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FOREWORD

The Symposium on Materia Is for Radioisotope Heat Sources was presented at
the Mountain View Hotel ond Motor Lodge in Gatlinburg, Tennessee. The
symposium, consisting entirely of invited papers, began with a review of both
space and terrestria I applications and requirements, followed by papers on
properties and fabrication of fuel forms, encapsulation materials and processes,
environmental effects, and compatibility effec ts. The Symposium Chairman was
D. E. Thomas, Westinghouse Astronuclear Laboratory; W. O. Harms, Oak Ridge
National Laboratory and R. 1. Huntoon, Savannah River Laboratory served as
co-chairmen. They were assisted in chairing the various sessions by E. Lamb,
Oak Ridge National Laboratory and A. J. Clark, Sandia Corporation.

" The fifth and last session of the symposium was held at the Oak Ridge National
~ Laboratory on a classified basis, hence these papers are not reproduced in this
r volume.
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APPLICATIONS OF RADIOISOTOPE
SPACE POWER SYSTEMS

Joseph D. Lafleur, Jr.

Abstract

In the 1970's, the National space program will include
several categories of missions which will require new
technical considerations in the des ign for on-board
supply of electrical power. In several categories, t he
competitiveness of nuclear power sy stems depends on new
factors relating to the new mission environments i nvolved
and the technology that could be available in the coming
years. It is essential that power sys t em development
objectives be realistic in view of t he likely missions
and the probable competition. The mi s s i on categories
are examined, competitive power concepts are compared ,
and development objectives for various isotopic power
systems are derived.

Joseph D. Lafleur, Jr., is the Assis tant for Applications
and Requ irements to the Director of t he Atomic Energy
Commission's Space Electric Pover Off ice.
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APPLICATIONS OF RADIOISOTOPE
SPACE POWER SYSTEMS

by

Joseph D. Lafleur, Jr.

PROCEDURE

An analysis of likely applications of radioisotope power systems
consists of three main parts: First, a survey must be made of
missions being proposed for the future by the agencies which are
responsible for conducting missions in space. Second, the
characteristics of these likely future missions, and of alternative
power systems, must be considered to see what potential benefits
might be realized by the use of isotopic power systems. Finally,
certain classes of missions must be identified within which there
are likely to be enough important applications that power s~ tem
technology specially suited to the requirements of those classes
should be developed. The criteria of these classes of power
systems can then be used in the planning of a power systems
development program.

MISSION ANALYSIS AND APPLICABLE NUCLEAR CONCEPTS

During 1968, a detailed analysis was made of proposed future
missions of the National Aeronautics and Space Administration, the
Department of Defense, the Communications Satellite Corporation,
and the Environmental Science Service Administration. Project
officers and others aware of the importance and special require­
ments of various missions were consulted wherever the analysis
suggested a block of more likely applications.

A catalog of available information on all likely missions has been
compiled. These data are being updated as better information is
received. The system is capable of retrieving data in various
forms, usable in planning and reporting progress.

The use of this approach in a search for firm mission requirements
is of limited value, chiefly because of the uncertainty of future
mission plans. It is possible, nevertheless, by this procedure to
learn much about the classes of missions and the likely power system
requirements of each. With this large bank of characteristics of
projected missions, a matrix of the type shown in Figure 1 can be
filled in, using data current at any given time. The choice of
power ranges is explained below. This chart then can be used to
show groupings in which (1) isotope opportunities occur, and (2)
it is believed such missions will be performed in the national space
program. For purposes of power system technology planning, a
general appreciation of the existence of likely power requirements
in the various boxes of this chart and the performance requirements

2



of each, are of more value than a current prediction of the exact
number of power systems required.

Figure 2 shows the categories of nuclear power systems and technology
that appear to be applicable for various power levels. (Ref. 1).
The categories range in decade increments from a few watts to 100 kw
and above, for all nuclear systems. The dividing lines between
these categories are not exact and inflexible. There is consider­
able power level overlap; however, t here are special development
problems which characterize each of t hes e ranges. The isotope
systems are attractive up to about 10 kw, and reactors are
attractive from ,a few ki lowatts up. There is an overlap of these
two concepts in the 1-10 kw region.

In the lowest power range, the spacecraft tend to be small, so that
the small, self-contained radioisotope-thermoelectric generator
(RTG) is indicated. Within this low-power region, fuel cost is a
small enough part of the overall mission cost that the currently­
available 5 percent thermoelectric efficiency seems to be acceptable.
Also, long lifetime is important. For example, if the useful
lifetime of a satellite can be doubled by use of an isotopic
power system, launch costs required to keep the satellite system
operating may be significantly reduced. In this 100-1000 watt
category, certain short-lived earth orbit missions have been
suggested by the Department of Defense , the use of the cheaper
fuel, Po-2l0 (half-life 138 days), for these missions is possible
because of the short mission life. For longer-lived missions
(years) at these power levels, or above these power levels, a more
economical approach is required than the Pu-238 (half-life 87
years) - one-stage thermoelectric concept. At 5 percent efficiency,
fuel costs are large and the fuel loading for one generator
becomes a significant percentage of total fuel availability. There­
fore, we need technology that promises either cheaper, more readily
available fuel, the capability of fuel re-use, or improved
efficiency which will allow better utilization of available fuels.

