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PREFACE

This report is one in a serles on the applied aspects of
isotopes that are under study at the Savannah River Laboratory
(SRL), and that are of interest as isotoplc heat source materials,
Principal emphasis 18 on 1sotopes that are produced by neutron
additlon, since these are the materials for which the production
capabilities of the Savannah River Plant (8RP) reactors and cther
facllities can be used effectively., Data for other materials
will be included if pertinent -- such as the lsotoplc or chemical
composition of fiseion 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 potentlal or actlve user agencies.
The reports thus deal with the followlng subject areas of SRL
programs:

1l, Propertles and reactions of lsotopes useful or
potentially useful as heat sources.

2. Information on the irradiation and postirradlation
processing of these materials, when the infcrmatlon
is relevant to their use as heat sources and 1s
not in a sensitive area of production technology.

3. Development of deslgn data directed toward the use
of and manufacturing capabillty for isoctopic heat
sources.

The report is lssued.in two parts: Part I includes only
information on cobalt; Part II includes information on the other
igsotoplc heat source materilals, Both parts contaln principally
dats from work performed during the report perlod. Previous
reports are listed 1n the Publicatlons section.
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SUMMARY

Fabrication procedures are being developed to pro-
vide high density wafers of Co0, (Co,Mg)0, and CoAly0,
for irradlation tests and evaluatlion as high melting,
oxidatlion resistant heat source fuels. (p 1)

Evaluations to date indicate that "Haynes" 25 will
be the preferred capsule alloy for most uses of 8% at
temperatures to 1000°C. (p 6)

Inactive capsules of "Haynes" 25 ilncreased uni-
formly in dlameter by 0.006 and 0.008 inch in 10,000
hour tests at 1000°C. This increase 1s consistent with
the density change assoclated wlth the cobalt phase
transformation above 417°C. (p 12}

A preliminary scope of work was completed for a
new facility for %°Co capsule testing. (p 15)

Initial tests were run to measure the compatibllity
of molten cobalt with tungsten. (p 17)

Selection of technliques and equipment for welding

refractory alloy capsules for SRL tests was begun.
' (p 20)

- 111 -




CONTENTS

PrOgram « « o o o o o s » o o o o s o »
Materials Technology and Development .
High-Temperature Fuel Candidates . .
Fabricatlion of Oxlde Wafers . .

-

. . - - - . -

. - . . * - .

- . » . . -

Evaluation of Bneapsulatlon Materials for Irradlated

Cobalt Metal . . . . . e h e e
Selection of Materials e v e e s
Diffusion of ®%°o . . . . . . .
Mechanlcal Properties . . . . .

Capsule Fabrlcatlon and Testing . .

Heating Tests of Capsules Contalning

Cobalt . . . . . . . . .

Heatling Tests of Capsules Containing

Cobalt . . « « « & & « & « +
Safety Tests . . . . . e e .
Refractory Metal Capsules - v o

Unlrradlated

Irradliated

High Activity ®°Co for Heat Source Development . . . . .

Savannah River Laboratory ®°Co Publications . . . . . . .

References . . . . . . . .« « . . . .

- 1lv -

- - . - - .

00 00 hviw

1z

12

15
16
20

22
23
24




PROGRAM

The purpose of the Savannah River ILaboratory (SRL) program
on %0 18 to provide data that will be required for designing,
fabricating, and operating 8% heat sources. Primary emphasis
1s on selecting materials for encapsulating cobalt fuel forms
and establishing temperature limits for long-term operation of
capsules. Development of speciflc heat source concepts is not
at present included in the scope of the SRL program.

MATERIALS TECHNOLOGY AND DEVELOPMENT

HIGH-TEMPERATURE FUEL CANDIDATES

Alloys and compounds of cobalt that have higher melting
temperatures than cobalt metal are being investigated for use iIn
%00 heat sources, to provide increased safety and possible fuel
forms for thermionic converters. Lilterature data indicate that
cobalt oxide (Co0), cobalt oxlde-magnesium oxide solid solutions
((Co,Mg)0), cobalt aluminate (CoAl,0.), and cobalt-rhenium alloys
(Co-Re) would have high melting temperatures and, except for
cobalt aluminate, sufficiently high power densities for thermionic
converters.(l) The ceramic compounds are the preferred candidates
because they are resistant to oxidation and could be fabricated
before irradiation. The Co-Re alloys would have to be fabricated
after irradiation because of the hlgh cross-sectlon of rhenium
and its conversion to osmium, which forms a lower-melting alloy
with cobalt.

Fabrication of Oxide Wafers

Fabrication procedures are being developed to provide high-
density wafers of Co0, (Co,Mg)0O, and CoAl,0, for use as refractory,
oxldation-reslistant heat sources. 1) Wafers of these materlals,
with densities of 70-82% of the theoretlcal value, have been fabri-
cated by cold pressing and sintering powders obtalined from preclpi-
tated hydroxides. & (Co,Mg)0 wafer, with a density >95% of
thecretical, was produced by hot pressing, an alternative fabrl-
cation process. The cold-pressing and sintering technique 1s
being refined to reduce porosity in sintered wafers and to provide
wafers, 0.70-inech diameter by 0.1b-inch thick, for irradiation
tests. Half-scale wafers (0.5-inch diameter x 0.l-inch thick)
are used during process development.



