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PREFACE

This report is one 1in a series on the applied aspects of
lsotopes that are under study at the Savannsh River Laboratory
(SRL), and that are of interest as isotoplc heat source materials,
Principal emphasis is on isotopes that are produced by neutron
addition, since thesge are the materials for whlch the production
capabilities of the Savannah River Plant (SRP) reactors and other
facilities can be used effectively. Data for other materials
will be included 1f pertlnent -~ such as the 1lsotopic or chemilcal
composltion of flssion 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 actlve user agenciles.
The reports thus deal wilith the followilng subjJect areas of SRL
programs: '

1. Properties and reactions of isotopes useful or
potentlally useful as heat sources,

2. Information on the lrradiation and postirradiation
processing of these materials, when the information
is relevant to thelr use as heat sources and is
not In & sensitive area of production technology.

3. Development of design data directed toward manu-
facturing capabllity for isotoplc heat sources,

The report is issued in two parts: Part I includes only
information on cobalt; Part II includes information on the other
isotoplc heat source materilals, Both parts contaln principally
data from work performed during the report period. Previous
reports are listed on the last page.

- i3 -




SUMMARY

Preliminary (theoretical) analyses indicate that
Co0 and Co0-MgO solid solutions are promising high
temperature fuel forms of ®°Co. (p 1)

Extrapolation of stress-rupture data from the
literature indicates that superalloy capsules will per-
form satisfactorily for 5 years at 1000°C or higher.
"Haynes" 25 has the highest long-term strength of the
materials tested. (p 10)

Satisfactory performance of an inactive "Inconel"
600 capsule at 1000°C for 10,000 hr (1.1% yr) was con-
firmed by destructive examination, (p 12)

More internal reaction than expected was revealed

by destructive examination of two active capsules after
10,000 hr at 900°C. (p 13)
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PROGRAM -

The purpose of the Savannah River Laboratory (SRL) program
on ®°Co is to provide data that will be required for designing,
fabricating, and operating ©°Co heat sources. The initial
objective is to establish allowable operating limlts for capsules
of radicactive cobalt metal contained 1n oxidation resistant
alloys. Development of specific heat scurce concepts is not at
present included in the scope of the SRL program. A complete list
of Savannah River Laboratory ®°Co publications is included at the
end of this reporst.

MATERIALS TECHNOLOGY AND DEVELOPMENT
HIGH-TEMPERATURE FUEL CANDIDATES

Alloys and compounds of cobalt that have higher melting
temperatures than cobalt metal are being explored for use in °°9Co
heat sources, to provide increased safety and pessible fuel forms
for thermionic converters. An earlier examination of literature
data indicated that cobalt oxide-magnesium oxide (CoD-MgO) solid
solutions and cobalt-rhenium {Co-Re) alloys would have sufficiently
high melting temperatures and power densities.(l’ The mixed oxide
could be fabricated before lrradiation. The Co-Re alloys would
have to be fabricated after irradiation because of the hlgh croas-
section of rhenium and its conversion to osmium, which forms a
lower-melting allcy with cobalt.

High-Temperature %°Co Oxide Fuel Forms

Preliminary evaluations of high-temperature 8906 oxide fuel
forms for Increased safety in all applications and for possible
thermiocnic applications indicate solld solutions of cobalt oxide
in magnesium oxide (CoO-Mg0) are promising., The CoO-Mg0O composi-
tions as well as CoO may be compatible with rhenium or nokble metal
containers, though they will react with tantalum, tungsten, or
molybdenum containers at high temperatures, Potentlally deleterious
oxidation to Cog0, should not occur above about 600°C in air
environments, and atmospheres of greater than 107% to 1077 atm
oxygen will prevent reduction to Co metal at 1500°C, The rela-
tively high vapor pressures of Co0 at high temperatures may result
in significant redistribution in capsule temperature gradients.