Wherever possible, it is desirable to define system designs which
are modular in nature, so that the need s of individual missions
can be accommodated without major development in each case. We
must try to avoid the expense of developing a new system for each
new mission that comes along. At the s ame time, it is important
to recognize that this objective may not always be realizable when
unusual mission needs are present and a lso as technological advances
occur. A large part of the current high cost of nuclear power
systems results from the requirement to assure that these units can
be used safely, regardless of the type of mission aborts or mal­
functions that may occur. This factor, coupled with the need for
technological advancements to achieve performance goals, requires
that extensive qualification testing and analysis be performed
in order to obtain flight approval. Much of this expense should be
eliminated in future missions if standard, pre-qualified components
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and inherently safe fuel forms and heat sources are developed.

In the 1-10 kw range, there are two types of systems that are of
interest. For manned missions (or any missions that require
radiation-sensitive payloads), Pu-238 fuel will be acceptable if
the fuel can be recovered and re-used and if high-efficiency power
conversion is available, such as the Brayton or organic Rankine
cycle. For unmanned missions, permitting low payload shielding, the
SNAP-lOA class of zirconium hydride reactors at temperatures of
1000-1300Of with thermoelectric conversion is available.

COMPETITIVE PERFORMANCE FACTORS

The next step in defining development objectives is to analyze the
current and anticipated future capabilities of competitive power
systems. In this review, many current non-nuclear designs and
projections of future capabilities were considered. Often, complete
current designs are difficult to use unless all the particulars
of the power system design are accounted for. For example, a large
part of the weight of a solar cell array may be in the structural
substrate on which the individual cells are mounted. However,
this substrate may serve also as the skin of the satellite, and it
is almost impossible to know what part of the weight of this skin
to charge to the solar power system. Additional information on
competitive systems is contained in Reference 2. The findings are
discussed below under the subjects of lifetime, area (or size),
cost, and weight. The general case is examined; then the require­
ments of various classes of missions are considered.

Although some references are given, much of the data on specific
missions and unpublished studies of advanced spacecraft are un­
substantiated in this paper. Some additional references on
classified and unclassified missions can be obtained through the
author.

AREA CONSIDERATIONS

Figure 3 illustrates certain essential facts relating to the com­
parison of the sizes of solar cell and radioisotope generators.
The curve designated "5% RTG" indicates the specific area, in
square feet-per-electrical kilowatt, of any power system operating
at a system efficiency of 5%, as a function of effective radiator
fin temperature. The dashed lines indicate the specific area of
solar arrays today. The solar constant at 1 a.u. (the mean
distance between Earth and the sun) is 130 watts per square foot,
or about 7.7 square feet per kilowatt. Practical cell efficiencies
of 8-11 percent are obtainable today, and when such factors as the
blank spaces between cells are accounted for, about 110 square
feet electrical kilowatt are usually required for an array while
it is oriented directly toward the sun, at 1 a.u. Improvements
of 20-30 percent are anticipated during the 1970's; and the specific
areas shown could improve roughly by this factor. In low earth
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orbit, where about 27 percent of the orbital time is spent in total
darkness, the solar array must be enlarged to allow it to produce
increased power during the sunlight periods. Practical values to
ensure the availability of adequate power for battery charging
usually are about twice the 1 a.u., full ' sunl i ght area, or as
indicated by the middle dashed horrizontal line. Day and ni~oper­

ation of the solar array in synchronous orbit, where there is less
shadow time, results in specific areas somewhere between 110 and
200 square feet per average electrical kilowatt. Where the com­
pleXity of orienting the solar cells is unacceptable, an all-around
array must be mounted. On an ideal spherical shell an increase of
a factor of 4 in area would result, indicated by the dashed line at
400 square feet-per-electrical-kilowatt.

It is shown in the following pages that the required dimensions
of solar arrays increase with distance f r om the sun. It is seen
that the minimum solar cell arrays are larger than i sot opi c system
radiators, for radiator temperatures above about 3500F. It should
be noted also that the solar cell area shown is a planar array;
whereas, the nuclear radiator can assume various convenient shapes.
The radiator can be wrapped around in a cylindrical shape, for
which the frontal area is only Ihr times the total area. Looking
at it from this point of view, it might be more informative to
compare the isotopic system area to some solar area between the
1 a.u. full sun and the unoriented solar array cases, depending
on whether average effective drag area, solar wind interference
area, launch shroud packing volume, or some other limiting factor
is involved.

At this point, it is desirable to examine the advisability of
increasing radiator temperature in order to reduce radiator area.
It might be noted that the "5% RTG" curve is for a system of
the indicated~ rejection temperature. The thermoelectric
~ junction temperature wouAd depend on other conditions. For
example, a system with a 200 F radiator temperature might have an
8000F hot junction temperature; but on t he right end of the curve,

ofor the 800 F radiator, the hot Junction temperature obviously
would have to be higher than 800 F. Otherwise, the Carnot
efficiency would be zero and the electrical output would be zero.

We cannot examine the effect of increasing radiator temperature
unless we make assumptions about hot junction temperatures and
thermoelectric materials efficiencies. However, we can simplify
this question by examining only a l imited region. We do know
that there are several practical generators operating in the 5%
efficiency, 2000-4000F radiator temperature region, with hot
junction temperatures (Th) around 1100oF. If such a generator is
re-designed (by reducing thermoelectric element length) to keep
the 1100~ hot junction temperature and simply reduce the temper­
ature drop through the thermoelectric legs, the system efficiency
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can be reduced to 4%. (Th is assumes a constant thermoelectr ic
material efficiency over t he whole temperature drop).

The short curve des ignated "4% RTG, Th=1100F" shows the resultant
specific area for a generator previously operating in the 2000-3000 F
rad iator temperature reg ion. That same generator, with the
shortened legs, will now require more fuel per electr ical watt ; bu t
because of the better heat transfer from the rad iator, radiator
area is reduced from about 300 to about 140 square feet per electri­
cal kilowatt . Of course, i mpr ovement s can also be made by
i ncr easing hot junction temperatures, or by improving the power
conversion efficiency; but this requires improved technology.

