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PREFACE 

This report is one in a series on the applied aspects of 
60Co that are under study at the Savannah River Laboratory (SRL). 
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 following subject areas of SRL 
programs: 

1. Properties and reactions of 60Co fuel forms useful or 
potentially useful as heat sources. 

2. Information on the irradiation and postirradiation 
processing of these materials, when the information 
is relevant to their use as heat sources and is 
not in a sensitive area of production technology. 

3. Development of design data directed toward the use 
of and manufacturing capability for isotopic heat 
sources. 

This report contains 
during the report period . 
Publications section. 

principally data from work performed 
Previous reports are listed in the 
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SUMMARY 

Incentives and penalties were compared for using oXidized 
and alloyed forms of radioactive cobalt in heat sources. (p 1) 

Melting temperatures were · measured for CoO, CoO.SMgO.SO, 
and CoA1 204 • (p 14) 

Compatibility of the oxidized forms with rhenium was demon-
strated at 1500'C. (p 15) 

Capsules 
active cobalt 
900'C . 

of "Inconel" 600 and "Hastelloy" C containing radio­
metal reached their goal exposure of 10,000 hr at 

(p 19) ,. 

Tungsten capsules containing 60Co can be handled for short 
times in air without excessive oxidation, as shown by tests at 
SOO'C. (p 19) 

In preliminary tests, corrosion of cobalt wafers in sea water 
was more rapid at defects in the nickel plating than rates reported 
for fully exposed cobalt surfaces. (p 22) 
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PROGRAM 

The purpose of the Savannah River Laboratory (SRL) program 
on 60Co is to provide data that will be required for designing, 
fabricating, and operating 60Co heat sources. Primary emphasis 
is on selecting materials for encapsulating cobalt fuel forms 
and establishing temperature limits for long-term operation of 
capsules. Development of specific heat source concepts is not 
at present included in the scope of the SRL program. 

MATERIALS TECHNOLOGY AND DEVELOPMENT 

HIGH-TEMPERATURE FUEL CANDIDATES 

High-melting forms of radioactive cobalt for heat sources 
are being considered for possible high-temperature applications, 
including thermionic converters (>1500°C), and for lower tempera­
ture applications for which they might provide increased safety 
over cobalt metal. The fuel forms include CoO, CoO-MgO solutions, 
CoA1204, and Co-Ru and Co-Re alloys. 

Comparison of 60CO Fuel Forms 

The oxidized and alloyed forms of cobalt have higher melting 
temperatures than the base metal at the expense of decreased 
power density. These fuel forms are compared to cobalt metal in 
Table I. CoO and MgO form a continuous series of solid solutions, 
but for purposes of comparison CoO-MgO is listed at 50 mol % CoO. 
This composition has a high melting temperatur~ (2230°C) and an 
a~ceptable power density (12 w/cc). The metallic alloys, Co-Ru 
and Co-Re, are listed at several compositions; alloys with cobalt 
cQncentrations less than 35 at. % have power densities less than 
Coo.sMgo.sO, and Co-Ru alloys with cobalt concentrations greater 
than 50 at. % melt at nearly the same temperature as cobalt metal. 
CoA1 204 has a higher melting temperature than CoO but its power 
density is the lowest of all the fuel forms compared. All of the 
fuel forms except Co-Re can be fabricated prior to irradiation; 
Co-Re must be alloyed after irradiation of cobalt because of the 
high neutron cross section of rhenium and its conversion to osmium, 
which forms a low-melting alloy with cobalt. 

All of the fuels have advantages and disadvantages and none 
w~uld be optimum for all applications. The intended application, 
with the corresponding fuel requirements for safety as well as for 
operation, must be defined to allow selection of a fuel form. 
Some general conclusions derived from comparing the fuels at 60Co 
specific activity of 300 Ci/g are as follows: 
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Fuel i'r;n1ft 

CoO 

Co~. ~M,o. ~O 

Co·Ru 

Co·l~u 

Co-Ru 

Co·Ru 

Co·Re 

Co-Re 

Co-Re 

Co-Rt! 

Co·Rt! 

Co Metal 

Co 

~ 

50 

1-1.3 

zo 
JO 

40 

'0 

40 

" 
60 

70 

100 

Meltlna 
Point, 

__ '_C_ 

1800 

1960 

1990 

'860 
1730 

1600 

2",00 

2170 

1970 

1800 

1670 

149S 

TABLE I 

Complrison of r·~Co Fuel Fonns 

Theoretical 
Densitr. 

Ilcc 

6.4 

'.0 

11.6 

11. 3 

11.0 

10.7 

18.1 

16.9 

IS.8 

14.7 

13.2 

••• 

POio'er 
j)ensit~".:\ 

Io'/cc 

13. S 

12.0 

6.9 

6.7 

10.3 

14.2 

18.2 

10.1 

13.8 

11.7 

21.9 

26.2 

41.1 

Adva.ntGiU 

Reasonable pOIo."er density. 
fabricate before irradi­
ation. OxidatIon 
resistant 

IHah meltina temperature. 
more nable than CoO, 
fabricate before irradi­
ation. Oxidation 
resistant 

~lore stable than COO, 
hbricate before irradi­
ation. Oxidation 
resistant 

IUah·thermal conductivity, 
fabricate before irradi­
ation 

lU&h thermal conl!uctivlty. 
&ood power density 

1I1ah power density, 
easily fabricated and 
handled. ltiih thennal 
conductivity 

a~"jco specific activity 300 eila for all forms 

2 -

. :i': 

