1t

J%Z}O/?
| DP-1012

AEC RESEARCH AND DEVELOPMENT REPORT

RADIOACTIVE COBALT FOR HEAT SOURCES

JOSEPH, JR.
ALLEN
ANGERMAN
DEXTER

> O T e
rr— m =

SRL
RECORD COPY

QAN

REG.

Savannah River Lalaoratory
Ar'leen, South Carolina




TR

LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United

‘States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use

_ of any information, apparatus, method, or process disclosed in this report may not infringe

privately owned rights; or ]

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, “person acting on behalf of the Commigsion” includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employée or contractor of the Commission, or employee of such contractor prepares,

" disseminates, or provides access to, any information pursuant to his employment or contract

with the Commission, or his employment with such coniractor,

Printed in USA. Price $2.00
Avallable from the Clearinghouse for Federal Seientlific.
and Teechnical Information, Natlonal Bureau of Standards,
U. S. Department of Commerce, Springfield, Virginia




bllols”

DP-10]12

Isotopes - Industrial Technology
(TID-4500, 45th Ed.)

RADIOACTIVE COBALT FOR HEAT $OURCES
by
J. Walter Joseph, Jr.
Harvey F. Allen
Carl 1. Angerman
Arthur H. Dexter
Approved by

E. C. Nelson, Research Manager
Reactor Engineering Division

October 1965

DU PONT DE NEMOURS & COMPANY
SAVANNAH RIVER LABORATORY
AIKEN, SOUTH CAROLINA

E. L

CONTRACT AT(07-2)-1 WITH THE
UNITED STATES ATOMIC ENERGY COMMISSION




ABSTRACT

Large quantities of radioactive cobalt with a high
gpecific activity (curies of cobalt-60 per gram of
product} can be produced at reasonable cost in the high
neutron fluxes sattalned ln a Savannah Rilver reactor.

This high-activity cobalt is sultable for use in multi-
kilowatt heat sources, and a program 1s in progress to
develop the reguired data for this application., The
penetrating radiation of cobalt-60 1s converted to usable
heat with good efficlency in compact, high-strength
gources, and in such gources the ratlo of shielding welight
to contalned activity is kept emall. Pertinent data on
natursl and radloactive cobalt are presented as background

informatlon.
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RADIOACTIVE COBALT :FOR HEAT SOURCES

INTRODUCﬂON

Recent - operation of a Savannah River Plant reactor at high neutron
fluxes has established the feasibility of producing large amounts of
cobalt-60 at high specific activity (up to 700 curies of cobalt-60 per
gram of initial cobalt). This material is well suited for use in rela-
tively large heat sources to generate electricilty, useful heat, or
propulsion force for aerospace, terrestrial, or marine applications,
Cobalt-60 can be provided in larger quantities than other radiclsotopes,
and at relatively low cost.

Because of the advantages of cobalt-60 for such applications, the
Savannah River Laboratory has undertaken a program to develop the tech-
nology required to design, fabricate, and cperate cobalt-60 heat sources
capable of producing up to 1000 thermal kilowatts,

More than four million curies (4 megacuries) of cobalt-60 have
been preoduced in Savannah River Plant reactors during the past ten years
for use in gamma radlation sources for food preservation, teletherapy,
radlography, and other radiation applications,/ Most of this material
has been produced with a specific activity of less than 30 curies per
gram.

This report summarizes the available information on radiocactive
cobalt and on natural cobalt at the start of the development program.
‘Most of the data on cobalt properties were cbtained from the literature,
but production information is from the Savannah River Plant. Important
properties in the design of heat sources are emphasized and areas of
incomplete knowledge are ildentified,

The more sighificant areas that require further information
1nclude.

e High temperature properties, particularly of the radiocactive
cobalt itself, and also of the essentisl materials of con-
struetion such as encapsulating material, heat removal systems,
and shielding.

e Effects of radiocactive decay and of irradiation upon the
required system.

® Requirements and means of achievement for complete, total con-
tainment of the radicactive cobalt during all stages of. use and
subsequent handling (encapsulating materials and techniques,
for example).
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e Over-all safety to provide adequate assurance agalinst
accidents, including radiation accldents or activity
releases, 1ln the transportation and use of large heat
sources fueled with cobalt-60, This factor has many
aspects, and will require wide and continuing attention
in all phases of the program to develep and utllize
cobalt-60 heat sources, '

SUMMARY

Cobalt-60 can be produced in sufficient quantity to satisfy most
foregeeable needs for relatively large-scale utilization of heat sources.
The Savannah River Plant can produce hundreds of megacuries of cobalt-60
per year if reactor space is available. Expressed in terms of initial
thermal output of the cobalt, one megacurle is equivalent to 15.6 kw.
Deliveries of 30 curies/gram ccbalt can usually be made wilthin a year
after an order is placed. Production of high-activity cobalt may take
longer unless suitable high-flux reactor charges are available,

At the present time, the Atamic Energy Commission has established
the minimum price for cobalt of less than 30 curies/gram at 50¢/curie
($32/watt) for sales to customers outside the Federal Government and
less than 33¢/curie for transfers to other Government agencies, These
transfer prices have ranged between 25¢/curie and less than 10¢/curie
for cobalt with an activity up to 120 curies/gram, depending on the
amount of cobalt ordered, the desired specific activity, the required
delivery dates, and the current operating schedule for the reactors.

At 10¢/curie the cost of cobalt-60 is $6.40/watt or $1700/kilowatt-year |
assuming a useful 1life of one isotopic half-life. The average power
over one half-life is 72% of the initial power, The cost per kllowatt-
year can be reduced if the cobalt-60 can be resold for irradiation
sources after 1t becomes too weak for heat sources.