Cobalt forms generally less stable oxldes than more electro-
positive metals such as magnesium, aluminum, zirconium, or the
rare earths. Combination of the cobalt oxlides with a refractory
oxlde to produce a high melting point compound 1s therefore
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desirable, Properties of candidate oxide forms are listed in
Table I, with the power density that 300 ¢i/g ®°Co would provige,

TABLE T

CANDIDATE OXIDIZED COMPQUNDS OF ®°Co

Melting Theoretical Power Density

Temp, Density, (300 Ci/g ©°Co)
Compound °¢ g/cc w/ece
Co0 1800 6.407 23.5
50% CoO-MgO 2250 5.024 12.0
(s0lid soln)
Co0+ 41,04 1960 441 6.9
3000-Y,05(8) <2200 4,38 8.0
Co0-Lag0a(2) 32050 4 -6
Co0-0rp0a(2)  >1700 5.08 >6
Co0-7r0,(8)  ~2100 ~5 ~7.5

(a) Postulated existence and melting polnt by
analogy to nickel and iron.

Besldes CoQ, only the solid solutions of Co0O in MgQ provide
the required power density of about 10 w/cc needed for thermionic
applications; the lower power density compounds may be suitable
for other applications. Power densities of the CoO-MgO solid
solutions for various specific activities of 8000 are shown in
Figure 1. ) "

Because both oxides have a face-centered-cubic (fcec) lattice
with nearly the same parameter, Co0 and Mg0 are mutually and
ideally soluble in all proportions. Melting points are shown as
a function of composition in the phase diagram of Figure 2; for a
composition of 50 mol % CoO-Mg0 a melting point (solidus) of
2250°C is cobtained, significantly improved over that of the simple
o0 (1800°C), as well as that of cobalt metal (1495°C).

Thermocdynamic analysls of the potential for deleterious
reaction of Co0 and Co0-MgD solid solutions with candidate high-
temperature capsule metals indicates that only rhenlum and the
noble metals (typically platinum, iridium, and rhodium) may dbe
compatible with ®°Co oxide fuels. Other refractory capsule
metals - tantalum, tungsten, and molybdenum - are expected to
reduce the oxides to cobalt metal and ternary compounds. Calcu-
lated free energles of formation of Co0 and of 50 mol % Co0 in

-2 -
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MgO are compared with those for container metal oxides Taz0g, WOz,
MoOg; in Flgure 3; reductlion of CoO will occur in the corresponding
metals, whose oxides have free energies of formation lower than
Co0, The free energies of formation of the refractory metal oxldes
were taken from Schick!®) and for CoO from Aukrust and Muan. ‘®’
Partial molar free energies of formation of CoO in MgO (A@%(ss))
were. calculated from

ATS(ss) = AGR(Co0) + RT 1n Nyyq >

where AGR(Co0) = 17.389T - 57200(8) |

Rhenium oxide (Re,0-,} and the noble metal oxides do not exist as
condensed phases at these temperatures, indicating no potential
for reaction of the corresponding metal with CoO,

Cobalt monoxide (Co0) is susceptible to oxidation in alr to
a higher oxide, Coz0,; this reaction might deleterlously affect
the behavior of a CoO fuel form under accident conditions, Addi-
tion of MgC to the oxlide 1s expected to lower the temperature
below which the reaction takes place in air (from about 825°C to

-25r T T T
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about 600°C for 50 mol % Co0-Mgl), as shown in Figure 4, This
represente a potentially beneficial reduction of the range of
instability of the oxide fuel form, slnce the rate of the oxlda-
tion at low temperatures may be relatively slow.

Partial pressures of oxygen (POE) shown in PFigure 4 for CoO-
Mg0 solid solutions were calculated from

-RT 1n Py, = AG® + 6RT 1n Npgo s

-2,303 RT[13,900 - 1.585 x 10*/T] for the reaction

where AG®
6Co0(s) + 0z(g), using the data of Aukrust and Muan. ‘%’

2C03504 (8)
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Cod and Co0 in Mg0 solid solution are expected to vaporize to
gaseous elements, cobalt and oxygen, rather than decompose to solid
cobalt metal. Since CoO vaporizes about 10 to 50 times faster than
does Mgl, control of composition of Co0-MgO fuel forms during
fabrication may be difficult and concentration of Col at cooler
regions in temperature gradients of a high-temperature heat source
is expected, Total pressures over Co0 and Co0-MgC solid solutions,
as well as over cobalt metal, are compared in Table II with pres-
sures over £4%Cm,04, a relatively stable high-temperature fuel
material.