IJisndvanta&es 

Low thermal conductivity 

Lower power densi ty than 
COO, low thermal 
conductivity 

Very low power densi ty, 
1010' thermal conductivity 

Very 1011 power density at 
high melting temperature. 
low melting temperature 
at hlah power density, 
odditeS 

Fabricate after irradiation, 
oxidizes 

Lowest Inelting temperatur,('. ' 
oxidizes 
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o Power density - The theoretical power density for 100% 
dense fuel, Figure 1, of CoO is greater than that for 
Co o. sMgo.sO, CoA1204, and Co-Ru or Co-Re alloys containing 
up to 60 at. % cobalt. The power densities of the ruthenium 
and rhenium alloys are about the same over the full range 
of cobalt concentrations. The low power density of CoA1 204 
is a disadvantage that must be balanced against its potential 
excellent stability at high temperature. 

a Melting temperature - Figure 2, summarizing the melting 
temperatures, shows CoxMgl_xO and Co-Re to be the most 
refractory of the fuel forms. The low melting temperature 
of Co-Ru at reasonable power densities would probably 
preclude its use unless problems appear in the other fuel 
forms. 

a Power density and melting temperature - Figure 3 shows the 
correlation of melting temperature and power density of 
the fuels . The mixed oxide CoxMg1-xO, CoO, and the alloy 
Co-Re are superior to the other fuels in this comparison. 

o Operating temperature - Figures 4 and 5, comparing the 
calculated radial 6T t s in fuel cylinders, show the oxidized 
forms CoO, CoA1 204 , and Coo.sMgo.SO to have higher 6T t s 
than the metallic forms as expected. However, the 6T is 
only 70°C or less for 1.2-cm-radius cylinders (typical of 
forms irradiated to date) because of the low internal gamma 
absorption. Figure 6 compares the maximum surface temper­
ature that can be achieved in cylinders of various radii 
without melting in the center. Coo. sMgo. s0 has the highest 
allowable surface temperature for cylinders through 3 cm 
in radius. CoO has a lower allowable surface temperature 
than cobalt metal for cylinders larger than 2 em in radius. 

o Heat block weight - For the purpose of comparison, fuel 
cylinders with length equal to .diameter were assumed to be 
surrounded by a tungsten hot shield 2-cm thick to absorb 
90% of the gamma radiation escaping from the fuel. 
Figure 7 shows the weight of the tungsten hot shield as 
a function of total energy; CoO requires the lightest hot 
shield because of its higher power density. 
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FIG. 5 RADIAL aT IN FUEL CYLINDERS WITH LENGTH EQUAL 
TO DIAMETER 

- 8 -



() 
o 

.: 
Q) .... 
c 
~ 2500 
c 

...... 
::::J o 

..c ...... 
'j 

'+-­o 
ci. 
E 
~ 
Q) 
u 
.E 
~ 

::::J 
(/) 

)( 

o 
::2 

2000 

1500 

1000 

500 

60Co Sp, Act. 300 Ci/g 
50 Atom % Co (Co-Ru, Co - Re) 
50 Mol % CoO in CoO-MgO 

Co-Re 

CoO-MgO 

Co-Ru 

COAlz04 
Co Metal 

CoO 

I 2 3 4 

Fuel Cylinder Radius, em 

FIG. 6 MAXIMUM SURFACE TEMPERATURE OF FUEL CYLINDER 
WITHOUT MELTING IN CENTER 

- 9 -

. " , . ", . . , ... ': 



r 

rJ) 
"0 
c: 
:> 
0 
"-

-.s:::: 
c> 

~ 
"0 
Q; 
:c 
(f) 

-0 
:I: 

c: 
2 
rJ) 
c> 
c: 
:> 
I-

1000r-------------------------------------------~ 

100 

10 

eoCo Sp. Act. 300 Ci/O 
Fuel LsD 
50 Atom % Co (Co -Ru, Co -Re) 
50 Mol % CoO in CoO-MOO 

(,o,,?-e 

<i'-~' ~ 
0' ~e'o 

(, (,0 

IL-________________________________________ ~ 

0.1 10 

Totol Energy. kw 

FIG. 7 TUNGSTEN HOT SHIELD TO ABSORB 90% OF GAMMA 
RADIATION ESCAPING FROM FUEL 

- 10 -

' . 

100 



o Overall consideration - From the foregoing conclusions, 
cobalt metal, CoO, Coo.sMgo.sO and Co-Re alloy are probably 
the best fuel forms for most applications. Final selection 
would depend on the specific application. SRL work to date 
has emphasized cobalt metal and the oxide forms because 
of the difficulty of alloying cobalt with rhenium, especially 
in a hot cell,and the potential oxidation of the alloy if 
exposed to air at high temperature. 

Because the thermal conductivities of the oxides have not 
been measured, values for the calculations were estimated from 
elevated temperature data for similar oxides. A conductivity 
of 2 pcu/(hr) (ft 2) (oC/ft) was assumed for CoO and CoO-MgO and 
1 pcu/(hr) (ft 2) (OCjft) for CoA1204' 

Fabrication of Oxide Wafers 

Wafers of CoO, Coo.sMgo.sO, and CoAl 204 are being fabricated 
for irradiation in forthcoming high-flux reactor charges and 
subsequent development of refractory, oxidation resistant heat 
sources. 1-3 Estimated production in these reactor charges is 
given in Table II ' for the ceramic compounds and cobalt metal. 