%

Cobalt Oxide

Half-scale CoO wafers were sintered for four hours in alr at
~16759 to 82% of theoretical density. X-ray analysis indicated
some Cog0, formed during cooling; this oxidatlon could be elimi-
nated by an inert gas quench. Powder derived from decomposltion
of Co(OH)z at 1000°C was used to produce these wafers. The de-
composition temperature will be reduced to about 600°C to obtaln
a smaller particle slze powder that may be sintered to hlgher
densities.

Cobalt Oxlide - Magnesium Oxide So0lld Sclutions

Half-scale wafers of Mg0-42 at. % Co0 were slntered for two
hours in helium at 1600°C to B0% of theoretical density. No
reduction of the Co0 content of the wafer by preferential vapori-
zation was observed after sintering. Coprecipitation of the mixed
hydroxides with NaOH led to more consistent compositional control
than that attalned with NH,OH. However, more thorough washing was
required to ensure complete removal of sodlum from the precipitate.

Production-scale wafers of Co0-Mg0 solld sclution were sintered
for four hours 1n air at 1600°C to 77% of theoretical density.
The wafers were generally acceptable for irradlation.

One (Co,Mg)0 wafer of 95% density was produced by vacuum hot-
pressing for 15 minutes at 1260°C under a pressure of 4000 psi.
A platinum-40% rhodium dle liner and spacers were used to prevent
contact between the powder and graphite dle. Some cobalt metal,
formed by reduction of Co0 with CO, was observed near the pellet
edges. Although hot pressing produces high-density wafers, only
a few wafers will be made by this technlque because of low pro-
duction rate and cobalt metal formatlon.

Cobalt Alumlinate

Cobalt aluminate (CoAl,0,) powder was obtained by coprecipi-
tation of Co(OH), and Al(OH) 5 and subsequent reaction during
caleination for two hours in air at 1100°C. X-ray and metallographic
analysls indicated only CoAl 0, was present. Half-scale wafers
of this material were sintered for two hours in helium at 1600°C
to about T0% of theoretical density. These low-denslty wafers
were fragile compared to CoO and (Co,Mg)0 wafers.



EVALUATION OF ENCAPSULATION MATERIALS
FOR IRRADIATED COBALT METAL

The materlals evaluatlon program 1s designed to select the
most promiging alloys for encapsulating ©%Co, tc define the limiting
operating conditions of these alloys, and to demonstrate capsule
integrity at conditions typical of heat scurce operation. The
kinetics of cobalt-capsule compatibility reactions, (2,8) diffusion
of 890, {3=7) and oxidation, {5278} are being measured using short-
term (<500 hours) laboratory tests. Selection of the most promising
alloys 18 based on extrapolatlon of these results to the expected
service 1life (1 to 5 years). ILimiting operating conditions are
defined by the time and temperature dependency of each of the
reactlons. Published data on mechanical properties such as creep
have been evaluated. The predicted behavior of the materlals 18
being verified by 1000-, 5000-, 10,000-, and 50,000-hour (5.7-year)
heatlng tests of experimental capsules, Tables I and II. fTests of
companlon capsules containing unirradiated or irradlated cobalt
measure any effects of the radlation fleld and the increased nickel
content (from radloactive decay of the cobalt) on the performance
of the capsule materials.

Additional tests are performed with unirradiated cobalt
encapsulated in the most promising materials to provide data for
the safety analyses of 8000 heat sources. These tests are deaigned
to evaluate the response of cobalt and capsule materials to environ-
ments common to several potential accidents and are restricted to
those conditiong that are not critically affected by capsule
geocmetry.




TABLE I

SUMMARY OF 59Co CAPSULE HEATING TESTS

Remarks

Approx. Approx.
Heatin Wall, No. of Starting Completion

Capsule Materlgl Time, hr Temp, "G mils Capsules Date Date
"Inconel" 600 1,000 850 50 1 12.66 2-67
5,000 850 50 1 12-66 7-67
10,000 850 50 1 12-66 1-68
16,000 850 95 1 7-67 9-68
50,000 850 95 1 7-67 3-73
-+ 1,000 900 95 1 11-68 12.68
5,000 900 95 1 11-68 6-69
- 5,000te] 900 95 1 3-69 10-69
16,000 900 95 1 11-68 1-70
10,000 900 95 1 11-68 1-T0
— 10, 000{e) 900 95 1 3-69 5-70
50,000 900 95 1 11-68 T-Th
1,000 1,000 50 i B-66 10-66
5,000 1,000 50 1 4-67 11-67
1,000@ 1,000 g5 2 7-67 ?»6
1,000d 1,000 o5 1 2-68 -6
5,000t 4 1,000 95 1 2-68 9-68
5,000 1,000 95 1 8-67 2-68
10,000 1,000 95 1 8-67 10-68
50,000 1,000 95 1 10-67 6-73
jo,000(8) 1,000 95 1 11-68 1-70
"Hastelloy" € 1,000 2,000 50 Y 8-66 10-66
5,000 1,000 a5 1 10-67 5-68
- 10,000 1,000 95 1 10-67 12-68
- 50,000 1,000 95 1 10-67 6-73