The conclusion is that solar arrays will almost always be larger
than radioisotope system radiator areas, and usually much larger
i n the important area considerations, such as explosed area,
frontal area, or pac king volume. Also, at a modes t sacri fice i n
other performance factors such as cost, and possibly weight,
significant isotopic s ystem area reductions can be achieved,
if low area i s needed.

These area observations are for solar arrays operating at about 1
a.u., that is, approximately the distance of earth f r om the sun.
As spacecraft go closer to or f ar t her from the sun, the increased
or decreased solar energy flux will reduce or i ncr eas e the size of
solar cell arrays requ ired for a given power level. Because of
high-temperature operating problems, solar cell performance at
Venus (0.72 a .u .) is not very different from that at earth (1 a.u.);
although some improvement i s to be expected for near-sun mis s ions.
Figure 4 illustrates the increase i n solar array areas that are
requ ired at distances of greater t han 1 a.u. This is a simple f unc t ­
ion o~ the square of t he distance. It i s seen that ~he nominal
luU ft per kw would i ncr ea s e to about 1,000-2,000 ft at Jupiter,
and 20,000 ft 2 at Pluto. This effect i s augmented by the fact that
much of the power need i s fo r communications back to earth. Since
radio energy recept ion intensity also i s reduced by the square
of the distance, this leads to a fourth power disadvantage factor
for solar cell area f or communications power from spac~craft, as
they go farther from the sun.

SOLAR CELL-BATTERY WEIGHTS
The Minimum Weight Cases - The conditions relating to s hadow t i me,

power and or ientation, which were discussed under "Area Cons ider­
at ions", are also useful i n estimating solar power system weights;
although t he multiplication f a c t or s for weight and area will not
be t he same. Figure 5 shows t he past and projected f ut ur e progress
of solar array weights, in terms of total weight of the structural
substrate, frame, cells and cover f i l t e r s . This weight i s based
on direct orientat ion toward the sun at 1 a.u., and does not
include orientation dev ices or expendables, batteries, voltage
regulators and other components. The weights of the arrays of the
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Ranger, Mari ner , and (proposed) Voya ger solar cell systems are
s hown; and the 0 . 4- l b / f t 2 (approxi matel y 40 I bs per kw) objective
of several NASA and DOD development pr ogr ams i s s hown as t he pro­
j ec tion of wei ght capa bility fo r t he early 1970 ' s . (References
3, 4) . A proj ect ion of secondary bat tery (rechargeable) capa­
bi l ity i s gi~en i n Refer en ces 4 and 5 as 0.14 Ibs/whr f or either
NiCd (1-3xlO cycles) or Ag Cd batteries (about 6,000 cycles) f or
1968 and 0.14 f or NiCd and 0.10 f or Ag Cd in 1975 . It is i nfor ­
mative to consider the weight s of " idealized" t ypical mi ni mum­
we ight systems which cou ld be de s i gne d using t hese weight ob ject ives.
Later , we will exa mine real des i gn weight s of systems planned for
t hi s period. Figure 6 sh ows t hese an d ot he r t ypica l weights of
solar cell-battery systems f or the conditions of an oriented array
at 1 a.u . ; and 40 mi nut e s of s hadow per orbit ( l ow earth orbit) .

It i s seen that for this typical mi ni mum-weight case, complete
systems could weigh as l ittle as about 0.23 Ibs per electrical
watt (ew) today and abou t 0.17 lbs per ew i n 1975. Using t he
1975 object ive weights of 40 lbs per kw (1 a.u., oriented array,
wi t hout batteries) , assuming no add it ional structural weights are
needed f or large arrays , and applying the mu l ti plica t i on f a c t or s
of Figur e 4, t his array alone would weigh about 1,040 Ibs per kw
at J up iter and about 60, 000 Ibs per kw at Pluto. Solar cell­
ba ttery or solar cell-fuel cell systems f or the lunar surface
suffer i n weight due to t he high- t emper atur e daylight cond it ions
and the long (350 hour s ), cold, lunar night. These will be discussed
below. Figure 6 (line D) also s hows a rough weight est imate f or
unoriented arrays plus bat teries in low earth orbit. Several
developments, now i n progress, of " roll-up" or other f l exibl e
arrays, coul d reduce t he array weight of these systems a few
pounds below the 40 lbs-per-kw men t i oned above.

Weight and Radiation Vulnerability - The impor t a nce of rad iation
vulnerability i s i l l us t r a t ed in a gros s way i n Figure 6, line E.
I n order to increase by a factor of 10 t he fluence of trapped
electrons i n space tha t t he solar cells can endure (for example,
i n t he Van Allen Belts), t he equ ivalent of about 116 mils of
transparent f uzed s ilica mus t be bonded to the f a ce of the solar
ce lls. This f ac t or of ten may be much too small i n many appl i­
cations, such as f or those systems whi ch must withstand env ironment
result ing f r om a nuclear detonat ion. Nuc l ear systems are i nher ent ly
l ess vulnerab le to rad iat ion damage , by several orders of magnitude.
The wei ghts which result i f this much silica is added to the arrays
of Lines C and D are shown i n Line E. Since even this protect ion
would appear to be i nadequa t e f or de fense satellites, i t appears
tha t nuclear systems wi l l provide one i mportant opt ion to space­
craft planners who are concerned about radiation vulnerability.
Figure 7 shows weights of severa l solar cell power systems that
have already been launched. This chart was published i n Reference
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6 and is revised here by inclusion of Mariner 64 data. Specific
weights on this table are based on the maximum power produced, and
hence would correspond roughly to weights slightly less t han Line
C, Figure 6. It is seen that most of these real 1969-1970 systems
fall between 0.4 and 2.0 lb per electrical watt, on this bas is.

