025-inch thick.
The pellet was sintered in an induction furnace at 1850°C (with
three short exeursions to 1000°C) for 5 hours and 40 minutes,
then quenched to about 700°C in 3 minutes.

Visual examination of the pellet showed surface craters
evidently caused by evolution of curium oxide vspor from rela-
tively large Cms0sz partlicles, Flgure 5A. Deposits of the evolved
oxlde on the top of the tungsten contalner used to hold the pellet
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a. Surface Appearance (10X)

= Small Cm203
Particles in

W Matrix
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< Large Cm,0,
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b. Microstructure (500X)

FIG. 5 SURFACE APPEARANCE AND MICROSTRUCTURE OF SINTERED Cm,0,-W

CERMET PELLET. Surface craters were formed by vaporization from large
Cm,0; particles shown in microstructure.
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vielded a well-defined diffractlon pattern for predomlnantly
monoclinic B-type CmgQ4.

Metallographlc examinatlion of the pellet showed a coarse
distribution of large Cmy0Os particles in some regions and a fine
distribution of small Cmy0,; particles In gralin boundariles of the
tungsten matrix In other regions, Figure 5B. The tungsten matrix
was well sintered with very little residual porcsilty. No reactlon
between the Cmy05 particles and the tungsten matrix was observed.

X-ray analysis of the sintered pellet ylelded only broad,
low Intenslty peaks tentatively identified as monoclinle Cmp0Og,
and characteristic tungsten peaks. No evldence of any inter-
action product was detected.

ENGINEERING DEVELOFMENT

Curlum Oxlde Shipping Container

4 shipping centailner for ftransport and storage of curium
oxide in 120 gram batches was deslgned and two prototype con-
tainers fabricated. The container, shown in Figure 6, was
degsigned to comply with ICC shipping regulations, which require
no loss of containment after exposure to an 800°C fire for 1/2
hour.,

Curium oxlde 1s loaded intc a 1/8-1nch annular cavity in the
type 316 stainless steel container designed tc maintaln low oxide
temperatures. Final closures wlll be made by welding. A large
central chamber containing an oxygen getter materlal is provided
for collection of gases evolved by radiocaective decay and possible
thermal decomposition of the curium oxide after locading. Internal
pressure generated within the container will not exceed 200 psia
at 800°C. ©Product temperatures are expected to be much less than
800°C, though packing density tests will be necessary to estab-
lish actual temperature values.

To eliminate contamination of the curium oxide with 1ron,
nickel, and chromium by reaction with the 316 stainless steel
container, the inside annulus walls willl be lined with platinum.
Tests will be run to determine minimum platinum liner thlckness
required, and the degree of platinum contamination of the oxide
to be expected due to spalling resulting from alpha particle
bombardment.

The prototype contalners, fabricated without platinum lining,
will be used for discussilcns wlth Qak Rildge, handling and loading
tests, platinum liner development, and structural integrity tests.
One of the containers will be hydrostatlcally loaded to rupture
at room temperature to evaluate the basic deslgn.
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FIG. 6 CURIUM OXIDE SHIPPING CONTAINER
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APPENDIX

Isctoplie Fuel Data Sheet for Cobalt

This supersedes similar material included in the corres-
ponding secticn {section I.A.5., pages 7, 8, and 9) of
DP-1051, Revision 1, "Properties of ®°Co and Cobalt Metal
Fuel Forms" by W. C. Windley, Jr.

5. Compatibility wilth Materials of Encapsulatiecn

The principal aspect of compatibility between cobalt and
cladding i1s interdiffusion at heat source temperatures. Of par-
ticular concern in diffusion are (1) penetraticn rate of %o
through the cladding, (2) formation of brittle and highly corrod-
able 1Intermetallic compounds at the cobalt-cladding interface,
and (3) changes in mechanical and physical properties of the
cobalt or cladding.

The rate of ®°Co penetration has been estlmated from reported
®9Co diffusion rates through pure nickel and cobalt. The table
below shows the rate at which a plane parallel to the original
interface corresponding to a ®°Co concentration of 0.01 wt %
would move into the cladding (same in both metals since diffusion
coefficlents are nearly identlcal). '

Temperature, Rate of
%p Penetration, milsz/hr(a)
600 1.3 x 1077
800 2.1 x 1074
1000 4.6 x10°%
1200 2.1

{a) From parabolilc relationship x% = kt,
where x = penetration and t = time.

These data are for volume diffusion. Current measurements
at SRL for both nickel- and ccbalt-based allcys 1ndicate that
grain boundary diffusion also occurs which would lead to deeper
penetrations %han shown above. Both volume and grain boundary
diffugion rates vary wilth alloy content.

Of nickel- and cobalt-based heat-resistant alloys, "Inconel'*
600, TD Nickel**, TD Nickel Chromium**, "Hastelloy"*** C, and
Haynes*** 25 have the highest degree of compatibllity with cobalt,
Pigure 3. These results were calculated from measured widths of
diffusion zones formed in multilayered diffusion couples annealed

* International Nickel Co., New York, N. ¥.
** E, I. du Pont de Nemours & Co., Wilmlngtcon, Del.
*¥%¥% Union Carbide Corp., New York, N. Y.
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FIG. 3 CALCULATED DIFFUSION ZONE WIDTHS AFTER ONE HALF-LIFE OF 5%Co
{Based on 168 hr Anneal)
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for 168 hr at 800, 1000, and 1200°C, see the accompanylng table.
Metallographic examinations and electron miecroprobe analyses
showed that the diffusion zone formed between each of these alloys
and cobalt 1s & region of solid solutlon terminating in a band

of volds. These volds are less prevalent in the cobalt-based
alloys and non-exlstent in pure nickel. The compatibillity of

pure nickel depends on the rate of diffusicn of %0 atoms at

the expected operating temperature.

Of the refractory metals, rhenium should be the most com-
patible since it forms a continuous series of sollid sclutions
with cobalt; the diffusicn rate of ®°Co atoms is the governlng
factor as with pure nilckel. The compatbllity of tungsten has
been measured as szhown 1in Figure 3; the diffusion zone consists
of two intermetallic compounds. Tantalum and molybdenum would
be incompatible above 1200 and 1300°C, respectively, due to
eutectic melting.

Mierohardness measurements indicate that the strength of the
diffusion zone in nickel- and cobalt-based allcys will be no mere
than 25% lower than the unreacted cladding material.

Widths of Diffusion Zones After 168 Hours (mils)

Annealing Temperature, °¢
Alloy ) 1000 1200

Ni-based Alloys

Inconel 600 0.05 1.0 7.3
TD Nickel 0.06 1.1 7.0
TD Nickel-chromium o.4 3.8 10.5
Hastelloy C .4 3.2 16.4
RA-333 0.8 7.8 31.0
Hastelloy X 0.8 5.8 22.5
Incoloy 825 1.0 6.4 15.0
50 Ni - 50 Cr 2.0 6.5 17.0
Co-based Alloys
Haynes 25 0.5 3.8 4.4
Haynes 150 1.6 5.7 13.4
Fe-based Alloys
GE 1541 0.6 4.8 16.2
GE 2541 1.7 7.7 20.5
Others
Tungsten - 2,0 4.2
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