TABLE II

VAPOR PRESSURES OF HIGH TEMPERATURE FUBLS

Total Pressure Total Pressure

Predominant at 1500°¢, at 1000°¢,

Material Species atm atm

Co0 Co, Op 10°%-8 10719-8
50 mol % Co, O 10755 10" 1%.%
CoQ-Mg0

Co Co 1074-8 1079 .4
Co/Col Oz 107 %+ ®(Pg, ) 107+ 7(pp,)
Cm, Oy CmO, Oy 10-° 10715

The vapor pressure of Co0, 104 greater than Cmp0sz, 1s only
slightiy lower than that over cobalt metal. However, because the
oxygen partial pressure is greater than that over a cobalt metal-
Co0 mixture, significant decomposition of (o0 (or CoO in Mg0 solid
solution) to cobalt metal in & closed capsule is not expected.

In & vacuum or inert gas environment with oxygen pressure less
than 10”¢ to 1077 atm at 1500°C (such as a leaky capsule in space},
decomposition of the CoO to cobalt metal would occur. Dilution of
Co0 in MgO solid solution does little to lower the cobalt vapori-
zation rate, : '

A consequence of the relatively high vaporization rate of
Co0, with or without Mg0O, is that relatively small temperature
gradients (~25°C) may cause vapor-phase redistributions and
composition gradients in CoO-MgC fuels, and produce preferential
deposition of Co0 at colder reglons over long operating times at
high temperature., Further evaluation of the effects of tempera-
ture gradients on composition and properties of the soclid solution .
fuels will be made in future work, and the effect of the nlckel
decay product, whose oxide has a stability similar to CeO, on
€900 oxide fuel will be assessed.
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EVALUATION OF ENCAPSULATING MATERIALS
FOR RADIOACTIVE COBALT METAL

The materials evaluation program 1s designed to select the
most promising alloys for encapsulating ®%¢o, to define the
limiting operating conditions of these alloys, and to demonstrate
capsule integrity at conditions typical of heat source cperation.
The kinetics cof cobalt-capsule compatibility reactions}s’e’
diffusion of ©°Co, {87 10! ang oxidation, (8219:11} are being measured
using short-term {<500 hr) laboratory tests. Selection of the
most promising alloys 1s based on extrapolation of these results
to the expected service 1life (1 to 5 years). Limiting operating
conditions are defined by the time and temperature dependency of
each of the reactions. Published data on mechanical properties
{such as creep) have been evaluated, and will be confirmed if
necessary by tests with pressurized capsules. The predicted
behavior of the materials is being verified by 1000-, 5000-,
10,000-, and 50,000-hr (5.7-yr) heating tests of experimental
capsules, Tables III and IV. Tests of companion capsules contain-

. ing unirradiated or irradiated cobalt measure any effects of the

radiation field and the increased nickel content {from radiocactive
decay of the cobalt)} on the performance of the capsule materials.

Diffusion of ®°Co

Diffusion of ©%Co through prospective encapsulation materials
is being measured to determine whether it will be a limiting factor
in the design of heat sources. Earlier calculations showed that
diffusion would not be a limiting factor for "Haynes"* 25,
"Hastelloy"* C, or "Hastelloy"* X during operation feor 5 yr (half-
life of ®°Co = 5-1/4 yr) because the maximum specified concentra-
tion of 1 ppm °°Co in the capsule material does not occur beyond
0,080 inch from the surface of the cobalt -- a typical capsule
wall is 0,100-inch thick. Use of "Inconel"** 600 for 5 yr would
be 1limited by diffusion at 1000°C, but not at 800°C, in situations
where the capsule wall is exposed to a flowing coolant.(g)

A1l measurements of diffusion kinetics have been completed
for times up to 100 hr at temperatures between 800 and 1200°C.
Correlation of calculated diffuslon coefficients with time,
temperature, alloy composition, and grain size was deferred until
next quarter dus to emphasis on examination of ®°Co capsules (see
below). .Future experimental work will emphasize measurement of
the ®PCo concentrations in capsule walls and speclal samples
heated for 5000 hr or more at 850 to 1000°¢.