High-density wafers (O.700-in.-dia x O.ISO-in.-thick) are 
fabricated by sintering powders obtained from hydroxide precipi­
tation and decomposition. 4 The procedures followed for each oxide 
are basically similar and are summarized in, the Erocess flow sheet 
shown in Figure 8. CoO wafers are heated for an additional 16 hr 
in argon at IOOOoC to decompose any C0304 that formed during 
cooling from the sintering temperature. C0304, is not formed in 
Coo. sMgo. sO or CoA1 204. 

Resistance to Thermal Shock 

The oxide wafers were acceptably resistant to cracking when 
subjected to thermal shocks. Wafers of the three oxides did not 
crack when cooled from IIOO°C to 400°C in S seconds. Wafers of 
CoO and CoAl 20. did not crack, but wafers of Coo. 5Mgo. sO did, 
when cooled more rapidly by placing the 1IOO°C wafers on a 
polished aluminum disk that was immersed in ice water. Thermal 
gradients of several hundred degrees were established as the heat 
drained to the aluminum disk from one side of the wafer. 

- 11 -
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TABLE II 

Planned Production of High Activity Cobalt 
in c - ' Cf-Producing Charges 

Average Total 
Activity, No . of Activity. 

Cobalt T)'pe • Ci / g Co Pieces Mei ---
Metal, O.7·1 5-in.-di. \o:afers 450 1~70 4.08 

300 1790 2.47 
200 4560 4.29 

1. 00- ill. -d i a half-wafers 450 396 .74 
300 280 .36 

1.25-ill.-Jia half-wafers 450 ~S2 .74 
300 182 .36 

1.49-in.-l1ia half-\vafers 450 36n 1. 48 
300 ~60 .72 

CoO, O.700-in.-dia wafers 450 108 .21 
300 12 .02 

CoO-MgO so 1 id solution, 450 108 .11 
O.700-in.-dia wafers 300' 12 .01 

CoAIZO, • O.700-in.-dia wafers 450 108 .06 
300 12 .01 

TOTAL IS.6b 

"Metal shapes O.073-in.-thick 
Ceramic shapes 0.150-in. -thick 

- 12 -

Total 
Power, 

kw 

63.0 
38.5 
66.9 

11.5 
5.7 

11.5 
5.7 

23.0 
11. 4 

3.3 
0.3 

1. 7 
0.2 

0.9 
O. I 

244.3 
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HYDROXIDE PRECIPITATION 

Excess 2.75M NaOH added at 25°C with stirring to : 

0.25M Co(N0 3 ) 2 for CoO 
0.25M CO(NO~)2 and 0.25M Mg(N03)2 for Coo.sMgo.sO 
0.2M Co(N03)2 and 0.4M A1(N0 3 )3 for CoA1 20, 

WASH AND DRY 

Wash and centrifuge until pH • 7 
Dry at 120°C; screen - 100 mesh 

CALCINE 

4 hr in flowing argon at 835°C fOr CoO 
4 hr in flowing argon at 750°C for Co Q• 5Mg o. 50 
5 hr i~ flowing argon at 900·C fOr COA1 20, 

PRESS 

Screen through 100 mesh; add binder 
Press at 22,000 psi 

SINTER 

6 hr in air at 1650·C 

MACHINE 

Grind diameter and lap thickness to desired 
specifications 

FIG. 8 PROCESS FLOWSHEET FOR FABRICATION OF COBALT OXIDE WAFERS 
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Melting Temperatures of Cobalt Oxides 

The melting temperatures of the three oxides were measured 
by heating samples of the powders used in fabricating wafers for 
irradiation. Measured values of l800°C for CoO, 2250°C for 
Coo.sMgo.sO, and 1920°C for CoA1 204 agree with values shown on 
published phase diagrams for the CoO-MgO and CoO-A1203 systems, 
Figures 9 and 10 respectively. CoO and MgO form a continuous 
series of ideal solid solutions with melting temperatures varying 
from l800°C for pure CoO to 2800°C for pure MgO.5 This system 
offers a range of power densities and corresponding melting 
temperatures. The system CoO-A1 203 contains one compound, 
CoAl204, that melts congruently at 19600 C. The adjacent eutectic 
melting temperatures are estimated at 1910 and l725°C, depending 
on whether the system is rich in A1203 or in CoO. 

2800 

2'00 

p L 

.. 2400 

~ i 2200 s 

~ 

1800 

1600 O!:---:t20::--C40!;:;---:;''''O--:teo::--i1o 
CoO Mol. ~. M90 

FIG. 9 CoO-MgO PHASE DIAGRAM 
(From Ref. 5) 
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H. War lenbe'9 

--- Assumed 

3900 

3700 u.. . 
i 

- 3500 ~ 
e 
~ 

-- 3300 ~ 
~ 

3100 '. 

FIG. 10 CoO-A1 203 PHASE DIAGRAM 
(From Ref. 6) 
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EVALUATION OF ENCAPSULATION MATERIALS 
FOR RADIOACTIVE COBALT 

Compatibility of Cobalt Oxides with Capsule Materials 

Thermodynamic analyses of the potential reaction between the 
three oxides and candidate high-temperature capsule materials 
indicated that rhenium and the noble metals would be compatible 
with the oxides. l Other refractory metals, such as tantalum, 
tungsten, and molybdenum, would reduce the oxides to cobalt metal 
and ternary compounds. 

The predicted compatibility of rhenium and the oxides was 
demonstrated by heating capsules at ISOO·C for 200 hr in a 
vacuum of 10- 5 torr. Three rhenium capsules were spark-machined 
from powder-metallurgy rod. Each was loaded with alternating 
wafers of rhenium and one of the oxides and sealed by TIG welding. 
After the test, the capsules were intact and unchanged in 
appearance. Destructive examination showed a uniform black 
deposit (probably CoO) on the inside wall of each capsule and no 
gross reaction at the rhenium-oxide interfaces. Detailed metal­
lographic examination and microprobe analyses are in progress. 