This has been an oversimplified treatment of the weight of future
solar cell s ystems. Such simplified description is of course of
l imited value for specific real space systems. Current and pre­
dicted weights of actual systems will be discussed within later
treatments of each of the various mission classes.

SOLAR CELL SYSTEM COSTS

A brief survey of solar cell system costs was conducted and is
summarized in Figure 8. In this table the total power system
development and procurement cost is divided by the number of
actual flights to get the cost per fl ight in millions of dollars.
This figure is divided by the average power of the system to get
the final line, in dollars per average watt. Several remarks
are called for concerning this tabulation:

a. The numbers are rough estimates at best . In each case the
reporter believes the costs represent an attempt to allocate
power system costs objectively; however, for each project,
different accounting systems are used. In many cases, it is
impossible to estimate the proper share of NASA in-house costs
to charge against the power system. In no case are charges for
spacecraft development included. For example, no charge against
the Nimbus B system is made for the complications in spacecraft
development brought about by the orientation requirements which
the solar array places on the craft.

b. It is seen that the earlier models of "custom made" systems
incur the largest costs (NIMBUS 1 & 2, Mariner 64). This probably
reflects the higher development costs of the first models. Also,
as might be expected, the lowest costs occur when a follow-on
system is purchased immediately after an earlier unit (Mariner
65) or when several craft are bought of the same design (Lunar
Orbiter) •

c. No conclusion is possible yet for the manned station systems.
The lower figure of the range includes only contract costs, which
i s only a small percentage of the whole effort.

d. Finally, one important conclusion appears to be warranted,
even from such rough data: With Pu-238 at about '$12,OOO per
electrical watt, for 5% efficient thermoelectric systems, i t
appears that the fuel cost of RTG's alone , will probably be
higher than solar cell system costs, unless either (1) some way
can be found to reduce i s ot opic fuel costs, (2) some other i mpor t ant

8



saving or greater measure of effectiveness of the mission is
obtained or (3) some other environment such as the lunar surface
or deep planetary space reverses this cost comparison.

Current isotopic system cost estimates assume use of Pu-238 fuel,
which is valid for systems of the early 1970's. Beyond 1975,
curium-244 fuel may become available as a byproduct of the oper­
ation of commercial nuclear power reactors. It appears that Cm-244
may be producible at about $100 per thermal watt, compared to
about $600 per thermal watt for Pu-238. It is evident that this
cost reduction, plus some increases i n efficiency (which would
also serve to reduce fuel cost by requiring less fuel per electrical
watt), could completely alter this cost comparison during the late
1970's.

COMPETITORS OF VARIOUS MISSION CLASSES

Since the mission environment has such an important effect on solar
cell power system characteristics, the competitive performance
requirements of each class must be analyzed. The following is a
summary of the present and expected future performance capabilities
of solar power systems by mission class.

Earth Orbit

Many space systems will continue to be flown in low earth orbit;
although applications satellites planners including those of many
DOD systems tend to prefer synchronous orbits for operational
simplicity and economics. All of the isotope systems launched to
date have been for use in low earth orbits. As noted above,
because of the fairly high fraction of earth orbit spent in the
shadow of the earth and the fact that this sun-shade cycle
recurs every 90 minutes or so, a solar array in this orbit must
be large enough to supply power for battery charging; and batteries
capable of several thousands of charge-discharge cycles per year
must be provided. As noted in Figure 6, this leads to 1968
nominal weights of 0.23 (oriented) - 0.65 (unoriented) pounds
per watt, plus other components and any additional cover glass
desired to reduce vulnerability to radiation in space. It is also
noted in Figure 7 that actual practical systems vary in weight
from about 0.5-1.6 lbs-per-watt. Figure 9 shows that for some
missions this weight range is also applicable to current and
expected 1975 solar power systems for manned stations in the 3-10
kw region.

Because of limitations in life expectancy of secondary batteries,
a major contribution can be made in power system technology for
low earth orbits if isotope systems having a lifetime of several
years can be developed. The resulting reduction in launch costs
of those missions that have to operate on a continuous basis could
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defray a small weight penalty or the costs of the isotopic fuel;
however, the cost of long-lived i sot opi c fuel may be limiting at
hi gh power for the early and mid 1970's .

Short-Lived Satellites - A special case is the short-lived satel­
lites for certain possible mttelite missions. Figure 10 includes
a brief description of the fuel cell system being developed by the
DOD to meet this need as an alternative to solar cells and i s ot opes .
Since this fuel cell system is to attain about 550 watt-hours-per­
pound, it will weigh about 1 lb-per-watt for missions which last
only 550 hours, or about 23 days. The weight would go up from
that value roughly l inearly with time, and it is seen that fuel
cells become considerably heavier than 1 lb-per-watt for lifetimes
greater than about a mont h . The I lb-per-watt weight objective
of SNAP 29 corresponds to a combination of the capabilities of
f ue l cells and solar cells. The cost goals, radiator area, and
other SNAP 29 speci fications are also based on competitive factors
for 3-5 mont h space missions.