¥ Trademark of Union Carbide Corp.
*% Trademark of International Nickel Co.
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TABLE IIT
SUMMARY OF 59¢o CAPSULE HEATING TESTS

Approx, Approx,
Hesting Wall, No. of Starting Completion
Capsule Materlal Time, hr Temp, “C mils Capsules Date Date Remarks
"Inconel™ 600 1,000 850 50 1 12-66 2-67 Capsule intact
5,000 850 50 1 12-66 7-67 Capsule intect
10,000 850 50 1 12-66 1-68 Capsule intact
— 10,000 850 95 1 7-67 9-68 Capsule intact
50,000 8c0 95 1 T7-67 3T
—-+ 1,000 ago 95 1 11-68 12-6 Examination in progress
= 5,000 900 95 1 11-68 669 '
— 10,000 900 95 1 11-68 1-70
- 10,000 a00 95 1 11-68 1~70
= 50,000 900 95 1 11-68 T-T4
1,000 1,000 50 ) 8-66 10~66 3 capsules intact;
1 eapwule oxta1zedln)
5,000 1,000 50 1 467 11-67 Capsule intact .
1,000%2 1,000 G5 2 7-67 9-67 No severe oxidation of Co
1,000{¢ 1,000 95 1 2-68 h.68 No oxidation of Co or capsule
- 5,000(d 1,000 95 1 2-68 9-68 No oxldation of Co or capsule
5,000 1,000 95 1 8-67 2-68 Capsule intact
-+ 10,000 1,000 95 1 8-67 10-68 Capsule intact
- 50,000 1,000 95 1 10-67 6-73
- 10,000(d) 1,000 95 1 11-68 1-70 *
"Hastelloy" ¢ 1,000 1,000 50 4 8-66 10-66 3 eapsules intact;
1 capsule oxidized(b)
5,000 1,000 95 1 10-67 5-68 Capsule intact
= 10,000 1,000 g5 1 10-67 12-68 Examination in progress
- 10,000% 1,000 95 1 10-6T7 12-68+
10,000+ 1,000 35 1 568 7-69+
TD Nickel 1,000 asole) 95 1 10-67 12467 Capsule intact
5,000 850 95 1 10-67 5-68 Capsule intact |
- 10,000 850 95 1 10-67 12-£8 Examination in progress
~—+ 10,000+ 850 95 1 10-67 1268+
1,000 1,000 50 1 12-66 2-67 Capsule intact
1,000{2) 1,000 35 2 10-67 12-67 No severe oxidation of Co
TD Nickel Chromium 1,000{a) 1,000 95 2 10-67 12-67 Co near pinhole oxidized
1,000 1,000 95 1 10-67 1267 Capsule intact
5,000 1,000 95 1 10-67 5-68 Capsule Intact
-+ 10,000 1,000 95 1 10-6T 12-68 Examinatlon in progress
— 10,003+ 1,000 95 1 10-6T 12-68+ .
"Haynea 25 10,000 850 95 1 11-68 1-70
. 1,000 1,000 95 1 10-67 12-67 Capsule intact
5,000 1,000 95 1 10-67 5-68 Capsule intact
~+ 5,000 1,000 95 1 5-68 12-58 Examination in progress
— 10,000 1,000 95 1 10-67 12-68 Examination in progress
- 10,000+ 1,000 g5 1 1067 12-58+
10,000+ 1,000 95 1 5-68 T-60+
"Hastelloy™ X 1,000 1,000 50 1 4-67 6-6T7 Gapsule Intact
E,000 1,000 50 1 4-67 1167 Capsule intact
- 5,000 1,000 95 2 2-68 9-68 Capsules intact
=+ 10,000 1,000 95 1 2-68 4_69
~ 10,000+ 1,000 g5 1 2-68 h-69+
10,000+ 1,000 95 2 5-68 T-694

Two capsules, one not welded and one with drilled hole in wall, to test effects of capsule defects.
Capsules reacted with fire-brick. See DP-109%, "SRL Iesotopic Power and Heat Sources - Quarterly
Progress Report," October-December 1966,