Short-term compatibility of the oxides with iridium was 
demonstrated during the measurements of the melting temperature 
of the oxides . All three oxides melted on iridium filaments at 
the expected temperatures with no apparent reaction either during 
the fusion or in subsequent metallographic examination of the 
iridium filaments. In contrast, an attempt to measure the melting 
point of CoO on a tungsten filament failed when the tungsten 
reduced the oxide to cobalt metal at l400·C; this cobalt then 
.melted at 149S·C, the published value for cobalt metal. 

·CAPSULE FABRICATION AND TESTING 

Development of Welding Techniques for Refractory Metals 

Refractory metals and welding equipment are being procured 
for encapsulation of cobalt metal and cobalt oxides for appli­
cations above IOOO·C. Capsules of tungsten, tungsten-25% 
rhenium, and rhenium are being purchased for welding development 
and long-term compatibility tests at ~1200·C with 59Co metal. 
Ten tungsten capsules and five tungsten-25 wt % rhenium alloy 
capsules have been delivered by the vendor. 

- 15 -
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Development of welding techniques for tungsten and W-2S wt % 
Re alloy capsules was delayed pending completion of the inert-gas 
welding station in the new Alpha ~laterialsFacility (built to 
support Division of Production 244Cm and c38 pu programs). Sealing 
of the glove box to maintain a helium atmosphere wi th < 1 0 ppm of 
02, N2, and water vapor as impurities is nearly complete. 

Heating Tests of Capsules Containing 
Unirradiated Cobalt Metal 

Superalloy Capsules 

Four capsules (one "Haynes"* 25, one "Hastelloy"* C, and two 
"Hastelloy"* X) attained goal exposures of 10,000 hr at 1000°C. 
Heating of all four capsules was resumed for an additional 
10,000 hr because the capsules were intact (helium leak tests) 
and diameter increases were small, <0.002 in. for the "Hastelloy" 
capsules and 0.004 to 0.005 in. for the "Haynes" 25 capsule. The 
larger diameter increase for "Haynes" 25 had been observed in 
previous IO,OOO-hr tests. All three materials had demonstrated 
satisfactory resistance to oxidation and compatibility with 
cobalt in these earlier tests. These capsules are part of the 
continuing program to demonstrate structural integrity of 
superalloy capsules for >10,000 hr at typical temperatures of 
850 to 1000°C, Table III. 

Refractory Metal Capsules 

A schedule was prepared for long-term heating tests of 
refractory meta} capsules containing unirradiated cobalt metal; 
these tests will begin in November 1969, Table IV. 

*Trademark of Union Carbide Corp. 
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TABLE 111 

Sumary of 59Co Capsule Heating Tests 

Approx. Appro •. 

Keati~ Will, No. of Stan ina ca.pletion 
Ca~s\.ll~ ~laterlal Ti_e, hre.p. ie !!Iils C.p .... l •• ~ Date R.l.rks 

''In..:oneJ'' oOU 1,000 '" " 12-66 2_67 Capsule intact 
(m.p. 1110·C) 5, 000 850 SO 12-66 7-61 Capsule intact 

10,000 a.o SO 12-66 1-68 Capsule intact 

10,000 850 OS 7-67 9-68 Capsule intact 
SO, 000 '" " 7-67 3-13 

1,000 .00 OS 11-68 12-68 Capsule intact 

S,OtlO '00 
., 11-68 6-69 C.pluh intact 

s,oooe 900 OS 3-69 10-69 
10,000 900 ., 11-68 1-70 
10,000 .00 " 11-68 1-70 
10.0000 '00 gs 3-69 5-70 
SQ,OOO 900 ., 11-68 7-74 

1,000 1,000 SO 8-66 10-66 l cap,ules intact; 
J capsule ox1dh..,sb 

5,000 1, 000 SO 4-67 11-61 Capsule inta<:t 
1,000· 1,000 OS 7-67 9-67 No severe oxidation of Co 
1,00<>" 1,000 " 2-68 4-68 No oxidation of Co or capsule 
5,00<>" 1,000 OS 2-68 9-68 No oddation of Co or capsule 
5,000 1,000 ., 8-67 2-68 Capsule inuet 

10,000 1,000 ., 8-67 10-68 Capsule intact 
SO, 000 1,000 OS 10-61 6-13 

10,"" 1,000 OS 11-68 1- 70 

"HasteJ!oy" C 1,000 1,000 SO 3-66 10-66 3 capsules intact; 
(lII.p. 1270·C) 1. capsule oxidiledb 

5,000 1,000 .5 10-67 5-68 Capsule intact 
10,000 1,000 " 10-67 12-63 Capsule intact 
50,000 1,000 OS 10-67 6-73 
20,000 1,000 .5 5-68 9-70 

TO Nickel 1,000 aso< " 1 10-67 12-67 Capsule intact 
(lII.p. 1450'C) 5,000 850 " 1 10-61 5-68 Capsule intact 

10,000 aso OS 1 10-67 12-68 Capsule intact 
50,000 8SO .5 1 10-67 6-73 

1,000 1,000 .5 1 12-66 2-67 c.psule Intact 
I,OOOa 1,000 .5 2 10-67 12-67 No ,.ver. oxidation of CO 

TO Nickel Chromium 1 ,DaDa 1.000 OS 2 10-61 12-67 Co ne.r pinhole oxidiud 
(a.p. 1430·C) 1,000 1,000 " 1 10-67 12-67 Capaule intact 