10,000+ 1,000 95 1 5-68 765t
TD Nickel 1,000 8sole) 95 1 10-67 12-67
5,000 850 a5 1 10-67 5-68
- 10,000 850 95 1 10-67 12-68
— 50,000 850 95 1 10-67 6-73
1,000 1,000 50 1 12-66 2-67
1,000a) 1,000 95 z 10-67 12-67
D Niekel Chromimm  1,000(a) 1,000 95 2 10-67 12-67
. 1,000 1,000 95 1 10-67 12-67
5,000 1,000 95 1 10-67 5-68
- 10,000 1,000 95 1 10-67 12-68
— KG,000 1,000 95 1 10-67 6~73
"Baynes” 25 10,000 850 95 1 11-68 1-70
SO 1,000 a5 1 + 10-67 12-67
5,000 1,000 95 1 10-67 5-68
— 5,000 1,000 95 1 5-68 12-68
— 10,000 1,000 g5 1 10-67 1p-68
= 50,000 1,000 95 1 10-67 6-73

10,000+ 1,000 95 1 5=68 T-69+
"Hagtelloy" X 1,000 1,000 50 1 4-67 6-67
5,000 1,000 50 1 U-E7 11-67
5,000 1,000 a5 2 2-68 9-68
10,000 1,000 95 1 268 }-69

10,000+ 1,000 95 1 2-68 4 -6G+

10,000+ 1,000 a5 2 5-68 7-60+

o~ ——
® ko O®
Pt gl aiast

i

Capsule intact
Capsule intact
Caprule intact
Capsule intsst

Capsule intact

3 capsules intact;
1 capsule oxidizealb)

Capsule intact

No severe oxldatlon of Co

No oxidation of Co .or capsule
No oxidation of Co or capsule
Capsule intact

Capsule intaet

3 capsules intaet;

i capsule oxldized(b}
Capsule intact
Capsule intact

Capsule intact
Capsule intact
Capaule Iintacf

Capsule intact
No severe oxldstion of Co )

Co near pinhole oxldized
Capsule intaot
Capsule intact
Capsule intset

Capsule intact
Capsule intact
Capsule intaet
Capsule intact

Capsule intact
Capsule intact
Capsules intact

Two eapsules, one not welded and one with drilled heole in wall, to test effects of capsule defects.
Capsules reacted with fire-brick, See DP-109%, "SRL Isotoplc Power and Heat- Sources - Quarterly

Progress Repopt,” October-December 1966.
Tests of TD Nickel at 850°C in flowlng argon,
Internal atmosphere air instead of hellum.
Caustic resldue on wafers.

New iInformation reported.

[P
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Capsule Material

"Inconel" 600 130 sso(a)

1,000 ~500

5,000 ~500
16,000 ~500
10,000 ~500
10,000 S00
10,000+ 500
503000 300

10,000 850
"Hastelloy” C 100 B850
10,000 900

16,000 1,000
50,000 1,000

e R
10,000t 1,000
50,000 1,000
16,900 850

"Haatelloy" X 5,000 1,000
10,000 1,000
10,000+ 1,000
50,000 1,000

Excursion to >1100°C for 3-& hr.
Activity as of 2-67.
Rativity as of 6-68,

[ R0

TABLE I

SUMMARY OF mono CAPSULE HEATING TESTS

Activit Approx,
Wall, No. pof PEC, otal, Starting
mile Capsules ai/g o1 Date
50 1 120 16,000 2-E7
50 1 100 5,000 b-67
50 1 150407 15,000 b-67
50 1 15080 15,000 L-67
50 1 15040 9,000 m:mm
g5 1 2 < 36,500 2-6
95 1 288¢¢ 13,700 7-68
a5 1 282)¢ 13,400 7-68
95 1 2959 14,000 9-68
95 1 2886 13,700 9-68
95 1 263)¢ 12,500 968
95 1 25K\ C 12,100 3-68
95 1 d) - 9-68
50 1 120 9,000 T 1-6
95 1 2764¢! 13,100 T=
95 1 284 ¢ 13,400 9=68
95 1 2Tere) 12,800 9-68
95 1 2634¢ 12,500 9-68
95 1 mmw ¢! 13,700 9-68
95 1 282{e] 13,400 9-68
g5 1 agsle) 14,000 - 9-68
35 1 d) - 9-68
95 1 as0fe) 11,900 9«58
95 1 2e340] 12,500 9-68
95 1 2631¢ 12,500 9-68
95 1 30ile) 14,300 9-68

Capsule containa 59Co but 1e vm»um, hezted along with mooo gapaules.

Approx,
Completicn
Dete Remerks

2.67 Swelled due to overheating
6-67 Capsule intact

10-67 Capsule intact

6-58 Inereased (o/capsule reag¢tion
10-68 Indreased Ca/capsule reaction

1-57 Capsule intact
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Selection of Materials

Evaluations to date indicate that "Haynes" 25 is the best
capsule alloy for most applications of °°Co metal at temperatures
up to 1000°C. "Inconel" 600, "Hastelloy" X, and "Hastelloy" ¢
are also promising capsule materlals. Selectlion of the best
alloy for any particular application willl be based on the final
data from continuing tests of ®°Co capsules, Table II. Properties
off the four alloys are compared in Tables III and IV and in
Flgure 1. .