Tests of TD Nickel at 850°C in flowing argon,

Internal atmosphere air instead of hellum,

New information reported,
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TABLE IV

suspagy oF 5900 CAPSULE HEATING TESTS

Aotivit Approx. . ApPprox.. B
Tpec. To%a{ » starting completion
D

Heatin Wall, No, of
capsulg Materiml Tie, br %emg, *E mils Capsules ci/p ¢i Date ate Remarks I
"Inconel” 600 130 gsola) 50 1 120 16,000 2-6T 2-67 swelled due to cverheating
1,000 ~500 50 1 100 5,000 4 -67 6-67 ¢spsule intact 8
5,000 500 50 1 150{0) 15,000 4-67 10-67 Capsule Intact R
18,000 ~800 50 1 1504b! 15,000 467 6-6 Inereased Cofcapsule reaction :
—+ 10,000 ~900 50 1 igoiby. 9,000 5~67 10-68 Inoreased Cofcapsule reaction
10,000 900 95 1 pEelel 36,500 2-68 8-69
10,000% 300 95 1 288le) 13,700 7-68 a-got
50,000 go0 g5 1 agzhel 13,400 T-68 3-TH
5,000 1,000 95 1 293 el 1E,000 g-68 h-569
15,000 1,000 95 1 o880e) 13,700 9-68 11-69
10,000t 1,000 g5 1 263be! 12,500 9-68 11-66+
50,000 1,000 95 1 2?5 ¢} 12,100 3-63 514
10,000 850 95 1 d) - 9-68 11-569
"Hagtelloy" C 100 850 50 1 120 9,000 1-67 1-67 Capsule intact
10,000 900 95 1 7648y 13,100 7-68 8-69
10,000 1,000 L) 1 ag8al¢] 13,400 9-68 11-69
50,000 1,000 a5 1 orole) 12,800 9-68 5-7h
"Haynes" 25 5,000 1,000 g5 1 s63(c) 12,500 9-68 L-69
15,000 1,000 95 1 28Ble) 13,700 9-68 11-69
15,000 1,000 95 1 2824} 13,400 g9-68 11-64%
5O ,000 1,000 95 1 2?5 o) 18,000 9-68 5 7h
10,000 850 95 1 a) - g-68 11-69
Miastalloy” X 5,600 1,000 95 1 as0{e) 11,900 9-68 4=69
10,000 1,000 95 1 263fe) 12,500 9-68 11-6%
10,000 1,000 95 1 263(e} 12,500 9-68 11-6
50,000 1,000 95 1 301ie) 14,300 9-68 5-T

Excursion to >1100°C for 3-6 hr.

activity as of 2-67.

aetlvity as of 6-68. &

Gapsule contalns 59Co but 13 being heated along with Ogo capsules.
New information reported.

par——
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Oxidation Resistance

Oxidation characteristics of two groups of encapsulating
alloye have been defined at 1000°¢ for pericds up to 10,000
hr.(a’1°’ll) The amount of oxidation observed in specimens of
"Inconel" 600, "Hastelloy' Cs "Hastelloy" X, "Haynes" 25, TD
Nickel Chromium,” GE o541, ** and "mophet"T C exposed to stil1l air
indicated that these alloys were gufficiently resistant to oxida-
tion for use 1in alr-cooled heat sources, The smount of oxidation
was proportional’to the square root of the exposure time, The
temperature dependence of oxidation was found from 500-hr tests

at 850 to 1150°¢C.

The acceptable oxidation behavior of "Inconel" 600, "Hastelloy"
¢, and "Hastelloy" X was also gemonstrated in an accelerated test
in still air at 1150°C for 3000 hr. 12) Tpe observed oxidatlon wWas
equivalent tO that predicted for reference service condltions of &
neat gource capsule (50,000 hr at 1000°c). In the same test higher
rates of oxidation than expected were observed over the entire
gurface of a "Haynes' 25 specimen and in a locallzed area of a
TD Nickel Chromium specimen.

No additional measurements of oxidatlon resistance are
planned for candidate guperalloys. A topical report summarizing
the above regults 1is peing written. In the future, any long-term
oxidation data that become avalilable from capsule heating tests

“will be reported under Capsule Fabrication and Testing.

Mechanical properties of Capsule Materials

Long-term gtress-rupture data are necessary to comparg Super-
glloy capsule 1ife expectancies in the anticipated operating '
temperature range of 850-1000°C, Since gata to 50,000 hr (the
desired ©°Co heat source 1ifetime) are not available, literature
data were extrapolated‘using the Manson-Haford time/temperature
parameter, Pigure 5. This extrapolation method is discussed in
References 13 and 14. The superalloys investigated included
"Haynes" 25, "Inconel" 600, "Hastelloy' €, and tugstelloy’ X.