Radloactive cobalt is a mixture of cobalt-59, cobalt-60, nickel-60,
and nickel-61, Cobalt-59, the naturally occurring isotope, is irradi-
ated in a nuclear reactor to produce cobalt-60, the radiocactive isctope
with a half-1life of 5.27 years. The ccbalt-60 decays by emitting beta
particles and gamma rays to form nickel-60. Nickel-61 is formed from
the neutron bombardment of nickel-60 and cobalt-60 (with a subsequent
beta decay).

The activity and heat generation of radioactive cobalt 18 propor-
tional to the concentration of cobalt-60 in the product. This concen-
tration can be matched to the requlrements of a speclfic application by
selecting the desired neutron flux and exposure time for irradiatlon.
The current practical limlt is about 60% cobalt-60, which corresponds
to a specific activity of 700 curies/gram and a thermal power of
10.9 watts/gram,




Natural cobalt has physical and chemical properties intermediate
between those of iron and nickel; but very little information is
avallable for radloactive cobalt. Available information and analogles
with the effects of irradiation on iron and nickel indicate that values
for the physical properties of unirradiated cobalt can be used 1n the
preliminary design of heat sources, The major uncertainty is the
influence of irradlatlion on corresion behavior,

Relatively thick shielding is required to reduce the penetrsting
gamma radiation from radiocactive cobalt sources. The weight of such
shielding can be reduced by using cobalt with a high specific sactivity,
to reduce the size of the source. Because of 1ts relatively low
metabolic retention, the blologlical hazard for ingestion of cobalt-60
I1s appreclably less than that for most of the isotopes that are con-
sidered for heat source applications,.

DISCUSSION
PRODUCTION OF RADIOACTIVE COBALT

Production and Decoy Reactions

Cobalt-60 1g produced by irradiating cobalt-59 in a nuclear ,
reactor. The production process is shown schematically in Figure 1‘1{.

80Mc6 (10.4 min)

59¢, (stable) y (isomeric transition)

nl
€0C0 (5.27 yr) -—6—:5-- 6!¢6(99 min)
By B8
n,
SON; (stable) —;—5—;» SINi(stable}

FIG. 1 PRODUCTION PROCESS FOR COBALT-60!"




Two lsomers of cobalt-60 are formed by n,?v¥ reactlons but more than 99%
of the short-lived cobalt-60m undergoes an lsomeric transition to
cobalt-60. ILittle error is introduced by neglecting the formation of
cobalt-60m and agsuming that capture of a neutron by an atom of
cobalt~59 produces an atom of cobalt-60 and & T-Mev gamma ray.

5800 + n = %%Co + v

Cobalt-60 decays to stable nickel-60 by the emission of beta
particles with a maximum energy of 0.312 Mev and gamme rays wilth
energies of 1.172 and 1.333 Mev, Small smounts of other radiatlons
are also emitted, as lllustrated in Figure 2{2:%), put these emissions
have negligible influences on shlelding requirements or heat generation.
Properties of radioactive cobalt are summarlzed in Table I,

Mev above
. Ground State
8OmGo(10.4 min) N

‘ 0.059
€0Co(5.27 yr) I® o

®
2.505
®| ©\ ©®
2.158
®
@
r
1.333
® ®
BOp]i .
Ni (stable) A o
Beta Porticles  Max. Energy, Mev  Abundance, %
A 0.312 29+
B +.480 0.15
c 1.478 Q.01
D 0.83 0.004
Gamma Rays Energy, Mev Abundance, %

| 0.059 99 + {isomeric transition}
2 172 99+
3 1.333 a9+
4 0.825 <0.003
5 2.158 0.001

FIG. 2 DECAY OF COBALT-60% ¥




- . TABLE- I

 Properties of Radloactive Cobalt‘ L h

Cobalt. form ‘ : . . .. Metal

Shapes Pellets, wafers, rods, slabs
Half-1life, years 5.27
Activity, Mev
p (max) 0.312
Y 1.172
1,333

Radlioactive cobalt can be produced with a specific activity
and power to match 1ts intended application.

Typical Cases Pure %°Co
curies/g 100 200 400 700 1140
watts/g 1.6 3.1 6.2 11 17.7
watts/cm® 14 27 55 96 156

Activity - power conversion

1 megacurie = 15,6 kw

1 curie = 0.0156 watt '
1 watt = 64.2 curies

1 kw = 00,0642 megacurie

Some of the cobalt-60 atoms in the reactor capture neutrons to
form cobalt-61 atoms. The cobalt-61 decays rapidly to stable nickel-61
by the emission of heta particles with a maximum energy of 1.22 Mev and
gamma rays with an energy of 0,072 Mev, Because of its 99-minute half-
life, essentially all of the cobalt-61 is converted to nickel-51 within
a day after the irradiation is completed, The neutron absorption cross
gection of cobalt-60 is much less than the cross section of cobalt-39,
50 the amount of cobalt-61 and nickel-61 formed during irradiation is
small except for extended irradiations or irradiations at extremely

high flux.




The net formation of cobalt-60 during irradiation is described by
the equation:{*

Neo _ Qe (1 - e-ﬁt)

numbter of atoms of cobalt-60 at time t

where Ngo

Nsg = initial number of atoms of cobalt-59
a = ¢Us9
# = neutron flux in cobalt, n/(cm?)(sec)
05y = absorption cross section of cobalt-59,
36.3 x 1072% cm®/atom
p = Ago + $0g0 - P0s9
Neo = decay constant of cobalt-60, 4.16 x 1079 gec™t
Ogo = absorption cross sectlon of cobalt-60,
5.5 x 10724 cm®/atom
t = time 1n reactor, seconds

Solutions to thls equation, converted to specific activities and

powers, are plotted in Figure 3 for several neutron fluxes. These data
11llustrate the effects of cobalt-60 burnup and decay on limiting the |
maximum activity that can be achieved by irradiation.