"Haynes" 25 appears to be suiltable for more applications than
the other alloys because of high strength, compatibility with
cobalt, and resistance to diffusion of ®°Co. "Inconel" 600 is
congldered because of high melting temperature and compatibility
with cobalt, but hag marginal reaistance to diffuslon of cobalt
and marginal rupture stress at 1000°C. "Hastelloy" X is considered
because of oxlidatlon resistance, but has marginal melting tempera-
ture and rupture stress at 1000°C. Each of the four alloys is
expected to be sultable for long-term operation at 900°C.

TABLE III

MELTING TEMPERATURES OF ALLOYS

Minimum Melting

Temp, °C
"Haynes" 25 1330
"Inconel" 600 } 1370
"Hastelloy" X 1260
"Hastelloy" € 1270
Cobalt-nickel alloy 1485

representing high-activity
%900 heat source

TABLE IV

CAICULATED DIFFUSION OF ®°Co IN ALLOYS AT 1000°¢
Data from DP-1155-I

Depth at which ®°Co Concentration
1s ~]1 ppm, mils

1 yr 5 yr

"Haynes" 25 37 67

"Inconel" 600 ~100 5100

"Hastelloy" X 35 7

"Hastelloy" C 45 76
- 6 =




Stress, kpsi

Total Zone Thickness, mils

Depth, mils

Y T T T 1T =T T T T ¢ T T

6.0 . Rupture Stress at 980°C
Haynes" (extrapolated)

03 1 L RN 1 1 bk 1 1)
1 L] 1 L] T 1T 17T l 1 T 1 1 1 L)
60k Reaction with Cobalt at 1000°C -
R (extrapolated) -
| J
- .
|0: :
” (FROM DP-1568-1) i
5 i ! Lol I ! Lot 1y |-

T T T T T 11 I 1 1 T. L) T—1 11

External Oxidation at 1000*C
301 {extrapolated) B
“Inconel" 600 "Hasteltoy" ¢
" ! "Hastelloy" X

10 .
(FROM DP-1149-1) 7

2 | Lo vl i O B B
1,000 10,000 100,

Time, hours

FIG. 1 PROPERTIES OF CAPSULE MATERIALS
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Diffusion of ¢°Co

Measurements were started on the depth of penetration of ®°Co
in "Haynes"* 25 and "Hastelloy"* C after 5000 hours and after
10,000 hours at 1000°C. The samples are spacers that were plated
on one face with ®°Co and heated in capsules as part of the 3%Co
capsule tests. The measured penetratlions willl be compared with
those prediected from 100-hour tests at 1000°C.

Correlation of diffusion cceffilcients (measured at 800 to
1200°C for up to 100 hours) wilth time, temperature, allcy com-
position, and grain size was deferred due to emphasis on prelimi-
nary design of a capsule testing facility in the Iasctope Process
Development Laboratory (IPDL).

Mechanical Properties

Analysis of expected stresses in ®°Co heat source capsules
indicates that the four best alloys { "Haynes" 25, "Inconel"** 600,
"Hastelloy" X, and "Hastelloy™" C) will perform satisfactorily at
1000°C for about five years; "Haynes" 25 1s best where creep
resistance 1s a prime consideratlon, although 1t may increase
slightly in volume because of a phase change (see next section).

No creep rupture is predicted for the ®°Co capsules in the current
test, Table II. Some swelling 18 predicted for capsules of
"Hastelloy" X after about two years, and possibly for "Hastelloy" C
and "Incenel™ 600,

Stresses in ®°9Co capsules remain low during normal operation
because no gas 1s generated. However, the alloys algc have low
rupture strength at predlected heat source temperatures. '

Wall stresses were calculated on the basis of predicted
thinning of the wall by reaction with cobkalt and with air,
Figure 2. About B0% of the total reaction with cobalt, Figure 1,
1z assumed to occur in the original capsule wall and the reaction
zone 18 assumed to have zero strength. The latter assumption 1s
probably conservatlve because the reactlon zone has been shown to
have high strength after 1000 hours of diffusion; however, this
strength may decrease markedly at longer exposures because of
vold formation. Rlng sections from aged capsules will be tested
for residual strength.

*  MTrademarlk of Union Carbide Corp.
** Trademark of International Nickel Co.




Wall Thickness, mils

100

"Haynes" 25,

80 “Inconel" 800, -
"Hastelioy" X, and
"Hastelloy" €

60

40

20 | | | |

o) 10,000 20,000 30,000 40,000
' Time, hours

Band Inciudes:

FIG. 2 THINNING OF CAPSULE WALL AT 1000°C
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Pressure in the capsule 18 assumed to be 100 psia at 1000%¢, (2]
Thls 1s probably conservative because the capsule is assumed to be
loaded at atmospheric pressure and low temperature without out-
gassing; the capsule could be ocutgassed and the f111 gas partlally
evacuated.

The stress in a capsule wall 1s compared to the extrapclated
rupture stress at 980°C (1800°F) for each of the four selected
alloys in Figure 3; for "Haynes" 25 the extrapolated creep curve
(1% strain) is included. The rupture and creep curves were obtained
by time extrapolation of published data by the Manson-Haford time-
temperature parameter.(®s10) e "Hastelloy" C data were also
temperature-extrapolated, above 870°% (1600°F).