5,000 1, 000 .5 1 10-67 5-68 C.psule intact 
10,000 1,000 OS 1 10-67 12-68 Capsule intact 
50,000 1,000 OS 1 10-67 6- 73 

" Haynes" 25 10,000 850 OS 11-68 1-70 
(II. p. 1330·Cj 1,000 1,000 .S 10-61 12-67 Caplule int.act 

',000 1,000 OS 10-67 5-68 Capsule intact 
5,000 1,000 OS 5-68 12-68 Capsule intact 

10,000 1,000 OS 10-67 12-68 C.psule int.ct 
50,000 1,000 " 10-67 6-73 
20,000 1,000 OS 5-68 9-70 

"Hast"elloy" X I, 000 1,000 SO 4-67 6-67 Capsule intact 
(m.p. 126O·C) 5,000 1,000 SO 4-67 11-61 Capsule intact 

5,000 1,000 OS 2-68 9-68 Cap:luhs intact 
10,000 1,000 OS 2-68 4-69 Capsule intact 
50,000 1,000 OS 2-68 lOeB 
20,000 1,000 gs 5-68 9-70 

:rWO capsuhs, one not welded and one with drilled hole in wall, to test effects of capsule defects. 
Capsules reacted with fire-brick. See DP-I094, "SRl Isotopic Power and He.t Sourcu - Quarterly 

cPl"OIress Report," October-Dec .. ber 1966. 
d Tests of TO Nickel at 8S0·C in flowina arlen. 
e'nternal atmosphere air instead of hea,.. 
Caustic residue on wafers. 
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TABLE IV 

Summary of Planned 59Co-Refractory Metal Capsule Heating Testsa 

Approx. Approx. Wafer 
Heatin& Starting Completion Diameter, Welding 

CaEsule Material Time. hr TernE. 'c Date Date inch Technigue 

Tungsten 1,000 1200 11-69 1-70 0.745 TIG 
1,000 1200 11-69 1-70 0.745 TIG 
5,000 1200 11-69 6-70 0.745 TIG 
5,000 1200 11-69 6-70 0.745 TIG 
5,000 1200 2-70 9-70 1.490 TIG 
5,000 1200 3-70 10-70 0,745 EB 

10,000 1200 11-69 1-71 0,745 TIG 
10,000b 1200 12-69 2-71 b 0.745 TIG 
10,000 1200 2-70 4-71 1. 490 TIG 
10,000 1200 2-70 4-71 b 1. 490 TIG 
10,000 1200 3-70 5-71 0.745 EB 
50,000 1200 12-69 8-75 0.745 TIG 

Rhenium 1,000 1200 12-69 2·70 0.745 TlG 
5,000 1200 12-69 7-70 0.745 TIG 
5,000 1200 3-70 10-70 0.745 EB 

10,000 1200 1-70 3-71 0.745 TIG 
10,000b 1200 1-70 3-71 b 0.745 TIG 
10,000 1200 3-70 5-71 0.745 EB 
50,000 1200 1-70 9-75 0.745 TIG 

1,000 1400 2-70 4-70 0.745 TIG 
5,000 1400 2-70 9-70 0.745 TlG 

10,000 1400 2-7p 4-71 0.745 TIG 

W-25 wt % Re 1,000 1200 11-69 1-70 0.745 TIG 
5,000 1200 12-69 7-70 0.745 TIG 
5,000 1200 3-70 10-70 0.745 EB 

10,000 1200 1-70 3-71 0.745 TIG 
10,OOOb 1200 1-70 3.71 b 0.745 TIG 
10,000 1200 3-70 5-71 0.745 EB 
50,000 1200 1-70 9-75 0.745 TIG 

1,000 1400 2-70 4-70 0.745 TIG 
5,000 1400 2-70 9-70 0.745 TIG 

10,000 1400 2-70 4-71 0.745 TlG 

aOne capsule containing ~lO Co wafers O.073-in.-tnick and one 0.060-in.-thick 
bspacer will be heated at each listed condition. 
Test time may be extended to 20,000 hr, or more, depending on results of 
other lO,OOO-hr tests. 

- 18 -

______ .1L 



r 

Heating Tests of Capsules Containing 
Irradiated Cobalt Metal 

Superalloy Capsules 

Fifteen superalloy capsules, 13 containing irradiated and 
2 containing unirradiated cobalt metal, are being heated in air 
at 900 to 1000°C in the High Level Caves (HLC) to demonstrate 
capsule performance at typical heat source conditions, Table V. 
An "Inconel"* 600 capsule containing 36,500 Ci and a "Hastelloy" C 
capsule containing 13,000 Ci achieved their goal exposures of 
10,000 hr at 900°C and were removed from test. Another "Inconel" 
600 capsule containing 13,700 Ci also reached 10,000 hr at 900°C; 
heating of this capsule will be continued for an additional 
10,000 hr unless examination of the first "Inconel" capsule reveals 
unsatisfactory performance. Destructive examination of these two 
capsules and the three removed from test in April after 5000 hr 
at 10000C are scheduled to begin in January 1970 after completion 
of the rearrangement of High Level Cave metallographic facilities. 

Refractory Metal Capsules 

A schedule was prepared for long-term heating tests of 
refractory metal capsules containing irradiated cobalt metal; 
these tests will begin in January 1971, Table VI. 

Test Facilities 

Design of a shielded capsule test facility for the Isotope 
Process Development Laboratory (IPDL) is continuing. Preparation 
of a Project Authorization Request for operating and process 
equipment for the facility was started. 