High Orb its - The same factors apply i n synchronous or other high
earth orbits as in lower orbits except that there is only one
period of shadow during each 24-hour period and then only during
the days before and after the equinox, with a minimum of about
23 hours of trickle charge for each per iod. This means the
battery goes through only about 100 cycles per year. Although
these discharge periods are about t wi ce as long as in low earth
orbit, because of the f ewer cycles and longer charge periods,
deeper discharge is possible , battery weights are lower, and less
solar cell area i s required f or charging. Also, the batteries
can be designed to have longer life due to fewer cycles. Figure
10 i nc l udes a brief description of a solar cell system similar
to the one being used on the DOD "TAC SAT COM" tact ical communi­
cations satellite, which was launched on February 9, 1969 .
"Nominal" system weights of t he future can be estimated from
Figure 6, and would be about l ike Line C.

Radiation Vulnerability - One of the most difficult factors to
assess for the SI.t:telite mi s sions is the desirability of "hardening"
spacecraft, especially the DOD satellites, to resist damage by
charged part icles in the rad iation belts around the earth, and
poss ibly in other locations i n space. A series of stud ies of the
desirabil ity and feasibility of hardening is now being conducted.
Certain DOD and NASA satellites will continue to inhabit a low
earth orbit, within the lowest Van Allen Belt. RTG power systems
would avo id the f a i r l y high solar cell degradation problem in
this environment, and would reduce power system vulnerability
to t he effects of nuclear weapons events in space. Because of
the greater inherent invulnerability of nuclear systems t han
that of solar cells, a decision by DOD or NASA to demand surv iva­
bility obviously could significantly i ncr ea s e the relat ive
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attractiveness and the number of likely applications of isotopic
power systems. Residual particle flux i n synchronous orbit is
considerably lower than within the lower Van Allen belts. Unless
hardened, satellites in synchronous orbit would be more vulnerable
to deliberate nuclear weapons attacks than to Van Allen Belt damage.

Lunar Surface and Orbit

The lunar applications are NASA missions. Nuclear systems enjoy a
special advantage on the lunar surface due to the long (350-hour)
lunar night (which requ ires high weights of batteries or recharge­
able f ue l cells) and the high daylight temperature (which reduce
solar cell efficiency) . This is the r eason for the SNAP 27 require­
ment for t he Apollo Lunar Surface Experiments Package (ALSEP),
the follow-on SNAP 27 units for later Apollo missions, and the
proposed nuclear-powered Advanced ALSEP missions. An i l l us t r a t i on
of these solar power system weight effects is given in Figure 10
wherein the weights of a solar cell-rechargeable fuel cell system
are shown to be about 2. 7 lb-per-watt. A recent paper by Smith
and Schulman (Reference 7) indicates 2.0 lbs-per-watt is a good
rough weight estimate, for power systems of the kilowatt range.
For a few tens of watts, because of the long periods of darkness,
non-nuclear systems tend toward daytime power only, probably
requiring isotope heatem to keep i ns t r ument s warm during darkness.

In lunar orbit the distance from the sun is about 1 a.u., and
approximately the same weights and areas (sizes) will apply as
for earth orbit. If the lunar orbit is at low altitude, almost
half the time will be spent in shadow, and the low earth orbit
parameters will apply, although the rad iation damage problem is
low due to the absence of radiation belts.

Planetary
Planetary Vehicles - As spacecraft go farther from the sun than

1 a.u., local solar energy intensity is reduced. As noted above,
at Mars, the solar cell area for a given power level is about
twice what it i s at earth; at Jupiter, 27 times ; and at Pluto,
1550 t i mes. Nuclear systems are independent of solar i nt ens i t y .
Solar cell area requirements f or miss ions to the various planets
are s hown i n Figure 4. The result is that even with almost no
battery requ irements, i sot ope systems, a t 0.8-1.0 lb-per-watt,
are l ighter than solar cell systems f or any locations farther
ou t t han about 3-5 a.u. (somewhere between Mars and Jupiter).
Several user studies have led to this same conclusion. Figure 11
shows a t yp ical set of tradeoffs for a J upiter Flyby miss ion.
For a Jupiter spacecraft, which i n early f l i ght s could have a
t ot a l of about 50 pounds of scient ific i nstruments , another study
ha s shown that about 50 pounds of power system weight can be
sa ved if an RTG i s used instead of solar cells, for a 70-watt
capability. In recent meetings, NASA JPL eng ineers who are
planning unmanned flights to planets beyond Jupiter, including
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the "Grand Tour" of four planets in 1976, indicated an i sot opi c
power system would be required for these miss ions. The toughest
development requirement for the spacecraft of these missions is
probably the long-life reliability requirement. Mission times of
8-12 year s are required for the Grand Tour, for example. Verifi­
cation of such long-life capability must be started as soon as
possible i n order to get useful endurance data by the mid 1970's
launch dates. This schedule is especially critical because of the
unusually favorable alignment of planets for the Grand Tour launches
in the 1976-1979 period . This favorable alignment will not re­
occur for 176 year s .

Planetary Landers - NASA plans show several planetary "probes"
and "landers" starting about the mid-1970's. Probes are small
instrument packages which enter the atmosphere of a planet and
do not survive atmospheric heating; whereas, landers are packages
which continue to send data on planet surface cond itions after
landing intact. The earliest landers will be primary battery­
powered, operating for only a few hours after land ing. Solar
cell weights estimated using t he above guides are not accurate
due to differing atmospheric conditions and durations of days
on various planets and the problems of packaging solar systems
to survive re-entry. A critical factor is the capability of
the entire lander package to be steril ized without damage to
essent ial f unct i ons . Since i s ot opic systems operate well above
sterilization temperatures, no difficulties with isotopic power
systems are f or es ee n i n this regard. A critical development
problem will be the long-life reliability required for the
period of travel f r om the earth t o the planet to be vi sited.
As with planetary vehicle power, long-l ife demonstrat ion will
be required, and should be undertaken as early as poss ible.