Except for "Haynes" 25, the capsule stress curves cross the
stress rupture curves between 30,000 and #0,000 hours. An approx-

imate method was used to estimate the rupture time onh the basls of
percent of life. Rupture is assumed to be probable when

t/t, = 1.0
Lt/

t = time at specified stress

where

£ time to rupture at specified stress

b

The rupture times so estlmated are indicated in Figure 3. They
are:

Rupture Time
hr yr

"Haynes" 25 >50,000 >5
"Tneonel" 600 46,000 5
"Hastelley" X 38,000 &,
"Hastelloy" C 45,000 &

Because of the foregoing conservative bases for the calculations,
no ruptures are expected in the 0.095-inch-wall capsules now being
tested at 1000°C. Some swelling 1s expected in "Hastelloy" X, and
may also occur in "Inconel" 600 and "Hastelloy" ¢ after ~20,000

hours (2.3 years).

- 10 -




Stress, kpsi

6 T T T T
5 "Huynes_" 25 _
4Bt Rupture af -
\ constant stress
\\
3 N\ 1% strain al =
..,gonsfanf
. giress
—
2 -_"-"-n-______- -
I Calculated stress in capsule wall =
o} l ! | I
| [ 1 T
3 "Inconel" 600 -
2 —
Rupture at Estimated
constant stress Time to
Rupture
I —
o Calculated stress in capsule wall | |
1 |
I I ] I
3 "Hastelloy" C .
2 Rupture ot _ —
constant stress Estimated
Time to
Rupture
| -
o Calculated stress in capsule wall ; {
| |
] | | |
3 "Hastelloy" X .
2 —
Rupture at Estimated
constant stress Time fo
= Rupture
Calculolied siress in cuplsu1e wall | I
OO 10,000 20,000 30,000 40,000
Time, hours

50,000

FIG. 3 CAPSULE STRESS AT 980°C
Initial Wali = 0.100 inch = 1.D. = 0.75 inch — Internal Pressure = 100 psia
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CAPSULE FABRICATION AND TESTING
Heating Tests of Capsules Containing Unirradiated Cobalt

Long-Term Tests

Satisfactory 10,000-hours durabllity was demonstrated in air
at 1000°C with duplicate capsules of "Inconel" 600, "Hastelloy" C,
"Haynes" 25, and TD Nickel Chromium* and in argon at 850°C with
capsules of TD Nickel*. Since destructive examination of one
capsule of each material revealed satisfactory performance, the
companion capsule was returned to the furnace for additional
heating up to 50,000 hours. These tests are part® of the continuling
program to demonstrate structural integrity of cobalt heat sources
for >10,000 hours at typical temperatures of 850 to 1000°, Table I.

Integrity was maintained in all capsules and diameter increases
were 0.002 inch or less, except for the two "Haynes" 25 capsules
in which increases of 0.006 and 0.008 inch were measured. These
increases occurred uniformly over the 1.3-inch capsule length (at
ends over the end-caps as well as in the center over the cobalt)
indicating that the density of the "Haynes" 25 decreased. Creep
resulting from a high internal pressure should have caused increases
only in the center. "Haynes" 25 is more creep reslistant than the
other capsule materials.'l’

The decrease 1in density may be assoclated with the phase
transformation in the cobalt matrix of the "Haynes" 25, a 50Co-
20C0r-15W-10N1-3Fe alley. The density of pure cobalt decreases
~0.6% when it transforms from a hexagonal-close-packed (hep)
crystal structure to a face-centered-cuble {fee) structure on
heating above 417°C. Additions of 20 wt % Cr and 15 wt % W ralse
the transformation temperature to 900°C. The phase transformation
in pure cobalt 1s sluggish and strongly influenced by prior cold
working. The denslty and crystal structure will be determined on
a sample from this 10,000-hour capsule and compared with simllar
measurements on samples from a 5000-hour capsule and from as-
recelved material.

Destructive examinations of one capsule of each materlal
showed that the depths affected by the cobalt-capsule compatibility
reaction and by oxidation of the exterlor capsule walls agree in
general with previous capsule and scereening tests. For all
materials the reactlon zone thicknesses are proportional to the
square root of the heating time, Figure 4. Data for "Hastelloy™ X
through 5000 hours at 1000°C and for "Inconel" 600 through 10,000
hours at 1000°C are also shown in Figure 4 for comparilson.
Additlonal tests with "Hastelloy" X for 10,000 hours or more are
in progress, Table I.

* Product of Fansteel Metallurgical Corp.