Oxidation of Tungsten 

A study of the oxidation of tungsten in air showed that 
relatively simple precautions will be required to prevent serious 
oxidation of tungsten capsules during fabrication and handling 
prior to the long-term heating tests in high-vacuum furnaces . 
Cooling the capsules below 500°C should provide adequate pro­
tection since the maximum depth of oxidation was <0.001 in. when 
a tungsten sample was heated in air at 500°C for 6 hr. Oxidation 
extended to a depth of ~0.011 in. after heating for 2 hr at 900°C, 
the maximum calculated surface temperature for a l-in.-dia x 
l-in.-Iong capsule with an emissivity of 0.2 and containing 
15,000 Ci of o OCo or ~250 wet). Thermal cycling between room 

*Trademark of International Nickel Co. 
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temperature and 900°C for 2 hr (20 min at 900°C/cycle) affected 
approximately twice this depth. Oxidation was uniform at both 
temperatures; no pitting or preferential attack occured at the 
grain boundaries. Additional tests will be made at ~OO°C, the 
expected capsule temperature (emissivity of 0.6). 

TABU V 

SUIm'IdII'), of tOco Capsule Heating Tests 

AcUvit:t: Appro •• Approlt . 
Heatina WaJJ , ~o. of spec, Total, StartltI.J COlipletion 

Ca2,ule ~laterial lillie, hI' leap . Wc _its Capsulu £!LL --SL ~ Oate Amar!.:' 

" Inconer "0 130 tiS" SO 120 1(1,000 2-67 2-67 Swell.d Jue to evo:rhc atin& 
(a. p . 1370°) 1,000 "00 SO 100 5,000 4-67 6-67 Capsule intact 

5,000 ,goo SO lSOb 15,000 4-67 10-67 Capsule Intact 
10,000 "00 SO lS0b 15,000 4-67 6-68 Increased CO/CIl(llulc react 
10,000 "00 SO ISO> 9,000 5-67 10-68 Increa,.d Co/eapsu It' react 

+lo,oob 900 OS 2SSC 36,SOO 2-68 8-09 Bealn destructive e:o;aminat 
+20,000 900 OS 2aSe 13,700 7-bS 10-70 

50,000 '00 OS 282c 13,400 7-b8 3_701 

'" 
'" '" 

5,000 1,000 9S 2950.: I ~ ,000 9-68 .t_Q~l Oegin .. Ic ~ fru .: tlv(' t'~;l~\jn,J.tion 

10,000 1,000 OS 28S c 13.700 9*68 1I-b9 
10,000+ 1,000 OS 2t1lc lZ ,sao 9-68 11-(19+ 
so, 000 1,000 9S 255 t 12,100 9-68 5- 74 
10,000 8SO OS d 9*(;18 11-69 

"H.,'telloy" C 100 OSO '0 120 9,000 1-67 1-67 I.:apsule intact 

1-70 

1-70 

(lI.p. 1270·C) "'10,000 '00 OS 276c 13,100 7-68 8*69 Belin destructive eltuination 1-70 
10,000 1.000 9S 282C Il,400 9-68 11*69 
50,000 1,000 OS 270' 12,800 9-68 5-74 

"Haynes" 25 5,000 1,000 " 263c 12,500 9-68 4*69 hlln destruct ive exuln(ltion 1-]0 
(lII.p . IllO·C) 10,000 1,000 OS 288 c ]3,700 9·68 11-69 

10,000· 1,000 " lIlc 13,400 9_68 H-69· 
SO ,COO 1,000 OS 295' 14,000 , ... 5-14 
10,000 850 95 d , ... II -69 

"Hastell o)'" X 5,000 1, 000 95 250c 1l,900 , ... -'-09 Bea in de:st Net iv(' e ... ", .. ina ti on 1- 70 
(lII .p. 1260·C) 10, 000 1,000 OS 263c 12,500 '·bS \1-69 

10,000· 1,000 OS 26Jc 12 ,500 9-68 11-(19· 
50,000 1,000 OS JOlc \01,300 '.l-bI! ~- 74 

~ExC\.lrsiQn to ) 1100·C for 3-6 hr . 
Activity as of 2-67. 

:Activity as of 6-68. 
heated along wi.th 60Co capsules. Capsule contains ~qCo but is beina 

"~elO infonnation reported 
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TABLE V I 

