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PREFACE

Thls report 1z one 1n a serlies on the applied aspects of
isctopes that are under study at the Savannah River Laboratory
(SRL), and that are of interest as isotopic heat source materials.
Principal emphasls is on isotopes that are produced by neutron
addition, since these are the materisls for which the production
capabllities of the Savannah River Plant (SRP) reactors and other
facilities can be used effectlively. Data for cother materlals will
be Included if pertinent -- such as the lsotople or chemical com-
poaltion of fission products that can be recovered from Savannsh
River process wastes.

These reports are Intended to present data that are useful
to system deslgners and also to potential or actlve user agencles.
The reports thus deal wlth the followlng subject areas of SRL
programs :

1. Propertles and reactlons of isotopes useful or
potentlally useful as heat sources.

2, Informatlon on the lrradlatlion and postirradistion
processing of these materials, when the informatlon
is relevant toc thelr use as heat sources and 1s not
in & sensltlve area of production technolegy.

3. Development of design data_directed toward manufac-
turing capability for lsotopic heat scurces.

The report is lssued in two parts: Part I includes only
information on cobalt; Part II includes informatlion on the other
isotoplc heat source materlals. Both parts contaln princlipally
data from work July, August, and September performed during the
report period. Previous reports are listed on the last page.
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SUMMARY

Estimated production costs for large quantities of ©%Co

range from about 10¢/C1 at 100 Ci/g to 20¢/Ci at 400 Ci/g.
(pg 1)

Diffusion of ®°Co elong grain boundaries may result in
econcentrations greater than 10°% of the interface concentration
et & depth of 0.060 inch in TD Nickel but <0.020 inch in several
other alloys after one year at 800°C. (pg ¥)

Preliminary examination of the "Inconel" 600 capsule con-
taining radioactive cobalt that was heated in alr at ~850°C for
1000 hr indicates that this capsule will be suitable for long-
term service. (pg 7)
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PROGRAM

The purpose of the Savannah River Laboratory‘(SRL) program
on 8%o is to provide date that wlll be required for deslgnlng,
fabricating, and operating ®°Co heat sources. The 1nitial objec-
tive is to establish allowable operatling limits for capsules of
radiosctive cobalt metel contained in oxidatlon reslstant alloys.
Development of sgpeciflc heat source concepts 1s not at present
included in the scope of the SRL program.

COSTS FOR LARGE-SCALE PRODUCTION OF %0Co

Fatimated production costs for large quantitles of €90 are
shown in Figure 1 as a funection of the time avallable for lrradi-
ation. Minimum costs range from about 10¢/C1 at 100 Ci/g to
about 20¢/01 at 400 Ci/g, and do not change repidly with irradi-
ation time 1f at least 1 to 1F years can be allowed. They
increase sharply for specific activitles above about 450 Ci/g
due to burnup and decay of ®°Co in the reactor.
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FIG. 1 %°Co PRODUCTION COST ESTIMATES
(For Large Amounts)
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These costs 1nclude estimates of all direct expenditures
and related costs of plant operation, including sppropriate
allocation of fixed operating costs and costs of components and
fuel burnup. These estimated costs do not include factors related
to capltal, such as deprecilation and amortization charges, nor
miscellaneous AEC factors. Encapsulation also 1s not included,
and is expected to add about 2¢/Ci.

The curves are based on one reactor producing ®°Co as its
major product. Quantities of ®°Co less than about 10 megacuries
per yesar would be considered incldental production, and would be
made In reactor charges designed for other products., Irradiation
time would depend on the neutron flux in those charges, but %°Co
costs would not be substantlally higher than shown on the curves.
For quantitles much larger than 10 MCi/yr, design of reactor
charges would be influenced by the need to minimize irradiation
time for the ®°Co product.

A 1isting of the shepes and sctivities of cobalt metal
irradiated to date for experimental programs 1s given in Refer-
ence 1,

MATERIALS TECHNOLOGY AND DEYELOPMENT

High Temperature Fuel Candidates

Development of alloys and compounds of cobalt that have
higher melting temperatures than cobalt metal have been deferred.

Evaluation of Encapsulating Materials for Cobalt Metal

The materlals evaluation program is designed to select the
most promising alloys for encapsulating ©°Co, to define the
limliting operating conditions of thege alloys, and to Gemonstrate
capsule integrity at conditions typical of heat source cperation.
The kinetics of compatibility reactions, (*s2’ diffusion of ©°Co, (1}
oxidation,(l’al and creep are being measured using short-term
(<500 hr) laboratory tests. Selection of the most promising alloys
ls based on extrapolatlion of these results to the expected service
life (1 to 5 yr). Limlting operating conditions are defined by
the time and temperature dependency of each of the reactlons. The
predicted behavior of the materlals is being verified by long-term
{10,000-hr or more) heating tests of experimental capsules,

Table I {13 Tests of companion capsules of unirradlated and lrradl-
ated cobalt willl measure any effects of the radiation fleld and the
Increased nickel content (from radiocactive decay of the cobalt) on
the performance of the capsule materials.