The activity of pure cobalt-60 is 1140 curies/gram but the maximum
activity of radioactive cobalt after irradiation will be limited to
about 700 curies/g. In theory, higher cobalt specific actlivities are
possible by chemical or isotople geparation after irradlation. If
cobalt is lrradiated for an extended period at high flux so that almost
all of the cobalt-59 is converted to cobalt-60 and nickel, chemical
separatlion of nickel and cocbalt could yleld almost pure cobalt-60. In
practice, the separation would be difficult because of the likelihood
of radiolytic damage to the chemical compounds needed for the separation,
For ccobalt of lower specific activity, isotopic separation might also be
used to increase the cobalt-60 content‘S!,

- 10 -
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. Curies/gram

600
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Specific Power of Radioactive Cobalt, watts/gram

Specific Activity of Radioactive Cobalt

0 I I
0 | 2 3 40

Time, years

FIG. 3 PRODUCTION OF COBALT-40

¢ = thermal neutron flux in cobalt, n/(cmZ)(sec)

Nickel Content

Radioactive cobalt is an almost pure cobalt-nickel alloy with
only trace amounts of impurities. The nickel content increases with
time, but because the two metale are very similar the effect on
propertles is probably very small.

The nickel content at the completion of irradiation 1s a function
of the reactor neutron flux level and the irradiation time. Not all
radioactive cobalt of the same specific activity will have the same
nickel content,

w 1] -
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FIG. 4 ISOTOPIC CONTENT OF RADIOACTIVE COBALT

The alloy composition of radiocactive cobalt i1s shown in Figure 4
as a function of irradisation flux. The solid portions of the lines
give the composition for practical irradiations {(irradiation times less
than those required to produce the maximum cobalt-60 content possible
at the irradiation flux level). The composition at any time after
irradiation is completed 1lles on a line of constant cobalt-59 content.
As an example of determining the compositicn of radioactive cobalt,
material that had been irradiated at a flux of 1015 n/(cm®)(sec) to a
specific activity of 600 curies/g would consist of 52,6% ©°Co, 39.4%
5200, and 8.0% N1. After decaying to 300 curies/g the composition
would be: 26.3% ©°Co, 39.4% 5%Co, 34.3% Ni. Decay curves for radio-
active cobalt of several specific activities are included in Flgure 5.

- 12 =
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FIG. 5 EFFECT OF COBALT-60 DECAY ON
ACTIVITY OF RADIOACTIVE COBALT

The neutron flux in the cobalt is a function of the amount of
cobalt in a reactor positlion, the geometry of the cobalt, and the
neutren flux in reactor fuel positions adjacent to the cobalt. In
general, high and uniform cobalt activities are best achieved by
irradiating cobalt in tubes that have large diameters and thin walle.
The large diameter exposes the cobalt to a greater number of neutrons,
thue resulting in maximum "blackness"(4) for a glven weilght of cobalt,
and the thin wall minimizes the flux depressicn in the cobalt caused
by self-shielding. (®’

- 13 -




Production at the Savannah River Plant

More than %.2 megacuries of cobalt-60 have been produced in L
Savannah River Plant resctors during the last ten years. Cobalt A
irradiations currently in progress wlll produce another 5.5 megacurles
during the next 18 months, Irradiations proposed for ¥Y-1966 may add
as much as T megacuries of cobalt-60.

A1l of the radicactive cobalt produced to date has been incidental
to the production of other materials. The maximum dismeter of the
aluminum cans that contain the cobalt has been 0.9% inch, but it is
possible to irradiate targets as large as 3 inches in diameter. Cobalt
has been irradiated In s variety of sizes and shapes as shown in
Figures 6 through 9.

Some of the design criteria for these targets are:

e Materisls - Reactor-grade cobalt as described in the
next paragraph; type 1245 aluminum end type 304 stalnless
steel are used for canning.

e C(Cobalt protection - The cobalt is plated with nickel
(0.0004 to 0.0006 inch thick) or canned in stalnless
steel to reduce cobalt corrosion and possible contami-
nation of facilities during postirradiatlon handling.

e Canning - The cobalt 1s usually double~canned with
either two aluminum cans or one aluminum can over a
stainless steel can, Both cans are welded and tested |
for leaks. 8ingle aluminum cans are also used.

e Density - The amount of cobalt In a target is specified
to produce the desired activity in the cobalt after
irradiation 1in & specific locatlon in the reactor for
the time required to meet the desired dellvery date.

Peilet Sizes

1mmx 1 mm

1/16 inch x 1/16 inch

1/8 inch x 1/8 inch
COBALT 1/8 inch x 1/4 inch

ALUMINUM
CORE

ALUMINUM
CANS

FIG. 6 TARGET DESIGNS FOR COBALT PELLETS

- 14 -




COBALT

ALUMINUM CORE-

Wafer Sizes

1/2¢mx 1 mm
lem x 1 mm
lem x 2 mm
2cmx 1 mm

0.750 inch x 0.034 inch

FIG. 7 TARGET DESIGNS FOR COBALT WAFERS

COBALT I
n
ALUMINUM °-194
STAINLESS
STEEL

Rod Sizes

0.725 inch x 4.375 inch
0.725 inch x 10.25 inch

FIG. 8 TARGET DESIGNS FOR COBALT RODS

- 15 -
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COBALY CLAD WITH
STAINLESS STEEL

Slab Size, inches
Width Thickness Length

0.745  0.033 9.9
0.745  0.059 9.9
0.745  0.063 9.9
0.745  0.260 9.9
0.760  0.130 10
0.640"  0.060 12
0.640  0.060 1

*This size is used in the
BNL standard cobalt- 60 source, |

FIG. 9 TARGET DESIGNS FOR COBALT SLABS

Reactor-grade cobalt, as received from the vendor, contains at
least 99.87% cobalt and nickel, no more than 0,37% nickel, and small
amounts of carbon, ilron, menganese, and sillcon. Analyses of repre-
sentative cobalt slabs and wafers are included in Teble II. The
impurities are in solid solution &nd remain in solid solution during
irradiation. Iimited data indicate that the cobalt microstructure is
not altered by irradiation to an activity of 100 curles/g, as shown in
Figure 10,

Deliveries of 30 curies/g cobalt can usually be made wlthin a year
after an order is placed if standard shapes are used {an inventory of
anirradiated cobalt is maintained). The production of high-activity
cobalt may take longer unless sultable high-flux reactor charges are

avallable.