Summary of Planned 6oCo-Refractory Metal Capsule Heating Testsa 

Capsule Material 

Tungsten 

Rhenium 

W-2S wt % Re 

Heating 
Time, hr Temp, 'c 

1,000 
1, 000 
5,000 
5,000 
5,000 

10,000 
10,000b 
10,000 
10,000b 
SO, 000 

5,000 
10,000 
10,000b 
50,000 
5,000 

10.000 
IO,OOOb 
50,000 

5,000 
10,000 
10,000b 
50,000 

5,000 
10,000 
10,000b 
50,000 

1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 

1200 
1200 
1200 
1200 
1400 
1400 
1400 
1400 

1200 
1200 
1200 
1200 
1400 
1400 
1400 
1400 

Approx. 
Starting 

Time 

1-71 
1-71 
1-71 
1-71 
3-71 
1-71 
1-71 
3-71 
3-71 
1-71 

2-71 
2-71 
2-71 
2-71 
3-71 
3-71 
3-71 
3-71 

2-71 
2-71 
2-71 
2-71 
3-71 
3-71 
3-71 
3-71 

Approx. 
Completion 

Date 

3-71 
3-71 
8-71 
8-71 

10-71 
3-72 
3-nb 
7-72 
7-72 
9-76 

9-71 
4-72 
4_72b 

10-76 
7-72 
7-72 
7-72 b 

11-76 

9-71 
4-72 
4-72b 

10-76 
10-71 
7-72 
7-72 b 

11-76 

Wafer 
Diameter, 

inch 

0.745 
0.745 
0.745 
0.745 
1.490 
0.745 
0.745 
1.490 
1. 490 
0.745 

0.745 
0.745 
0.745 
0.745 
0.745 
0.745 
0.745 
0.745 

0.745 
0.745 
0.745 
0.745 
0.745 
0.745 
0.745 
0.745 

aOne capsule (ten wafers O.073-in.-thick and one spacer 0.060-in.­
thick) will be heated at each listed condition. Capsules with 
O.74S-in.-dia wafers will contain ~250 watts. or 16,000 Ci of 
350 Ci/g cQhalt~ capsules with larger wafers will produce up to 

blOOO watts. 
Test time may he extended to 20,000 hr. or more. depending on 
results of other lO,OOO-hr tests. 
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Safety Tests 

Cobalt Release 

"easurement of the release of 60Co from an intentionally 
defected "Inconel" 600 capsule heated in flowing air at 1000°C 
is continuing. 2 The capsule has a 0.008-in.-dia hole drilled 
through the I'all and contains a solid rod of unirradiated cobalt 
electroplated "ith 60Co. Low levels of radioactivity ("-10 c/m 
above background) become deposited each day on a filter located 
in the effluent air stream. Total test time to date is '1.4000 hi". 

Corrosion of Cobalt Metal in Sea Water 

Six unirradiated, nickel-plated cobalt wafers were immersed 
for 865 hr in sea water (North Carolina coast) in preliminary 
tests to measure their corrosion resistance. The wafers, held 
1/4-in. apart in a "Teflon"· rack, were suspended from a piling 
to a depth of 3 to 24 in., depending on tide level. Three of the 
wafers were mechanically dislodged by wave action and were lost. 

Severe corrosion of .the cobalt occurred wherever there was a 
defect in the nickel coating. The attack spread laterally around 
a defect, leaving the nickel coating intact over most of the 
corroded area; in two of the wafers the corrosion penetrated 
the 0.040-in.-thick wafers, Figure 11. Approximately 0.09 g of 
cobalt was lost from each wafer. This rate is apparently faster 
than the 0.0007 in./yr (0.1 g/yr/in! of surface area) that was 
observed after 4-yr tests with panels cut from cobalt electrodes. 7 

A direct comparison of the two tests is difficult because the . 
exposed surface area of the cobalt wafers was constantly changing. 
The small size of the defects in the nickel coating «0.005-in.-dia) 
may have restricted the supply of oxygen to the corroding surfaces, 
leading to accelerated attack, as in crevice corrosion. 

*Trademark of E. I. du Pont de Nemours & Co. 
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FIG. 11 SEAWATER CORROSION OF COBALT AT DEFECT 
IN NICKEL COATING 

Recommended limits on release rates of radioactive wastes 
from nuclear powered ships during normal operation range from 
0.01 to 100 Ci/day, depending on closeness to shore and ocean 
depth.8 For a specific activity of 350 Ci/g, corrosion under 
the abnormal conditions of the current tests could release ~l.O 
Ci of 60Co/day. Additional tests of the effects of sea water 
corrosion are being planned. 

Compatibility of Molten Cobalt and Superalloys 
with Tungsten and Rhenium 

Tests of compatibility of molten cobalt and superalloys with 
tungsten and rhenium will be continued to evaluate the conse­
quences of temperature excursions above the melting points of the 
capsules (~1500°C) that might occur under abnormal conditions, 
such as loss of coolant, re-entry from space, or burial in the 
earth. 2 

Five additional tests with tungsten capsules will be started 
as soon as the new welding facility is completed (see Development 
of Welding Techniques for Refractory Metals). These capsules 
will be heated for 4 hr at 1550 to 1750°C to evaluate the effects 
of a void space and superalloys inside the tungsten capsule and 
the effectiveness of a rhenium barrier between the cobalt and 
the tungsten. 
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HEAT SOURCE DEMONSTRATION TESTS 

WANL 30 kw(t) Demonstration Unit 

SRL is providing technical assistance as necessary in the 
program to design, develop, fabricate, and test an experimental 
"OCo-fueled 30 kw(t) heat source. Westinghouse Astronuclear 
Laboratory (WANL) is the contractor in this program to demonstrate 
the principle of production of useful energy from a large 60Co 
source. 

Tests were planned to verify calculations of radiation 
streaming through ducts in the biological shield. These tests 
will be run at SRL, using an available 0.115 curie source of 60Co 
and CaF2 thermo luminescent detectors. The shield block for the 
test is scheduled for delivery in December. 

Nickel was selected by WANL as the reference core material 
because of its high thermal conductivity, and nitrogen as the 
preferred coolant for compatibility at up to 900°C. Work is 
continuing to evaluate air as a possible coolant, and SRL is 
participating in a survey of coatings for oxidation protection 
of the nickel. 
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HIGH ACTIVITY 60CO FOR HEAT SOURCE DEVELOPMENT 

High activity cobalt that is being stored at Savannah River 
for experimental programs and heat source development is listed 
in Table VII. Estimated production in current charges is listed 
in Table II. 