TABLE I
SUMMARY OF COBALT CAPSULE HEATING TESTS

Activity Approximate
Capsule Heating Wall, Specifie Total, Completion
Material hr  Tepp, °C mils Ci/e S Date Remarks
A. Tnactive Capsules
"Inconel” 600 1,000 8z0 50 ——— -— 2-67 Capsule intact
5,000 850 EO —_— - 7-67 Capsule intact
10,000 850 50 -—- — 1-68
10,000 850 95 —_— -— 9-68
1,000 1000 50 -— - 10-66 3 capsules intact;
1 om@m;um
oxidized{b)
5,000 1000 50 —— —- . 11-67
1,000(2) 1000 35 - —— 9-67 No severe oxida-
tion of Co
5,000 1000 95 - - 2-68
1G,000 1000 g5 ——= —— 10-68
"Hagtellov" C© 1,000 1000 50 ——— -——— 10-66 3 ecapsules intact;
1 capsule oNHmunmnndu
"Tnecoloy" 825 1,000 1000 50 — ——— 8-66 1 capsule intact;
: 1 capsule oxidized(b)
TD Nickel 1,000 1000 50 - ———— 2-67 Capsule intact
"Hastelloy" X 1,000 1000 50 _— -— 6-67 Capsule intact
5,000 1000 50 - - 11-67
B, moao Capsules
"Inconel" 600 130 gsole) g0 120 16,000 2-67 Swelled due to over-
heating
1,000 850 50 100,._, 5,000, ., T7-67 Capsule intact
5,000 850 50 1506d) 15;000{d) 1187
15,000 850 50 150(d Hm.ooomaw 6-68
10,000 850 50 150td) 9,000(d 7-68
"Hastelloy" C 100 850 50 120 9,000 1-67 Capsule intact

{2} Two capsules, one not welded and one wlth drilled hole in wall, to test effects of

) capsule defects.

(b) Capsules reacted with fire-brick. See DP-109% "SRL Isotopilc Power and Heat Sources -
Quarterly Progress Report," October-December 1966.

MOW Excursion to 21100°C for 3-6 hr.

Actlvity as of 2-67.
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Diffusion of ®°Co

Diffusion of ®°Co may be one of the limiting factors in
designing capsules for uses in whilch the capsule wall is exposed
to a flowing ccolant., Two significant aspects of diffusion have
been demonstrated by analyses of earller testg: ()

& An acceptable ®°Co concentration on the outer capsule
surface 1s about 107° of that at the cobalt-cepsule
interface.

e This concentration might be reached by diffusion along
grain boundaries hut probably not by diffusion through
the volume of the gralns.

Recent analyses indicate that diffusion will not be limiting
in "Inconel™* 600, "Hastelloy"** C, "Hastelloy"** X, or
"Haynes"** 25 capsules operating for one year at 800°C. In con-
trast, diffusion may be limiting in TD Nickel*** capsules because
of the greater depth of penetration by grain boundary diffusion.

Coefflclents of grain boundary and volume diffuslon were
calculated from the concentratlon proflles obtained by standard
radiotracer techniques on polycrystalline zamples of several
candidate capsule materials that were heated for 100 hr at 800°C,
as shown in Teble II. These calculatlons are based on two theo-
retical models developed for bilcrystalline samples,‘*’ but are
applied to polycrystalline candidate alloys to provide estimates
of the contributlons of volume and graln boundary diffusion.
Coefficlents of volume diffusion obtalned with these models on
control samples of pure nickel and ccbalt were higher than those
reported in the literature by factors of 4 and 20, respectively.
Differences 1in initlsl grain size, depth of penetratlion measure~
ments, and analysls technlque, as well as effects of changes 1n
graln slze during heating, are belng analyzed to explaln these
discrepancies. : )

The diffusion coefflclents calculated from the 100-hr tests
were used to predict the concentration proflles that would occur
in each of the materials after one year at 800°C., These calcu~
lations showed that only in TD Nickel would the allowable €°Co
concentration be reached at depths grester than 0.020 inch, as
shown in Table II and in Figure 2.