- 16 -




TABLE IT

Analygis of Reactor-Grade Cobalt, ppm (wt)

Element Slab Wafer Element Slab Wafer
U 0,44 0.12 Ag <0.13 0.13
Th <0.12 430 Pd <0.23 <0.23
Bi <0.11 <0.11 Rh <0.19 <0.19
Pb 0.77 2.1 Ru <0.19 <0.19
T1 <0.38 <0.38 Mo 2.1 0.70
Hg <0.37 0.37 Nb <0.05 <£0.15
Au <0.,10 <0,10 Zr <0.11 0.11
Pt <0.36 <0.36 Y <0.05 <0.05
Ir 0.52 0.17 sr <0.18 <0.18
Os <0.22 <0.22 Rb <0.16 <0.16
Re £0.16 <0.16 Br <0.09 <0.,09
W <0.34 0.34% Se 0.29 0.09
HF <0.33 <0.33 As 0.14 0.42
Lu <0.09 <0.09 Ge <1.5 1.5
¥b <0.32 <0.32 Ga. <0,23 <0.23
Tm £0.09 <0.09 Zn 3.0 9.0
Er <0.31 <0.31 Cu 5,2 16
Ho <0,08 <0.08 Ni 1600 1600
Dy <0.36 <0.36 Fe 110 330
Tb <0.08 £0.08 Mn 0.31 3100
Gd <0.35 <0.35 Cr 3.5 10
Eu <0.18 <0.18 v <0.10 1.0
Sm <0.33 <0.33 Ti <1.6 1.6 |
Nd 0.32 0.32 Sc <0.03 <0.03
Pr <0.07 <0.07 Ca 2.2 66
Ce <0.09 <0.09 K 0.22 . <0.07
La <0.07 <0.07 C1 0.83 o4
Ba <0.12 <0.12° s 5.4 16
Cs 0.74 0.74 P 0,58 1.7
I 0.71 0.07 8i 10 150
Te <0.,24 <0.24 Al 1.5 45
Sb 0.14 4,2 Mg 4.5 4.5
Sn £0.,22 6.6 Na 0.43 <0.04
In <0.06 0.18 F 0,11 ¢.11
cd 25 0,25 B 0.02 0.60

Analyses determined by spark source mass spectrometry of samples of
wrought ccbalt wafers and slabs ag lllustrated in Figures 7 and 9.
Samples were representative of current production of wrought cobalt
shapes. '

- 17 -




Before Irradiation

4300X

FIG. 10 EFFECT OF IRRADIATION ON MICROSTRUCTURE OF COBALT

(Cobalt slab as shown in Fig. 9)

Original structure of heavily twinned, relatively equiaxed grains is not
altered by irradiation to an activity of 100 curies/g. Impurities originally
present in solid solution are not precipitated during irradiation.

- 18 -
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Production Capacity and Price

The Savannah River Plant (SRP) capacity for producing radiocactive
cobalt is very large, As much as 8 megacuries (125 kw) of cobalt-60
can be made per reactor-year as incidental production without inter-
fering with the production of other materials (47, Thus, the incidental
output of the four SRP reactors could reach 32 megacuries (500 kw) per
year., If the demand for radicactive ¢obalt exceeds the amount that can
be supplied by incidental production, cobalt can be coproduced in
charges that will also produce other isotopes., Larger amounts of
cobalt-6C can be produced in full reactor charges specifically designed
for cobalt production, Hundreds of megacuries of cobalt-60 can be
produced per year by this meode of operation(T). The technology required
for full-scale production of cobalt-60 at Savannah River is presently

availlable.

Annual production capacities, in kw per year, for cobalt-60 and
several fission products are compared In Table III, The production
capabllities for fission products in this comparison are those predicted
in Nuecleonlcs Week, July 29, 1965.‘8) Even after the Iscochem Plant is
operating and with the very congervative assumption that cobalt-60
production ig limited to 100 megacuries per year (1560 kw/yr), the
heat available from cobalt-60 will be about equal to that avallable
from all fission products combined.

TABLE III

Annual Production Capacities for
Cobalt-60 and Figsion Products

Isotope 5°Co °O3r 1%7gs  1%4ge
Half-1life, years 5.3 o8 30 0,78
Production capability, kw thermal/yr(a)
Present and near future >1560 35 20 30
After Isochem Plant (1968) >1560 200 140 160C

(a) Tnitial thermal cutput. Because of rapid decay, *%*Ce

capacity decreases rapidly after production.

- 19 -



Most of the predicted fission product heat is generated by 1%%Ce,
the only fission product that can be produced in large-quantities. The
half-1ife of 1*%Ce 1s short (0.78 yr); hence, its use in heat sources
will be restricted. Only cobalt-60 can supply a redquirement for large
long-lived heat sources. . : : L

The sale price for large quantities of cocbalt-60 ai the present
time is 50¢/curie ($32/watt) for low specific activity cobalt (no more
than 30 curies/g) to customers other than the Federal Government. The
price for transferring radiocactive cobalt to other Government agenciles
i1s less than 33¢/curie; this price is more than sufficlent to compen-
sate for the direct cost of producing the cobalt, including administra-
tive overhead end depreciation. Each cobalt transfer is negotiated
individually and the price depends on the amount of cobalt ordered, the
desired specific activity, the required delivery dates, and the current
operating schedule for the resctors. In the past, these trangfer
prices have ranged between less than 10¢/curle and 25¢/curie for inci- S
dental production of cobalt with an activity up to 120 curies/g. The L
price of radiocactive cobalt with a specific activity of 400 curies/g ’
will be about 20% higher than the price of low-activity cobalt, when
produced incidental to other products, N ) :