For a rupture life of 10%-10% hours, "Haynes" 25 can sustain
the highest stress throughout the temperature range under consider-
ation. constant capsule wall thicknesses for O.TBO—inch-ID
capsules required to prevent rupture in 50,000 hr, with a pressure
of 60 psi across the capsule wall, are given in Flgure 6 as a
function of operating temperature.

e

% product of Tansteel Metallurgical Corp.
x% Product of General Electric Co.

+ Trademark of W. B. Driver Co.
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In an actual capsule, effectlive wall thickness will decrease
and stress will increase with time if there is significant oxida-
tion and/or void formation by cobalt diffusion. Thus the initial
capsule wall thickness would be higher than those shown in Figure 6,
but the final sound wall thickness could be lowgr, In certaln
applications the temperature decay of the capsule may compensate

' for wall thickness reduction, because of the increase in rupture

stress and the decrease in oxildation and diffusion rates with
decreasing temperature.

Although "Hastelloy" C appears to perform somewhat better
than "Hastelloy" X, the certainty of the "Hastelloy" C extrapo-
latlon 18 in doubt due to a lack of data at temperatures above
1600°F (871°C).

CAPSULE FABRICATION AND TESTING

Heating Tests of Capsules Containing
Unirradiated Cobalt

Heating tests are continuing on 18 capsules containing un-
irradiated cobalt to demonstrate structural integrity for 10,000
hr or more at typical heat source conditions (850 to 1000°C),
Table III. During the quarter, six new "Inconel” 600 capsules
were placed in test at 900 and 1000°C, and one new "Haynes" 25
capsule was placed in test at 850°C; the heating conditions of
these capsules duplicate those of capsules contalning irradiated
cobalt.

Also during the quarter, a total of eleven capsules reached
thelr goal exposures and were removed from test for examination.
This examination was completed on five of the capsules, as described
below. Examination is in progress on the remalining six capsules,
which include one "Inconel" 600 capsule heated 1000 hr at 900°C,
one "Haynes" 25 capsule heated 5000 hr at 1000°C, and one capsule
each of "Haynes" 25, "Hastelloy" C, TD Nickel, and TD Nickel
Chromium heated 10,000 hr at 1000°C, An additional capsule of
each of the four latter alloys achieved 10,000 hr exposure at
1000°C. If the examinations of their companion capsules reveal
satisfactory performance, the exposures will he extended to 20,000
hr or more,
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Satlsfactory performance for 10,000 hr was demonstrated with
two "Inconel" 600 capsules, one at 850°C and the other at 1000°C.
Similar performance was demonstrated for 5000 hr at 1000°C with
two "Hastelloy" X capsules. The integrity of each capsule was
maintained and there were no significant dimensional changes.

The depths affected by the reaction at the cobalt-capsule inter-
face and the oxidation of the exterior capsule surfaces were in
agreement with prevlious shorter-term capsule and screening tests.

No detrimental effects of an alr atmosphere insilde an
"Inconel” 600 capsule were observed after heating for 5000 hr at
1000°C. No oxide scale was observed on elther the cobalt wafers
or the ingide surfaces of the capsule at the vold space, The
extent of reaction at the cobalt-capsule interface and the oxida-
tion of the exterlor capsule surface were in accord with previous
results on other "Inconel" 600 capsules heated at 1000°C,

Heating Tests of Capsules
Containing Irradiated Cobalt

Twenty superalloy capsules, 18 containing irradiated and 2
containing unirradiated cobalt metal, are being heated in air at
900 to 1000°C in the High Level Caves (HLC), Table IV. The
superalloys include "Inconel" 600, "Hastelloy" ¢, "Haynes" 25,
and "Hastelloy" X. During the quarter, one "Inconel" 600 capsule
reached 1ts goal exposure of 10,000 hr at 900°C, Examination was
completed on this capsule and another "Inconel" 600 capsule that
was heated under the same conditions and removed from test in
June.2°)  The examination revealed more than twice the expected
thickness of reaction at the interior cobalt-capsule interface,
External effects were normal: oxidation of the "Inconel" 600 was
proportional to the square root of the exposure time extrapolated
from all previous tests, and dimensional changes were less than
6.002 inch,