- 12 -




Capsule Tests Diffusion Couples
Cobalt reactions e —— Ly, '
Oxidation *r——=_ Oreree)
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Although TD Nlckel Chromlium and TD Nickel would not be
recommended for actual heat sources, capsule tests of these
materials are beilng continued to provide further proof of the
parabolic relatlonship between the heating time and the compati-
bility and oxidation reactions. These materials are unacceptable
because the diffusivity of ®°o is toc fast, and they are difficult
to weld. Tests with TD Nickel are done in flowing argon because
of the high oxidation rate in air.(s) '

Effects of Component (leanliness on Compatibility

Heating tests were started to measure the effects of resldues
from the caustic dissolution of the aluminum cladding of the target
slugs on the compatibility of cobalt and "Inconel™ 600. The
cladding of two unirradiated target slugs was dlssolved in caustle
by the same procedure as that for lrradiated cobalt target slugs.
The cobalt wafers were removed from the caustlc and allowed to
dry, leaving a £1lm of reactlion products. These wafers were encap-
gulated, without any additional cleaning, in two "Inconel" 600
capsules that are being heated at 900°C for 5000 and 10,000 hours,
reapectively. These resldues may have been the cause of the
increased cobalt-"Inconel" 600 reaction observed 1n two capsules
that contalned irradlated cobalt and were heated for 10,000 hours
at 900%, (1)

" Effects of Thermal Gradients on Capsule Performance

Vapor transport of "Inconel" 600 and cobalt was produced by
heating a 3-inch-long "Inconel" 600 .capsule for 500 hours in a
thermal gradient. One end was held at 800°C and the other at
950°C. Material was deposited between the "Inconel" 600 spacer
and the first cobalt wafer and between successlve cobalt wafers
at the cooler (800°C) end of the capsule. Microprobe analyses
showed that material between the spacer and the flrst wafer had
essentlally the same composition as "Inconel" 600, but enriched
in cobalt. 1In contrast, deposits between the cobalt wafers were
primarily cobalt with small amounts of chromium, nlckel, and lron,
the constilituents of "Inconel' 600. Similar vapor transport is
believed to have been the cause of the peninsular gralns present
between the irradiated cobalt wafers contained in the two “"Inconel"
600 capsules heated 10,000 hours at 900°%¢. (1)

- 14 -
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Heating Tests of Capsules Containing Irradiated Cobalt

Long-Term Tests

Twenty superalloy capsules, 18 contalning irradiated and
2 containing unirradiated cobalt metal are belng heated in ailr at
900 to 1000°C in the High Level Caves (HLC) to demonstrate capsule
performance at typical heat source condlitions, Table II. In April,
one capsule each of "Inconel 600, "Hastelloy" X, and "Haynes" 25
will attain goal exposures of 5000 hours at 1000°Cc. Destructive
examination of these capsules wlill be deferred untll FY-13970
because of conflicts with other isotope programs for cave space.

Tegt Pacllitles

A preliminary scope of work was completed for a shlelded
cell to be located in the Isotope Process Development Laboratory
(IPDL) and to be used for long-term heating tests of capsules
containing ®°Co, Figure 5. The cell walls, constructed of magnetite
and ordinary concrete blocks, will provide shilelding for 500,000
curies of ®%0o. The stainless steel containment box has a working
area 12-feet long by 8-feet wide to accommodate seven furnaces for
the heating tests. Three muffle furnaces will be used to heat
superalloy capsules containing cobalt metal at 800 to 1000°%. Two
high-vacuum furnaces wlll be used tc heat refractory metal capsules
containing cobalt metal at about 1200°C and two simllar furnaces
will be used to heat refractory or noble metal capsules containing
cobalt compounds at 1200°C and higher. Transfer of capsules between
the IPDL cell and the High Level Caves, where the capsules are
fabricated and finally destructively examined, will be done with
a bottom-locading cask through transfer porfs in the cell rocofs.
Nondestructlve tegts, such as dimenslonal measurements and helium

_ leak tests, will z2l80 be done in the new IPDL cell. A water-cooled

storage cask underneath the box floor provides shielding for
500,000 curles 1n case the cell roof has to be removed for replace-
ment of a defectlve furnace.
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Safety Tests

Cobalt Releage

A test was started to measure the amount of 8°Co released
through a pinhole in an "Inconel" 600 capsule during heating at
1000°C. A solid rod of unirradiated cobalt metal was plated with
8005 and encapsulated in an "Inconel™ 600 capsule that had a 0.008-
inch-dlameter hole drilled through the capsule wall. This capsule
ig being heated at 1000°C in a stream of alr that is flltered and
meoniteored daily for radloactivity from the 80¢o. The amount of
cobalt released from the capsule will be calculated from the
measured activity.




Compatibility of Molten Cobalt with Tungsten
and Rhenium

Initlal tests were run to measure the compatlbllity of liquld
cobalt with tungsten. Penetration of a pure tungsten capsule wlth
0.100-inch-thick walls occurred in only one localized area durlng
heating for four hours at 1550°%¢, Simllar, but more extensive,
penetrations occurred in a "Kennertium"¥ capsule of the same
dimensions. Penetratlons up to 0.055-1inch deep cccurred in both
tungsten and "Kennertium" capsules that had 0.375-inch-thick walls;
however, a portion of the molten cobalt flowed cut of the capsules
through cracks in the girth welds. Continulng tests of fhe com-
patibllity of molten cobalt with tungsten wlll evaluate the
consequences cof temperature excursions to above the melting polnt
of cobalt (1485°C) that might occur under abnormal conditions such
a8 loss cf coolant, re-entry from space, or after burdal in the

earth.