The estimated prices for cobalt-60 and several fisslon products ek
are compared in Table IV, Fission product prices, before and after -%
the Isochem Plant 1s in operation, are those cited in Nucleonilcs Week, ‘_}
September 2, 1965(3’. The cobalt price 1s indicated as a range between o
10¢/curie and 25¢/curie, representative of transfer prices to Government

agencies,
|
TABLE IV 3
Prices of Cobalt-60 and Fission Products
Isotope 4 SOCO SOSr_ lBTCS l44ce

Price, ¢/curie

Present and near future 1c-25 200 100 200
After Isochem Plant (1968) 10-25 20 12.5 15
Price, $/watt thermal
Present and near future 6.4-16 300 210 250
After Isochem Plant (1968) 6.4-16 30 26 19
Price, $/ku-yr(a)
Present and near future 1,700-4,200 15,000 10,000 430,000 {

After Isochem Plant (1968) 1,700-4,200 1,500 1,200 26,000

(a} Assumes service life equal to half-1ife of ilsotope.

- 20 -
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PROPERTIES OF RADIOACTIVE COBALT
Expected Differences from Notural Cobalt

Radloactive cobalt is a mixture of cobalt-59, cobalt-60, and
nickel, The properties of cobalt-59 are well documented, primarily in
two excellent monographs‘®:3°) The properties of radiocactive cobalt
may differ from the properties of cobalt-59 for several reasons:

e Differences between the properties of cobalt-59 and
cobalt-60 - These differences are expected to be small.

e The effect of neutron and gamma irradlation during the
production of cobalt-60 - Neutron irradiliation causes
some changes 1n the physical and mechanical propertles
of iron and nickel{®!) and probably has similar effects
on cobalt,

¢ The effect of beta and gamma irradiation from the decay
of cobalt-60 during service ~ These radiations can cause
structural changes resulting in physical and mechsanical
property changes in metals, but the most significant
effect of beta and gamma radistion is on reaction
rates(lz).

e The effect of the gradual lnecrease of the nickel decay-
product - Because nickel forms a complete geries of
solid soluticns with cobalt, as shown in Flgure 11(9),
the property changes wlth increasing nickel content due |
to radicactive decay are expected to be small and gradual.

The propertles of unirradiated cobalt that are useful. for the
detign of heat sources or radiastlon sources are described in the
following pages with some comments on how these properties may be
different for radiloactive cobalt,

Physical Properties

The melting point of cobalt-59 is 1495°C (2723°F), and the melting
point of radiocactive cobalt is expected to be about the same. The
addition of up to 25% nickel to cobalt will decrease the melting point
by no more than 10°C, as shown by the cobalt-nickel phase diagram in
Figure 11, The impurities that are present in typical reactor-grade
cobalt as recelved at Savannah River have a negligible effect on the
melting point. The heat of fusion is 61,8 cal/g.
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FIG. 11 COBALT-NICKEL PHASE DIAGRAM'Y

Cobalt is an allotroplc metal that, under equilibrium conditions,
has & close-packed hexagonal crystal structure, the € phase, at tempera-
tures below 417°C (785°F) and a face-centered cubic structure, the o
phase, &t temperatures between 417°C and the melting point, The trans-
formation 1is slu%gish snd typlcally occurs at 390°C on cooling and at
430°C on heating 2)  The additlon of 20 wt % nickel lowers the equi-
1ibrium transformation temperature to about room temperature. Since
the high temperature (a) phase 1s frequently retained as a metastable
phase at room temperature, the properties of cobalt are influenced by
the relative amounts of the a and € phases present. The heat of trans-
formation ig 1.0 *0,5 cal/g. There 1s controversy regarding the
exlstence of a second allotropic transformation from the cubic (a)
phase to another hexagonal phase at or near the curle temperature of
1121 +3°C (2050°F). Many phase transformations are sensitive to neutron
irradiation(?2) but there 1s no information on this effect in cobalt.
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A volume increase of 0.30 +0.06% occurs on heating cobalt-59 from
the € phase to the ¢ phase. Rapld thermel cycling through the phase
transformation temperature could cause internal cracking, as occurs in
uranium and many other anisotroplc metels. However, because the volume
expansion is small (compared to the 3.0% expanslon that occurs during
the o to 8 transformation 1in uranium) and since the frequency and
amplitude of the thermal cycles are expected to be small in a cobhalt
source, this cracking 1s expected to be negligible, If cracking becomes
gserious, some relief may be achleved by strengthening the cobalt by
alloying, as has been done with uranium; or alternatively, the trans-
formation temperature may be lowered by alloying so that the cobalt
always coperates in the a phase.

The boiling point of cobalt at 760 mm Hg has been reported to be
between 2375 and 3550°C. A value of 3100°C (5612°F) is generally
accepted, The heat of vaporization is 1550 cal/g. Data on vapor
pressure are summarized in Table V.

The specific heat of cobalt increases with increeging temperature
from sbout 0.09 cal/(g)(°C) at room temperature to a meximum of about
0.204% cal/(g)(°C) at 1100°C and then decreases to 0.141 cal/{g)(°c) for
the molten state.