TABLE VII 

LOCO for Heat Sourcesa 

Cabal t Shape 

u. 7~5-in . W;.Ifcrs 

FlU.' l form - ..:obal t llIeta l (wrought) 
Fud shape wafe r s 0.745 .to. 001- in . -dia 

0.040 !O.OO3 -in.-thi ~~ 
includi ng 0.0005 to 0.001- in. Ni plate 

(ob' ll t dens i ty - 8.80 _'. O.OS g/cm J 

0.800 - 1n. Wafers 

Fue l f orm - cobalt metal (sintered) 
Fuel shape - wafers' 0.800 iO.OO1-in.-dia 

0.040 !O.OO3-in.-thick 
including 0.0005 to O.OOI-in. Ni plate 

Co ba lt densi ty - 8.60 iO.l0 g/cm 3 

Nickel ~P lated Slabs 

Fuel form - cobalt ~etal (wrought) 
Fuel shape - . slabs 3.00 to,03-in.-long 

0. 640 fO.a02-in.-wide 
0.060 ±O.DOl-in.-thick 

including 0.0005 to O.OOl-in. Ni plate 
Cobalt density - 8.80 iO. OS g/em 3 

Stainless St eel-Canned Slabs 

Fuel f orm - cobalt metal (wrought) 
Fuel shape - slabs 2.96 ! O.03-in .- long 

0.735 - 0.740-in.-wide 
0.092 ±O.QOl-in.-thick 

sheath thickness O.OIS-in. min 

Average 
Activity, 

(i/& 

310 
270 
250 
230 
240 

300 
320 
270 

300 
280 

300 
250 

Total 
No. of Activity, 
~ 106 Ci 

2090 
912 

1368 
1368 

152 
mo 

255 
136 
136 
m 

45 
48 
93 

45 
48 
93 

1.60 
0.62 
0.87 
0.79 
0.09 
3.97 

0.22 
0.13 
0.10 
D.45 

0.23 
0.22 
0.45 

0. 18 
0.17 
Q.3S 

Total 
Power, 

kw 

25.0 
9.6 

13.6 
12.3 
l.4b 

6l.9 

3.4 
2.0< 
1.6d 

7.0 

3.6 
3.4 
7.0 

2.8 
2.7 
5.5 

cobalt dimensions same as ni ckel-plated 
Cobalt density - 8. 80 to.OS g/cm 3 

slabs above except 2.44-in.-long 

Stainless Steel-Coextruded Slabs 

Fuel form - cobalt metal (wrought) 
Fuel shape - slabs 3.00 !0. 03- in. - long 

0.740 ~O.002-in.-wide 
0.072 !0.002-in.-thick 

SST thickness O.OIS-in. min 
Cobalt dimensions: 2.75-in.-lon8 

D.7l-in.-wide 
0.042-in.- thick. 

Cohalt density - 8.80 !O . OS g/cm J 

300 
280 

60 
64 

124 

0.21 
0.21 
'0:42 

3.3 
3.3 
6.6 

Grand Total 5.64 Mei 88.0 kw 

~ActiVity and power as of June 30. 1969. 
Wafers have central hole of 0.070-in.-dia. 

Average Activ ity 280 ei l g 

~110 wafers have experimental compositions. to be used at SRL. 
68 wafers have central hole of O.070-in.-dia. 
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SAVANNAH RIVER LABORATORY 60Co PUBLICATIONS 

QUARTERLY PROGRESS REPORTS 

DP-l088 
DP-l094 
DP-ll05-1 
DP-1l20-1 
DP-1l29- I 
DP-1l43- I 
DP-1l55- I 
DP-1l69- I 
DP-1l77-1 
DP-1l92-1 
DP-1l96-I 
DP-1206-1 

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

July - September 1966 
October - December 1966 
January - March 1967, Part I - Cobalt 
April - June 1967, Part I - Cobalt 
July - September 1967, Part I - Cobalt 
October - December 1967, Part I - Cobalt 
January - March 1968, Part I - Cobalt 
April - June 1968, Part I - Cobalt 
July - September 1968, Part I - Cobalt 
October - December 1968, Part I - Cobalt 
.January - March 1969, Part I - Cobalt 
April - June 1969, Part I - Cobalt 

TOPICAL REPORTS 

DP-974 

DP-I0l2 

DP-IOSl 
(Rev. 2) 

DP-I096 

DP-1l45 

,,60CO Heat Sources for 10-60 kw(e) Generators" by 
A. H. Dexter, July 1965 . 

"Radioactive Cobalt for Heat Sources" by 
J. W. Joseph, H. F. Allen, C. L. Angerman, and 
A. H. Dexter, October 1965. 

"Properties of 60Co and Cobalt Metal Fuel Fonns", 
June 1968. 

"Development of 60Co Capsules for Heat Sources" by 
C. P. Ross, C. L. Angennan, and F. D. R. King, 
June 1967. 

"Experimental 60Co Heat Source Capsules" by 
J. P. Faraci, May 1968. 

JOURNAL ARTICLES 

A. H. Dexter, W. R. Corrunan, and E. J. Hennelly. "The Advantages 
of 60Co for Heat and Radiation Sources", NuaL. AppZ, 2(2), 99-101 
(1966) . 

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

C. L. Angerman, F. D. R. King, J. P. Faraci, and A. E. Symonds. 
,,6 0Co Heat Source Encapsulation", NuaZ, AppZ, 4(2), 88-95 (1968). 
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C. L. Angerman and J. P. Faraci. "Heating Tests of Encapsulated 
Cobalt Heat Sources", Nuclear Metallurgy, Vol. 14, Symposiwn on 
Materials for Radio-Isotope Heat Sources, D. E. Thomas, W. O. Harms, 
and R. T. Huntoon (Editors), American Institute of Mining, 
Metallurgical, and Petroleum Engineers, Inc., New York, New York, 
pages 309-22 (1969). 
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