Two designs of capsules that had different relatlve amounts of
cobalt and tungsten or "Kennertium" were used in the compatibility
tests. Type A capsule {1.3-inch long by 1.0-inch in dlameter with
0.100-1nch-thick walls) contained a stack of 0.750-inch-diameter
by 0.965-inch-long cobalt wafers. Type B capsule (2.5-1nch long
by 1.0-inch in dlameter with 0.375—inch—thick_walls) contalned a
0.24-ineh diameter by 0.46-inch long cobalt rod. Type A capsule
contalned 30% Co by wt and Type B capsule contalned 0.5% Co by wt.
The two designs were selected because the phase diagram indicated
that the eventual extent of reaction is dependent upon the relative
masses of cobalt and tungsten. Type A capsule was sealed by a
circumferential TIG weld at one end; Type B capsule was sealed by
a girth weld at the center of the capsule (see Development of
Welding Technlques below).

Complete penetration through the 0.100-inch wall occurred
in both the tungsten and the "Kennertium" Type A capsules, Figure 6.
The attack of the tungsten capsule was confined to one localized
area in contrast to the general attack of the "Kermertium" ecapsule.
In the area of penetration, the pure tungsten dissclved uniformly
in the molten cobalt; no preferential disscolution at the tungsten
grain boundaries was visible. In other areas no change was
obgserved in the wall thickness of the capsule. Penetration of the
"Kennertilum" progressed along the grain boundaries that were rich
in the copper and nickel alloying elements so that each original
particle of tungsten became isolated and then dissolved.

* Trademark of Kennametal, Ine. ("Kennertium" is a machinable W-2
wt % (Cu + N1i) alloy)
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Pure Tungsten "Kennertium"

3olldifled
Co-W alley

"Washed"
Area

1.9 inch ' 1.0 ineh

General capsule appearance

S E—| et

0.01 inch 0.01 inch
Interface between Co-W Residual capsule wall
alloy (top) and capsule
wall

FIG. 6 TYPE A TUNGSTEN AND “KENNERTIUM’ CAPSULES
AFTER HEATING 4 HOURS AT 1550°C

Penetrations up to 0.055-1inch deep occurred in both tungsten
and "Kennertium" Type B capsules, Flgure 7. Most of the molten
cobalt-tungsten (Co-W) alloy flowed out of the tungsten capsule
through c¢racks In the girth welds. ©No Co-W alloy was visible
in the "Kennertium" capsule. The cobalt diffused into the capsule
partly on the inside and partly on the outslde after 1t flowed
through cracks in the girth welds.
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Pure Tungsten "ennertium"

Chipped
during
machining

Aaeathiiaey

Y weld

Solidified
Co-W alloy

0.5 inch

General capsule appearance

0.01 inch
Perietration of Co-W alloy Bottom inside corner
through crack in girth weld af cavsule

FIG. 7 TYPE B TUNGSTEN AND “KENNERTIUM” CAPSULES
AFTER HEATING 4 HOURS AT 1530°C




In each of the four capsules the penetration occurred 1n the
upper portion of the capsule as it lay in the horizontal position
in an alumina boat. 'The location of the attack may be assoclated
with vaporization of cobalt or impurlties in the vold space that
accommodated the volume expansion of the cobalt durling meltling.
If the cause of the localized dissolution of tungsten can be
controlled, containment ¢f llguid cobalt may be pessible.

Additional compatibility tests will be made with Type B
capsules of pure tungsten that have been redeslgned to elliminate
the girth weld and vold space. Simllar tests willl be made with
rhenium capsules and with capsules that contaln gsuperalloys as
well as cobalt.

Refractory Metal Capsules

Development of Welding Technigues

Development was begun on techniques for welding refractory
metal capaules to be heated at about 1200°C. Initial TIG welding
of powder-metallurgy tungsten and "Kennertium" capsules was only
partially successful. A tungsten capsule of a deslgn gimilar to
that proposed for encapsulating 80n0 metal and oxide was welded
with promising results. Cap welds in "Kennertium" and glrth welds
in both tungsten and "Kennertium" were either cracked or pitted,
or both.

The 1nitial welding was dcne on capsules that were used to
test the compatlbllity of the capsule materlals with liguid cobalt,
Figure 8. Cap welds were made by welding a 0.9-1inch~diameter disk
recessed into a 1.0-inch-diameter capsule. Girth welds Jolned the
two halves of a 2.5-inch-leng by 1.0-inch-diameter capsule.

The tungsten cap weld, Figure 8a, appeared smooth and sound
from the outside, except for two small cavities on the surface.
Sectioning of the weld revealed porosity within the weld that 1s
typical of weldments of power-metallurgy tungsten. Careful cleaning
of all components may help to minimize porosity in future welds.

"Kennertium” i1s an alloy for which welding 1s not recommended
but which machines well. During welding the meclten reglon emits
sparks, smoke, and liquld metal droplets. The resulting weld 1is
pocked and does not appear sound, Figure Ep.

Girth welds in tungsten and "Kennertium" were cracked around
the clreumference of the capsules, Figure 8c. The cracks are due
to stresses caused by thermal contraction of the capsules during
or just subsequent to welding. Speclal cooling blocks could minimize
cracking.

- 20 -
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a. Tungsten cap weld b. "Kennertium" cap weld

e¢. Tungsten (left) and "Kennertium" (right) girth welds

Note circumferential ecracke in the weld centers of
both capsulqs and in the heat affected zone of the
"Kennertium" capsule.