The thermal conductivity of cobalt-59 decreases from 0.22 cal/
(sec)(em)(9C) [53 Btu/(hr) (£t}{°F)] at room temperature to about
0.13 cal/(sec)(em)(°c) [32 Btu/(hr) (££)(°F)] at 500°C (932°F). The
conductlvity has been measured only at low temperatures(la . The
authors have calculated the conductivity for temperatures greater than
150°C using the Wiedemann-Franz Law and data for the electrical resis-
tivity of cobalt(1%), Caleulated data are plotted in Figure 12 along
with the latest experimental determinations. The calculated and
messured data agree falrly well. The accuracy of the predlcted values
can be estimated from the comparlson of the calculated and nieasured
thermal conductivities of iron and nickel in Figure 13. The effect of
increasing nickel content in radioactive cobalt will be to decrease
the thermal conductivity slightly at low temperatures and to increase
it slightly at temperatures above 600°¢. The effect of lrradlation on
the thermal conductivity of cobalt is expected to be small because
resctor irradiation is known to have a negligible effect on the con-
ductivity of pure nickel!s!,
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TABLE V

Summary of FPhysical Propertiesg of Cobalt-59

(Dats from Reference 9 except as noted)

Melting point

Heat of fusion'2®!

Transformetion ‘27!

temperature

crystal structure

Volume change‘zT)

Heat of transformation!2®!

Curle temperature
Bolling point

Heat of vaporization(®®]
Vapor pressure
Specific heat

{1a)

Thermel conductlvity

Coefficient of thermal
expansion(®®

Density‘

1595°¢

Impurities, including nickel decay
product, decrease mp by <20°C as shown
in Figure 11.

61.8 cal/g

417°¢C

Transformation is sluggleh and typlcally
oceurs at 390°C on cooling, 430°C on
heating.

Many propertles are influenced by rela-
tive amounts of phases present.

Close-packed hexagonal (¢) at <417%C
(a, = 2.5244, c/a = 1.6244)

Face-centered cuble {a) at >4¥17°C
(g = 3.5674)

0.30% increase with hep to fee
transformation

1.0 0,5 cal/g
1121 +3°C
3100°C

1,500 cal/g

Temperature, °C  Pressure, atm

1050 7.1 x 10°®
1200 2.9 x 1077
1595 9.6 x 10°°
2027 1.0 x 107®
2327 1,0 x 107#
3097 1.0
Tempersature, Specific Heat,
°¢ eal/(g) (°Q)
0 0.099
10C 0,106
500 0.126
1100 0.204
1400 0.168
Molten 0.141
Conductlvity,
Temperature, °C cal/(sec) (em)(P2)
50 0.22
100 0.20
150 0.19
500 0.13

14,2 microinches/(ineh)(°C) between 20
and 300°C

15.7 mieroinches/(inch)(°C) at 4o0°¢
16.8 mieroinches/(inch)(°C) at 750°C

8,85 g/em® solld forms
8.0 g/em® molten
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The most recent data-c¢n pure cocbalt lndlcate that the coefficient
of linear thermal:expanslon ig 14.2 microinches/(inch)(°C) between
room temperature and 300°C and Increases to 15.7 microinches/(inch)(°C)
at L00°C and to 16.8 microinches/(inch}(°C) at ‘750°C: Different values
reported by varlous investigators may be due to the effects of impuril-
ties or to the effects of anisotropy assoclated wlth the hexagonal €
phase, The coefficient of thermsl expansion parallel to the hexagonal
axis has been measured to be 28% greater than the coefficient of
expansion perpendicular to the hexagonal axis at room temperature.
Thus, the effects of preferred orientation must be consldered when the
properties of fabricated cobalt are characterized,

The densities of €- and a-cobalt are, at room temperature, about
8.85 g/cm® (0.32 1b/in®) and 8.80 g/cm®, respectively. The density of
molten cobalt is 8.0 *0.2 g/cm®. :

The physical properties of cobalt are summarized in Table V.

Mechanical Properties

The tensile strength of cobalt at room temperature varies from
about 120,000 psi for wrought metal of normal purity to 137,000 psi for
hot-rolled and zone-refined metal. Strengths as low as 35,000 psi have
been reported for cast and annealed material, Tenslle strength
decreases linearlx with increasing temperature as 1lndicated by the data
in Table yrlte,17)  proportions of the o and € phages present have
relatively little effect on the tensile strength of cobalt but they
have a large effect on the ductility; the room-temperature elongation
of wrought cobalt increases linearly from 4 to 26% as the amount of o
cobalt increases from 7 to 504(17) The ductility gradually increases
with increasing temperature to reach a maximum near 5D0°C and then
decreases rapldly with further temperature lncreasges. Irradiation
causes a slight increase 1n the tensile gtrength of nlckel alloys, &
large increase in the yleld gtrength, and a large decrease in the
duetility (**?, Similar trends are anticipated in irradiated cobalt.

Although creep data for cobalt are extremely limited, & deslgn
stress of 12,000 psi at 500°C (932°F) appears practicable, Under
these conditions, the elongation at the end of flrst-stage creep, after
about 100 hours, is 2.7% and the minimum creep rate 1s about 1072 in./
(in.)(sec)(la).

The elastic modulus {Young's modulus) for cobalt decreases from
about 30 x 10° psi at room temperature to about o4 x 10% psl at TO0°C
(1292°F). The shear modulus decreases from about 12 x 108 psi at room
temperature to .about 8 x 10% psi over the same temperature range.
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Poisson's ratio for cobalt is about 0.32. The relative amount aﬁd[;”j'
orientation of the phases present are important for measurements: of
elastic modull because of the anisotropic behavior of the hexagongl

crystals of € cobalt,

The mechanical propertles- of cobalt are summarized 1in Table VI.

TABLE VI

Summary of Mechanilcel Properties of Cobalt-59

Tensile Properties(1®s17)

Ultimate Strength,

10® pel Uniform Elongation, %
Zone Zone
Temp, °C Refined(8) Wrought(P) Refinea(a) wWrought(b)
25 137 120 - y.26lc)
100 - - 85 100 17 20
400 50 60 32 20
500 35 35 63 4o
TG0 15 15 10 15
1,000 - 7 - 5
Creep Properties(®!
" Stress, Minimum Creep Rate,
Temp, °C 10° psi in./{in.) (see)
400 23 1w0-7
500 28 1078
600 23 104
750 1l w07
! for 99.999% ccbalt in vacuum !
Elastic Characteristics‘s’
Blastic Modulus, Shear Modulus,
Temp, °C 10° pel 10°% pei
25 30 12
100 30 12
400 27 10
500 26 9
700 24 . 8

Polsson's ratio = 0.32

{a) Hot rolled and stresa relleved 1 hr at 350°C.