CONCLUSIONS

Missions

Figure 12 presents a summary of classes of missions cons idered
to be l ikely to require i s ot opi c power sources during t he next
10-15 year s . The remarks column includ~s a brief statement
of key mission f ac t or s stated i n t he preceeding sections.

The Navy Navigation satellite is the stated requirement of the
Department of Defense. The unmanned satellit~ class i nc l udes
operational defense missions in the 1970's. Many of these
satellites would operate i n synchronous orbits. Cost effect ­
i venes s on a multiple launch bas is would be an i mportant f ac t or
i n power system select ion ; cost competit iveness would be
ach ievable if a lower-cost RTG or i so t ope t hermionic gener at or
were developed, or if impor t ant savings due to longer l i fe of
i s ot ope systems were involved. I f DOD decides to make i t s
satellites as invulnerable as poss i ble to nuclear weapons effects,
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the relative i nvu l ner abi l i t y of nuclear systems could be the
essential element in power systems selection. For NASA Planetary
missions, nuclear s ystems are clearly superior for all locations
farther from the sun than 3-5 a.u. This includes missions to
Jupiter and all the planets farther out than Jupiter. In view of
the fact t hat there i s no alternative to nuclear power for these
mi s s i ons , and they will require higher power than now ava ilable,
it is clear that nuclear systems must be developed to meet this
need. The number of planetary miss ions shown is based on judgement
and on the launch rate experience of t he last few year s . The
Planetary Landers have a somewhat different class of problems.
Based on discuss ions with NASA project personnel, past experience
with the planetary program, and forecasts in NASA planning documents
i t appears that the program will i nc l ude lander instrument packages
some of which would be "hard landers" and some "soft". Because
of uncertainties about the planeta~8urface cond ition and because
of the inhospitability of these conditions to solar cells , isotope
systems will be required for almost an y lander packages des igned
to operate more than a few hours after landing. The comparison
to solar cell-battery systems is at least as favorable on the
planetary surface as i n space i n the vicinity of the planet.
Because of the shadow t ime effects and the hostility and unknowns
of the atmospheres, the use of isot opi c systems in long-life
miss ions of this category i s almost certain, i f the development
of t he isotopic system is accomplished.

The Short-Lived Unmanned missions are t he class for which the
SNAP 29 i s being developed. Specifications are similar to
SNAP 29 specifications . The Lunar Surface missions will need
isotopic systems i n or der to provide continuous power at any
reasonable weight. NASA received 5 SNAP 27 units (each 66 watts)
by the end of CY 1968. A new 500-watt sys t em to power manned
and unmanned roving vehicles, and possibly more unmanned
scientific packages will be required if lunar explorat ion i s
seriously pursued. As noted above, it a ppear s that isotope­
-dynami c systems will be advantageous for manned stat ions . Either
mi l i t a r y or NASA manned stations during the mid-1970's could
use an isotopic system which meet s the spec i f ications set up
by NASA for the isotope-Brayton power system.

These are the apparent isotopic system requirements. Others will
arise as new missions or miss ion modif i ca t i ons are planned.

Development Ob jec t i ves

Based on t he above considerat ions, the fo l l owi ng should be the
goals of t he technology program of each of the i sot opi c power
categories l i s ted (Figure 13):
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0-100 watts - In this power range, it appears that a modular
system meeting the specifications of the DOD Navigational Satellite
would find uses in earth orbit and planetary vehicles in the early
1970's. As a longer-range technology objective, it appears that
a specific weight of 0.25 lb-per-watt would break into the range of
capability of solar cell-battery systems in synchronous orbit.
This capability would clearly meet the needs of many DOD and NASA
satellites of the mid-1970's, especially if invulnerability to
nuclear weapons were to become an important criterion.

100-1000 watts - For 90-150 day missions, the SNAP 29 specifications
will be valid during the 1970's; the objective of the SNAP 29
program is to demonstrate on the ground a generator capable of
meeting these specifications. Long-life missions seem to consist
of two -sub-categories. Those that will require cheap fuel in order
to be attractive, and those that will probably be attractive to
users even using Pu-238 and 5-percent-efficient thermoelectrics.
Because of the pressing need of the planetary missions, a multi­
hundred watt modular system using Pu-238 and thermoelectric power
conversion should be developed as soon as possible. An early start
is necessary in order to demonstrate system lifetime capability
on a schedule needed by NASA. It appears that 0.5-1.0 lb-par-watt
is an acceptable specific weight. For the long range, however,
greater economy is needed; and, as an advanced technology goal,
the capability to produce cheaper systems must be developed .
Invulnerability to nuclear weapons, a specific weight of 0.25
lb-per-watt, and a 5-year lifetime should be developed.