The two capsules have similar histories, The cobalt wafers
were Initially encapsulated together in one capsule that had a
defective weld, and were subsequently re-encapsulated separately
in the two capsules that were heated for 10,000 hr. The increased
reaction between cobalt and "Inconel" is attributed tentatively
to forelgn material -- either a surface film or an impurilty in
the cobalt,
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The thickness of the cobalt-"Inconel" reaction zone within
the two capsules averaged 0.030 1nch after 10,000 hr at 900°¢ 1in
contrast to the 0.013 inch expected from previous 1000- and 5000-hr
tests. The deepest portion of the reaction zone in the "Inconel"
comprised a gray, nonmetallic phase in the "Inconel' grain bound-
aries, 11lustrated in Figure 7 for the 15,000-Ci capsule. Portions
of the reaction zone <loser to the cobalt wafers contained princil-
pally Kirkendall voide and a solid solution, both of which are
typical of cobalt-"Inconel" reaction; 1little of the nonmetallic
phase was evident. The nonmetallic, grain-boundary phase was
present in the capsule wall and spacers, but was not seen in the
"Inconel” 600 surfaces of the void space at the top of the capsule,

Exterior Surface—
nominal amount of

air oxidation 5 T
Nonmetallic Phase at

Cap-Wall Interface

-

Jo———— . Regction Zone ———e]

Interior Surface~
not in contoct with
cobalt wafers

"Peninsular” Grains

tween %9Co wa . S
befwee fers !'}‘mclloqI Zone between
inconel 600 and Cobalt wafers.

FIG. 7 MICROSTRUCTURE OF "INCONEL" 600 CAPSULE
Containing 15,000 Ci of %%Co after 10,000 hr at 900°C
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A gray, nonmetallic phase of unknown origin was also found
in the 15,000-C1l capsule as a surface scale in one region of the
interface between the cap and the capsule just below the weld
zone, Figure 7; whether this 1s the same material as the inter-
granular phase is not known.

"Peninsular" single crystals of cobalt protruded from the
surface of some cobalt wafers into gaps between adJolning wafers,
Figure 7. The top cobalt wafer of the 15,000-Ci capsule bonded
to the capsule wall In a tllted position and grew peninsular
gralng only on 1ts bottom surface; its upper surface was presuma-
bly in contact with the top "Inconel" spacer, which fell out when
the capsule was cut. Single-grain deposits, but not the increased
cobalt-capsule reaction, were alsc observed in an "Inconel" 600
capsule containing 15,000 Ci of ®°Co that was heated for 5000 hr
at ~900°C., Therefore these two reactions are probably not related.

The oxidatlion of the exterlor capsule surface, Figure 7, was
the same as that seen 1n previous capsule and screening tests.
The to;al affected depth averaged 0,0055 inch, in accord wilth a
(time)2 extrapolation of previous results,

Because of the simllarities in wafer hlstories the internal
attack on the capsule walls was most probably caused by foreign
material, either a surface film on the cobalt wafersz or an impurity
in the cobalt, rather than variance in test conditions such as
temperature, For example, previous data indicate that 10,000 hr
at 1150°C would be required to produce the observed thickness of
cobalt-"TInconel” reaction zone; under these conditions, the surface
oxide on the "Inconel" capsule would have been ~0,065-inch thick
rather than the observed 0,0055 Inch. Similarly, the attack was
not caused by general contamlnation of the helium fill gas; such
contamination would have affected the interlor surfaces bounding
the vold space -- no atfack of these surfaces was found.

In all ®°co capsules, a thermal gradient exists between the
surface and center of the capsule becguse of the self-absorption
of the radiation. Reactions that depend on this thermal gradient
could explain the Increased reaction between cobalt and capsule
and the deposition of the single grains between cobalt wafers,
but these reactions' have a low probability because of the smallness
cf the thermal gradient. PFor example, the gradient could assist
diffueion of oxygen from the surrounding atmosphere into the
capsule wall where 1t would react with the iron and chromium con-
stltuents of the "Inconel" to form the gray phase characteristic
of the increased reaction zone. Also, the single-grailn deposits
could result from the formatlon of nickel or cobalt carbonyl and
its subsequent decomposition in the thermal gradient.
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Two sets of capsules contalning 5900 will be fabricated and
heated in an attempt to duplicate reactions observed in the ®°Co
capsules, In one set the wafers will be intentionally contami-
nated with potential sources of foreign materials, such as the
NaOH used to recover the wafers from the aluminum target slugs.