{b) Roll compacted powder, sintered, hot rolled, cold

rolled, and annealed 1 hr at 930°C.

(¢) Flongatlon increases linearly from 4 to 26% as amount

of fce phase increases from 7 to 50%.
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Corrosion Properties

e derrodldi of ‘Aataral.cobalt in various medls Yas been studled
by many %nyggtigaporg.yUCobalt_is_attacked slowly by both fresh water

and sea wateh; i e corrosion rates are low, sbout 0.0001 inch/yr in
fresh water and about 0.0050 inch/yr in sea water. Cdbalt is attacked
vigorously by nitric acid et temperatures above 2590, The addition of
nickel slightly improves the corrosion resistance in nitric acld, but
the effect in water isg unknown. The corrosion resistance of cobalt
alloys in liquid mercury is fair(®®?, and cobalt-base alloys are being
studied for possible use in metal-cooled systems for aerospace appli-
cations. The effect of irradiatlon on the corroslon of cobalt is a
major uncertainty; there ig some evidence that irradiation may cause
the corroslion rate to increase, a8 described in the next paragraph.

Cobalt ig not resistant to oxidatlon end .scaling and generally
compares with zirconium in this respect. Oxidation follows the para-
bolic time relationship.and becomee severe at temperatures above 700°C.
There 1s some evidence that € cobalt oxldizes more rapidly than o
cobalt. Radlioactive cobalt has been observed to deterlorate rapidly
when stored bare in air &t the Oak Ridge Natlonal Laboratory. 2o
This deterioration may be caused by the radlolytic formation of nitrogen
oxldes by gamma rays from the redloactive cobalt, and subsequent attack
of the cobalt by nitriec acid produced by the reactlion of the oxides
with moisture in the salr. Further studies of the oxidation resistance
of radiosctive cobalt are required to determine the seriousness of

this problem.

Diffusion Properties

The temperature dependence of the diffusion of one material into
another 1s described by the equation: :

L
D = Ae ~ RT
where D = diffusion coefficlent, cm? /sec
T = temperature, °K
. A = diffusion constant, cm?/Bec
”-fQ - activation energy, cal/mole

Valués of these constants for the diffusion of cobalt in various metals
aré sumdarized in Tablé VII. = - o

RS
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TABLE VIT

Summary of .Corrosion and Diffusion Properties of Cobalt-59

¢orrosion rate (typleal ~0,0001 in./yr in fresh water
conditione of exposure) ~0,005 in./yr in sea water

oxldation Rate in Air(28}

Parabolic Scaling Constant,

Temp, °C (mg/sq.cm)®/hr
400 ' 0.0004
600 0.1
800 2.1
1000 ‘ . 70.0
1200 400.0

Oxldatlion follows parabolic rate law; more
rapld for hcp than for fecc form, Some
evidence that irradiated cobalt oxldizes
more rapidly than unirradiated cobalt at
room temperature.

Diffusion Characterigticsf(®’

Temp Radﬁé, Diffusion Constant, Activation Energy,

System °a sq,cm/8ec cal/mole —
Co 1040-1250 0.3 64,000

Fe, 700-1200 0.2 54,000

FeT T00-1200 300 87,000

Ni 700-1200 1.46 68,300

Cu 700-1200 1.93 56,500

Al 350- 600 1,1 x 1078 19,900

One design requirement for power sources ig the abllity of the
cladding material to contain the cobalt during the life of the source.
This containment 1s controlled by the rate of diffusion of the cobalt
through the cladding. The diffusion data in Table vIT(®! were extrapo-
lated, by a nomographlc technlque described by Seith,(zl’ to predlct
the distance from the original cobalt-cladding interface at which the
concentration of cobalt would reach 0,01 wt % after 53 years at 600°¢C.
This time wae selected because it corresponds to ten half-1lives, the
frequently quoted time period for safety considerations. The results
of thls extrapolation follow.
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Diffusion of Cobalt in Various Materlals

et e -:. . Distance from Origipal

*Mﬁféfial o Interface, inch!'®
g - . 0.00012

Fev 0.000016

Ni 0.,00024

Cu © 00,0079

Al 0.079

(a) Assumed conditlons were a time of
53 years at a temperature of 600°C.
The distance is that at which the
concentration would reach 0.01 wt % Co,

These data indicate that cobalt itself or almost any alloy whose matrix
is austenite (Fe.), such as 300 serles stainless steel, or whose matrix
is Ni, such aslﬂﬁgggg;lpy"* orﬂﬂ;ggggelﬂf*,'would be a suitable cladding
material from the standpoint of containing the cobalt. Copper would be
less satlsfactory and aluminum would probably be unsuitable,

SAFETY
Shielding

The intense and energetlic gamma actlvity that results from the
decay of cobalt-60 requlires heavy shielding to reduce the radiation to
tolerable levels, For shielding calculatlons, 1t is sufficlent to con-
sider that the radiation consists entirely of the following three
constltuents:

Beta particle
Maximum energy, Mev 0.312
Average energy, Mev 0.095

Gamma rays

Energy, Mev 1.172 1.333
Emission rate, photons/watt-sec 2.385 x 10*2 2,385 x 10%%

* Tragemark of Haynes Stellite Co.
*% Trademark of International Nickel Co.
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The results of shielding calculations 22! for idealized cobalt heat
sources are plotted in Figure 14; the radiocactlve cobalt is assumed to
be & solld sphere surrounded by a spherical shield of depleted uranium
of uniform thlckness. Since no provision for cooling -the source is
included, the data 1in Figure 1% may be used for comparative purposes
only. Analysis of the data shows that the thickness of the requlred
gshleld 1g not influenced strongly by the power of the heat source.
Increasing the source power and maintaining a constant cobalt speciflc
power increase the amount of cobalt required, and hence, the dimensions
of the cobalt core. Thus, the shield thickness occurs at a larger
dismeter and the shleld welght increases with increasing source power.
This effect 1imits the maximum practical size of a single cobalt heat
gource. If welght is an important consideration, the use of high-
activity cobalt can result in appreclable welght reductione, ag indi-
cated 1n Figure 1%, but this weight reduction must be balanced agalnst
the higher cost of the high-activity metal as described previously.