1-10 kw - For those missions requiring manned shielding, the
development of a large isotope heat source to power the NASA
isotope-Brayton cycle system with a system weight of 0.5-1.0
lb-per-watt is needed - especially for missions which will allow
recovery and re-use of the Pu-238 fuel. The high efficiency of the
Rankine~~cyclewill be needed to reduce fuel inventory
and to achieve these weight objectives. For unmanned systems,
it is possible that a reusable-fuel scheme cannot be accepted.
Isotope systems are in competition with reactor thermoelectric
systems, in these missions. However, it is possible that a
cheap fuel such as Cm-244, Co-GO or Sr-90 may prove to be
useful, if a 0.5-1.0 lb-per-watt technology can be demonstrated.
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Figure 1

POSSIBLE ISOTOPIC PalER REQUIREMENTS

Cate~ory Low Earth Synch Lunar Planetary
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FIGURE 2

CATEGORIES OF NUCLEAR SYSTEMS AND TECHNOLOGY
CATEGORY SYSTEM CHARACTERISTICS ESTABLISHED IPRINC/PAL
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FIGURE 3

AREA OF POWER SYSTEMS, 1968
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FIGURE 5

SOLAR CELL WEIGHT PROJECTION
FULL SUN, ORIENTED. 1 a. u.
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FIGURE 6

WKIQIT OP·IM'IH OllBIT SOLAl CELJ,-BAItIl\y SYSTIKS
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FIGURE 7

$PACBCUPT SOLAIl P(JID SYSTBK C1WlACTDlSTICS

Rt.bus 050 Izplorer IMP aday tlariuer
_B__ _1_ 26Q l!!:.L XIV ..L .....L IV b

OrielltatiOD
a 0 0 1m 1m 110 NO 110 0

Cell
HouDtlng Penela Peneb PacJd.l.s Padell.s Paelelles Padelles Bocly Palleb

Max. Power
Vatta 470 31 980 11.7 34.7 74.3 3S J2S

Array
N - l b/ wat t 0 .17 0 .17 0.28 0 .77 0.38 0.36 0.71 0.23
.....

Star...
lb/vatt 0 .24 1.0 0.17 1.2 . 18 0.09 0. 8

~~vatt 0.1 .13 0.24 0.9 0.43 0.38 0.5 0.22

Syat_
lb/watt 0.4 1.1 0.45 2.0 0 .56 0.45 1.7 0.27

Array
Iffie. 1; ,.s 5.' !J.I 0 .8 1.8 2.0 1.S 7.S

a"O" oriented - "110" oriented

bat Mars



Figure 8 Solar Cell-Battery System Costs

Actual Mariner Actual Nimbus Actual Estimated (1970's)
1964 1965 1969 1 & Lunar Manned
Mars Venus Mars 2 B D Orbiter Station

Cost Per F1~ght

7.0 1.01 3.0 6.3 2.4 1.0 1.36(Unit ($10 )

Average Power
(watts at

1 a.u.) 700 700 700 225 225 225 380

t<l No. of Flight
t<l

Units 1 1 2 2 1 1 5

No. of Spares 1 1 3/4 1 1 1 1 6

Other Test
Sub-System
Included Yes No Yes Yes Yes Yes Yes

Unit Cost
f or Flight
($/avg watt) 10,000 1,440 4,280 28,000 10,700 4,440 3,680 1,000-10,000



Fisure 9
Solar Cell-Battery SYlteml Beins Designed for

Hanned Stationl

Weight. Ibl.

Array
Boom. etc. & Orientation

Apparatul
Batteri..
Electronice
Propellant to Overcome

Drag

Total Weight

Specific Weight. Ibs/Kwe avg
Cell Efficiency. percent
Cover alass thickness. mill

of fused Billca
Betteriel

Watts hn/pound
Type
Depth of Discharge
COlts to develop, millions

of dollan
COlt per addit20nal copy
Array area, ft 2
Specific area ft Kwe ava
Orbit Altitude. nm
Lifetime yrs
Output. lew avg

Advanced
RCA

1393

164
2178
100S

ill!
6608

940
10.5

6

353
HiCd
0.50

33.8
9.3

1720
245
200

1
about 7.1

Ant
System

(Ref, 5)

1766

2000
1234
2226

7226*

1900*
10

20

HiCd
0.25

240
260

1
3.48

* Weight does not include propellant to overcome draa.
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Figure 10

TYPICAL SYNCHRONOUS ORBIT SOLAR ARRAY

Geometry - right cylinder
Substrate Weight
Solar Cells Weight

Total

175 Ibs ,
100 lbs.
ill Lbs ,

Battery Weight

I f no operation during 80 hrs/year of darkness
required - 52 lbs. For full, 3-yr operat ion, 24
hrs per day - 400 lbs .

2
Area of cylinder - 300 ft
Power Level BOL - 910 ew

EOL (3 yr s) 800 ew

The full weight of the substrate should not be charged to the
power system, since it serves as the skin of the satellite.

Based on report in journals. 5/6/68

AIR FORCE DEVELOPMENTAL UNMANNED FUEL CELL

Power, nominal
Energy
System Energy
Density

Operating Life

500 watts
750 kwh

:>45 whr/lb
60 days

Weight Breakdown :
4 cells - 140 lbs.
H2+02 - 675 lbs.
Plumbing- 10 lbs.
Tanks - 550 lbs .
Total l~lbs.

Based on discussions with project officers,
2/3/69 (Ref. 8)

LUNAR SURFACE SOLAR CELL-FUEL CELL SYSTEM
Speci f ic Weights for 5.5 kwe Avg.

Electrolysis Dry Sp.Wt. 1.16 lb/w
Solar Array Sp.Wt. 0.75
Fuel Cell Sp.Wt. 0.30
Reactant Sp.Wt. 0.46

Total (l-yr.) Sp.Wt. 2.67 lb/w
Based on Prelin Report, Contract NAS8-21190, Sept. 1967

Non-Nuclear Power Systems
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Figure 11
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Figure 12

LIKELY ISOTOPE ELECTRIC POWER MISSIONS OF THE 1970' s

~
0>
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(1-12 years)
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Planetary Landers

Unmanned Satellites
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Lunar Surface
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ENVIRONMENT

Low Earth Orbit
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Planetary
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Earth
Orb it

350-hr Night
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5 . 5- 25kw

REMARKS

Development i n progress

Compet it i ve weight di f f icult
to ac hieve . Nuclear much
less vulnerable to rad ia t ion
i n space.