* Trademark of International Nickel Co., New York, N. Y.
*%* Trademark of Unlon Carbide Corp., New York, N. Y.
**% Product of E. I. du Pont de Nemours and Co., Wilmington, Del.
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TABLE II

8000 Diffusion in Capsule Materials at 800°C
(Instantaneous Source Model) (4!

Volume Diffusion Graln Boundary Depth after 1 yr

Coeffleient, Diffugion Coefficilent, for 107% Initial

Material 10712 em® /sec 10-° em®/sec ®°Co Conc., mils
"Hastelloy" X ¢.68 0.40 8
"Hestelloy™" C 0.87 1.15 11
"Haynes" 25 0.53 1.1% 13
"Tneconel" 600 1.26 3.45 20
TD Nickel .00 69.2 60

°
N

@
L&)
K=
e
2
£
£ 1074 .
o
é-’ 'Hastelioy” C 4
~. "Hasteiloy" X
9 106 | —
= 10
E- '
- i
(O]
S
© 108 .
10710 ‘ '
0 20 40 60 80 IO

Distance from Interface, mils

FIG. 2 PREDICTED DIFFUSION OF ©°Ce INTO CAPSULE MATERIALS
AFTER ONE YEAR AT 800°C. Instantaneous Source Model(),

Based on Measurements After 100 Hours
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Three computer codes have been develcped for use in diffusicn
enalysis. CODD (gglculation‘gf Diffusion Data) integrates the
theoretical concentration contours due to grain boundary dif-
fusion and 1s used as a subroutine in the other programs. This
code duplicates one reported in the literature, {5) but was needed
because the diffusion times and dlstances that are typlcal of
heat source applications are greater than those covered by calcu-~
lations in the literature. The values produced by this program
bave been compared with the published values. ADD (Analysis of
Piffusion Q@ta) flts elther of the two theoretical diffusion models
to measured diffusion concentration profiles to calculate diffusion
parameters. PREDICT (Prediction of Diffusion Profiles) accepts
known diffusion parameters and calculates the diffusion profile
that would cccur after a specified time interval based on theo-
retlcal models,

These codes willl be used to analyze 100-hr diffusion annesals
at 1000°C, and to calculate wall thickness requirements for various
capsule opersting times., The extrapolations will then be compared
with profiles measured in long-term capsule tests to determine the
velidity of the theoreticsal extrapolation,

Rate of Oxidation

Exposure of nine candidate alloys for 9400 hr at 1000°C has
been completed and metallographic examination is in progress.
Examinations of duplicate semples after 1000 and 5000 hr are
described in References 1 and 3, respectively.

Capsule Fabrication and Testing

Heating Tests of Capsules Containing Unirradiated Cobalt

Several capsules remsined sound and demonstrated acceptable
oxldation resistance and compatlbility during heating for elther
1000 or 5000 hr at 850°C and for 1000 hr at 1000°C, (1s3)

Recent tests showed little effect of simulated capsule defects
on the performance of two "Inconel" 600 capsules that were heated
for 1000 hr at 1000°C. One capsule had its cap pressed in but
not welded; the other wae welded but had an 0.008-1inch dismeter
hole drilled through the capsule wall, Examination of both cap-
sules showed essentially no oxidation of the cobalt inside the
capsules or of the internal surfaces of the capsules. The drilled
hole and the gap between the cap and the capsule were almost com-
pletely filled with products of the oxidation of the "Inconel" 600,
Microprobe analyses of the oxide will be mede to detect any poten-
tial release of cobalt.

-6 -
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Heating Tests of Capsules Contalnlng Irradiated Cobalt

Capsules of irradiated cobalt in "Hastelloy" C and "Inconel"
600 were sound after 100 hr at 850°C and showed no apparent effect
of the ©°Co radiation.(®) Another "Inconel" 600 capsule remained
stable after 1000 hr at ~850°C.(1) Recently, metallographic
examlnations were completed of the surface and contents of the
capsule heated 1000 hr at 850°C. This capsule would be satis-
factory for long~term service, although slightly more oxidation
and interaction reaction were observed in the active capsule than

in a companion inactive capsule.

The "Inconel" 600 capsule heated for 1000 hr at 850°C con-
tained about 5000 Ci of cobalt wafers. It also contalned wafers
of tungsten, rhenium, nickel, TD Nickel and TD Nickel Chromium
that were arranged to determlne the compatlbillty of these
encapsulating materials with ®9%Co 1in an oxygen-free environment.
When the capsule was sectloned for metallographic examinatlon,
gome of the wafers fell out, 1ndicatling lack of bonding to the
cobalt. In cases where reaction zones occur, they are slightly
thicker than those measured in diffusion couples wlth unirradilated

cobalt.

External oxidatlon of "Inconel" 600 was similar for the active
and inactive capsules, Figure 3. The oxide scale and the depth
of intergranuiar oxidetion total 0,001 to 0,002 inch on the active
capsule and ~0.001 inch on the lnactive capsule. The "Inconel”
has not formed a complete metallurgical bond with the cobalt, but
g porous zone l1ls evident. Thls porous reaction zone 1s similar
to the normal zone of Klrkendall volds in bonded dlffusion couples.
It is slightly thicker in the actlve capsule than in the inactive
capsule; 0,008 and 0.006 inch, respectively. These zZones are
belng examined further.
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Oxidation Reaction
< “Inconel'’ 600
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Capsule Contained Unirradiated Cobalt

FIG, 3 SURFACE REACTIONS OF ‘‘INCONEL" 600 CAPSULES
HEATED 1000 HR AT 850°C
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