The shielding required for cobalt heat sources producing between
100 watte and 20 kw has been summarized by Arnold, (®®

® =)

Shield Thickness, in.
(=]

Shield Weight, thousands of tb

‘ 0
| 10 100 1000
Source Power, kwt

FIG. 14 SHIELDING REQUIRED FOR COBALT HEAT SOURCES
(For comparative purposes only)

Depleted uranium shield to reduce radiation to < 200 mr/hr at shield surface, < 10 mr/hr
at 1 meter. Solid spherical source at 100 curies/g and 400 curies/g. Spherical shield.
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About 95% of the heat produced in a cobalt heat source 1s due to
the gamma radiation. Most of this radiation must be absorbed so that
the heat can be transferred to the working fluld., Self-absorption of
the gamma rays wlthin the cobalt can be incressed by increasing the
cobalt thickness {at the cost of higher cobalt temperatures) as shown
below: ‘ e T ) - ’

¢, ety YR AN ST S

Self-Absorption of Gamms Energy in Cobalt

Dismeter Estimated
of Cobalt Gamms. Energy
Cylinder, in, Absorbed, %
0.5 15
1 26 o
2 42 :
3 54 :

Mogt of the radiation that escapes from the cobalt is absorbed in the
innermost layers of the shield. About T4% of the incldent cobalt gamma
energy is absorbed in the first 0.5 inch of a depleted uranium shleld
and sbout 90% 1s absorbed in the first inch. Thus, only the inner
layer of the shleld must be cooled by the working fluid to achileve
efficient utilization of the radiocactive cobalt.

Ingestion Hazards

Cobalt-60 1s less toxic blologically than most other isotopes that
are potentlally useful 1n heat sources. The relatively large tolerances
for the ingestion of cobalt-60 result from several factors: ]

e Soluble cobalt-60 1s removed rapidly from the body by
normal metabolic processes, Many other isotdpes are
concentrated within the body and have long effective
metabolie hglf-lives.

e Within the body, sources of beta and gamma radiation )
. .are less damaging than internal sources of alpha o
radiation.

e The decay of cobalt-60 produces only stable nickel-60
as shown 1n Figure 1. Decay of several of the other
isotopes produces radloactive daughter products whose

. activities also must be considered.

The factors contributing to the maximum permigsible body burdens and
- “the relative hazards of the isotopes that are considered for use in
~ heat sources are compared in Table yirries?,

R
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TABLE VIII

Inﬁestion Hazards of Isotopes for Heat Sources

Effective Metabglic ' Max efgy, Relative H?z?rd
Tsotope Half-Life, days(aJ critical Organ  Activity Mev(P per watt 4
%00 9.5 Gastrointestinal B 0.312 1.0
Y 1.333
210py 46 Spleen a 5,30% 350
r870g 138 Total body B 1.18 8.0
. - y(e) 0.662
2420 162 gastrointestinal a 6.11 1.1
l44ce 243 Gastrointestinal B 0.31 9.5
. v 0,134
147pm 570 gastrointestinal ) 0.23 10.7
Rétom 6,100 Xidney o 5,801 2.6
203y 6,400 Bone g 0.54%5 1150
as8py 23,000 Bone o 5.495 15.3

Ta) Meximum metabollc half-1ife for critical organ(*®’,

(b) Maximum energy of 1ndividual particle or photon.

(c) Gemma from decay of 187p4 daughter product.

(d) Relative hazard of one watt of igotope 1n soluble form. Based on MPC 1n water

for 168-hr week converted to equivalent watta/om® &4

: TABLE IX

Maximum Permiggsible concentrations of Cobalt-60
for Qccupational Exposure

Max Permissible Max Permissible Concentration,
Body Burden mlcrocuries/em®

organ of (Total Body), Tor 40-hr Week For 168-hr Week

Cobalt Form Reference nicrocuries Water Alr water Alr
Soluble gastrointestinal 1002 3 x 1077 5 X 1074 1077
Total body 10 b ox 10°% ¥ x 1077 102 1077
Pancreas 70 0,02 2 x 1079 T =% 107® 6 x 1077
ILiver 90 0.03 107 9 x 100* 5 x 1077
Spleen : 200 0.05 4 x 1078 0.02 2 x 107°
Kidney 200 6,07 6 x 107° 0.03 2 x 107°
Insoluble ung - g9 x 107° - 3 x 107°
Gestrointestinal 100 2 x 1077 3x 10-* 6 x 107°
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Maximum permissible concentrations of soluble and insocluble forms
of cobalt—60 in water and air are tabulated in Table IX(2*!, The
limiting concentrations in drinking water are approximately the same
for gofluble: and. inscluble cobalt compounds, but the 1imiting concentra-
tione in air are mich smaller for insoluble compounds than for soluble
compounds. The lower values should be used for deslign purposes,

A standard for the maximum permissible concentration of cobalt-60
in sea water has not been adopted to date., A recent study group D
proposed & maximum permissible concentration of 5.0 x 10”% pe/cm® for i
disposal of cobalt-60 into Pacific coastal waters'®5) . Higher and i
1ower values have been proposed by other study groups; the differences
reflect the use of different assumptions, including dlet hablts, sea
water chemistry, and degree of dispersal in the seal25), :
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