In the other set, the capsules will be heated in a thermal gradient.

Failure of Thermocouples Attached
to ®%Co Capsules at 1000°C

Thermocouples spot welded to four capsules contalning &%co
failed after 240 to 840 hr of operation at a capsule temperature
of 1000°C. However, these thermocouples performed long enough at
equilibrium temperature to permit setting the temperature con- .
trollers and correlating the furnace atmosphere temperatures with
the indicated capsule surface temperatures,.

Six capsules containing ®°Co had 0.040-inch sheathed thermo-
couples spot welded to the outer surface to measure the surface
temperature, One instrumented capsule is included in each of two
300°C furnaces and a small 1000°C furnace; the other three instru-
mented capsules are 1n a large 1000°C furnace. The thermocouples
on the capsules at 900°C are operating satisfactorily. The 1000°¢
furnaces have not been opened to allow observation of the falled
thermocouples; therefore, the physilcal appearance of the thermo-
couples is unknown. The fallures probably occurred because of
oxidation through the "Inconel" sheaths leading to oxidatlon of
the chromel and alumel wires inside the sheath, The sheaths (wall
thickness of 0.006 inch prior to welding) were slightly pitted at
each spot weld by the discharge from the welder electrodes. The
nominal diameters of the chromel and alumel wires are 0,005 inoh.

As the °°Co decays and as capsules are removed from test, the
internal heat generation in the remaining capsules will decrease,
and power input to the furnaces must be increased to maintain the
desired capsule temperatures., Replacement thermocouples will be
attached to selected capsules, probably at Inspection intervals
of 5000 hr, to allow resetting the temperature controllers., The
capsule surface temperature decrease during a 5000-hr period of
8000 decay is small,
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Guarterly Progress Reports

"Savannah River Laboratory Isotoplc Power and Heat .
Sources Quarterly Progress Report," compiled by
H. 3. Hilborn

DP-1088 July - September 1966

DP- 1094 October - December 1966

DP-1105-1 January - March 1967, Part I - Cobalt
DP-1120-T April - June 1967, Part I - Cobalt
DP-1129-1 July - September 1967, Part I - Cobalt
DP-1143-T Cctober - December 1967, Part I - Cobalt
DP-1155-1 January - March 1568, Part I - Cobalt
DP-1165-1 April - June 1968, Part I - Cobalt
DP-1177-1 July - September 1968, Part I - Cobalt

Topical Reporis

DP-OT74 "80no Heat Sources for 10-60 kw(e) Generators" by
, A. H. Dexter, July 1965,
DP-1012 "Radioactive Cobalt for Heat Sources'" by

J., W. Joseph, H. F. Allen, C, L, Angerman, and
A, H, Dexter, October 1965,

DP-1051 "Properties of ®°Co and Cobalt Metal Fuel Forms",

(Rev. 2) June 1968,

DP-1096 "Development of ©®°Co Capsules for Heat Sources" by
¢, P, Ross, C. L. Angerman, and F. D. R. King,
June 1967, .

DP-1145 "Experimental ©®°Co Heat Source Capsules” by

J. P. Faraci, May 1968

Journal Articles

A, H. Dexter, W, R. Cornman, and E. J. Hennelly. "The Advantages
of ®%Co for Heat and Radiation Sources", Nucl. Appl. 2(2), 99-101
(1966} .

C. P. Ross. "Cobalt-60 for Power Sources', Isotopes and Radiation
Technology, 5(3), 185-94 (1968).

¢. L. Angerman, ¥, D, R, King, J. P. Faraci, and A, E. Symonds,
"8005 Heat Source Encapsulation", Nucl. Appl, 4(2), 88-95 (1968).

¢, L. Angerman and J., P, Faraci. '"Heating Tests of Encapsulated
Cobalt Heat Sources", presented at AIME Nuclear Metallurgy
Symposium on Materials for Radioisotope Heat Scurces, Gatlinburg,
October 1968,
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