FIG. 8 WELDS IN REFRACTORY METAL CAPSULES

Develcpment of technlquesg and equipment for welding refractory
metals will continue. Smzall capsules of tungsten, rhenium, W-25 Re,
and TZM alloy are belng procured for weld development and for
encapsulation of cobalt metal and oxide.




HIGH ACTIVITY ®°Co FOR HEAT SOURCE DEVELOPMENT

High activity cobalt that 1s belng stored at Savannah River
for experimental programs and heat source demongtrations 1is listed

in Table V.

TABLE V

€95 ror Heab Sources

Average Total Total
Activity, No. of Activity, Power,
Cobalt Shape ci/g Pleces _10° C1 Jow
Q.745~inch Wafers
Fuel form - cobalt metal (wrought) 340 2090 1.77 27.6
Fuel shape - wafers 0,745 $0.001-inch dlameter 300 g12 0.68 10.6
0.040 +0,003-1nch thilck 280 1368 0.96 14.9
ineluding 0.0005 to 0.001-inch Ni plate 255 1368 0.87 13.6
Gobalt density - 8.80 x0.05 g/cm® 270 152 0.10 1.6P
5890 4 38 68.3
0.800-1neh Wafers
Fuel form - cobalt metal (sintered) 330 255 0.24 3.7
Fuel shape - wafers 0.800 %0.00l-inch diameter 350 136 0.1% 2.2%
0.040 +0.003-ineh thick 300 136 0.11 1,74
including 0.0005 te 0.001l-inch Ni plate 527 0.49 7.6
Cobalt density - 8,60 %0.10 g/cm®
Nickel-Flated Slabs
Fuel form - cobalt metal (wrought) 330 45 0.25 3.9
Fuel shape - slabs 3.00 +0.03-inch long 305 48 0.25 3.9
0.640 z0.002-1nch wide 93 0.50 7.8
0.060 *0,001-inch thick
including 0.0005 to ©.00l-inch N1 plate
Cobalt density - 8.80 £0.05 g/em®
Stainless Steel-Canned Slabs
Fuel form - cobalt metal {wrought} _ ‘ 330 45 0.20 3.1
Fuel shape - slabs 2.96 £0.03-inch long 280 48 6.19 3.0
0.735 - 0.740-1nch wide 53 0.39 6.1

0.0G2 £0,001-inch thick
sheath thickness 0.015-inch min

cobalt dimensions same as nickel-plated slabs above except 2. 44-1nech long

Cobalt density - 5.80 +0.05 g/em®
Stainless Steel-Coextruded Slabs

Fuel form - cocbalt metal (wrought) 330
Fuel shape - slabs 3.00 #0.03-inch long 308
0.740 #0.002-inch wide
0.072 +0.002-1nch thick
48T thickness 0.015-inch min
Cobalt dimensions: 2.75-inch long
0.71-inch wide
0,042-1nch thilck
Cobalt density - 8.80 t0.05 g/em®

60

124

Grand Total

a Activity and power as of September 30, 1068.

b Wafers have central hole of 0.070~inch dliameter.

¢ 110 wafers have experimental compositlons, to be used at SRL.
4 68 wafers have central hole of 0.070-inch diameter.
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SAVANNAH RIVER LABORATORY ®°Co PUBLICATIONS

Quarterly Prcgress Reports

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

DP-1088 July - September 1966

DP- 1094 October - December 1966

DP-1105-1 January - March 1967, Part I - Cobalt
DP-1120-T April - June 1567, Part T - Cobalt
DP-1129-1 July - September 1967, Part I -~ Cobalt
DP-1143-T October - December 1967, Part I - Cobalt
DP-1155-T January - March 1968, Part I - Cobalt
DP-1169-1I April - June 1968, Part I - Cobalt
DP-1177-I July - September 1968, Part I - Cobalt
DP-1152-1 October - December 1968, Part I - Cobalt

Topical Reports

DP-974 "8Cco Heat Sources for 10-60 kw(e) Generators" by
A, H. Dexter, July 1965.

DP-1012 "Radioactive Cobalt for Heat Sources" by
Jd. W. Joseph, H., F. Allen, C. L. Angerman, and
A. H. Dexter, ODctober 1965,

DP-1051 . "Properties of ©%Co and Cobalt Metal Fuel Forms",

(Rev. 2) June 1668,

DP-1096 "Development of ®°Co Capsules for Heat Scurces' by
C. 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 ®9Co for Heat and Radilation Sources”, Nuecl. Appl. 2(2), 99-101

(1966) .

C. P. Ross. '"Cobalt-60 for Power Sources", Isctopes and Radiation
Technology, 5(3), 185-04 (1968).

C. L., Angerman, F. D, R. King, J. P. Faraci, and A. E, Symonds.
"8%Co Heat Source Encapsulation", Nucl. Appl. 4(2}, 88-95 (1968).

C. L, Angerman and J. P, Faracl. "Heating Tests cf Encapsulated
Cobalt Heat Scurces", presented at AIME Nuclear Metallurgy
Symposium on Materials for Radiolsoctope Heat Sources, Gatlinburg,
October 1968,
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