Nu c lear much li ghte r f or
Jupiter & beyond

Surfaces host ile t o solar
ar r ays ; uncer t ai n. Rugged ,
sun- independent power needed.

SNAP 29 under development

Nuc lear n~ch l i ghter if
day and ni ght power needed

Des i gn stud ies show nuclear
li ghter and solar power
impr a c t i ca l ; fu e l cells t oo
heavy f or long l i fe .



Figure 13 Isotopic System Development
Objectives

O-lOO-Watts

By 1970 - NAVSAT System Objectives
By 1975 - 1. Reduce weight to 0.25 Ib-per-watt

2. Increase lifetime to 11 years

100 v-l lew
90 day Life - SNAP 29 System Objectives

Long-Life Planetery and Other High Priority (By 1974)
1. Demonstrate long-life capability of 5~ Pu-238.

TE system.

2. 0.5-1.0 Ib-per-watt weight OK.

Long-Life Earth Orbit (By early 1970's)
1. Demonstrate radiation invulnerability
2. Demonstrate 5-year lifetime
3. Reduce weight to 0.25 Ib-per-vatt
4. Develop lover fuel costs

1-10 Kw (Long Life)
Recoverable Fuel. Pu-238

1. Develop Large Heat Source for Isotope-Brayton
2. Demonstrate 0.5-1.0 Ib-per-watt

Unmanned. Unreusable Fuel
1. Develop cheap fuel cycle
2. Demonstrate 0.5-1.0 Ib-per-vatt

27



TERRESTRIAL ISOTOPE POWER SYSTEMS IN PERSPECTIVE

Stanley J. Seiken l

CDR. William A. Bair, CEC, USN2

Paper investigates history, present status and projected future of
terrestrial isotopic power sources for energy ranges from microwatts
to kilowatts. Current and potential applications , along with econom­
ic considerations, of these interesting power sources are discussed.
Br i t i sh and Russian efforts in the field of terrestrial isotopic
power sources are briefly mentioned. The Atomic Energy Commi s s i on ' s
basic developmental precepts and program philosophy are defined , and
the rel ative priorities of technological effort are identified.
Paper summarizes areas of technological weakness, and suggests that
public and official accep t ance of widespread deployment of radio­
isotope power sources may require carefu l control and internat ional
r egulation.

1. Branch Chief (Act ing), Isotopic Auxi liary Power
Division of Reactor Development and Technology
U. S. Atomic Energy Commission
Washington , D. C.

2 . Project Engineer , Isotop i c Auxiliary Power
Division of Reactor Development and Technology
U. S. Atomi c Energy Commission
Washington, D. C.
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Terrestrial Isotope Power Sys tems i n Perspe c t i ve

A. Introduct ion

The purp ose o f thi s pa per is t o pr e s en t for you r considerat i on .
t he h i s t or i cal highlights o f terrestrial isotopic power system
development; current and pl anned program act i vities; technologi c al
obj ec tives; and an as se s smen t of problem areas --present and
projec ted . In add it ion , I sha l l a t tempt to cover s uch rel ated
subjects as the economics of r adioiso tope power so urces in regard
t o speci f i c appl i cat ions i n an oceanographic environment ; current
and pred i cted use s fo r t hese uni que power produc i ng dev ices ; s afety
cons i derations; various compar ative and compet i tive e l e c tri cal con­
ve r s ion systems; gove r nmen t and indus tri al participation i n both
t echnological and financi a l contribut ions to the "state -of-the-art" ;
and last ly my as ses smen t of t he future o f rad i oisotop i c power
sys tems i n bo th t he shor t and l ong t er m out l ook.

B. Backg r ound

Nuc l e ar power bec ame a reality on Decemb er 2 , 1942. when t he
fi r s t self-perpetuating ch ain reaction occurred i n a squash court
ben eat h t he stands o f St agg Fi eld on t he c ampus of the Unive r s i t y
of Chicago . Thi s date i s memor able for ye t another reason s i nc e
i t r epresents , for the f irst t i me , a capabi l i t y not only for t he
r ele ase of large amoun t s o f energy in a controllable form, but
al so marks the beginning of a capacity for l arge scale production
of r ad ioi sotopes. I am cer tain t hat Dr . Fermi at that t ime did
not recognize t he fu ll s i gn i ficanc e o f this second benefit of his
experiment.

As t he fi e l d of nuclear knowledge advance d , two f ac tor s
concerning rad ioisotope production util iz ing a nuc l ear reactor
source became app arent. The fi r s t of these was the realiz at ion
t h a t the f i s sion f ragmen t de bris f r om s pl it ur anium a toms con­
t a i ned some fas cinating pr ope rt i e s ; s econd l y , t hat ent ire l y new
r ad i o isotopes (and fo r t hat matter . new e l ements) could be pro­
duced i n quantity by irradiating t arget materi als in a re actor.

I n t i me, f i s sion f ragmen t s were chemically s eparat ed from
spent reactor fu el . thei r radioact i ve propert ies and rel at i ve
quanti t i e s cat alogued . I n common with any industria l enterprise .
it was only natura l t hat someon e was soon at work i nves t i gat i ng
ways t o ut i li ze t he in tere s ting by - products of t he main reacto r
endeavor . I t was shortly re cogn ized t h at certain iso topes --both
t he "re fus e" from t he f i ssion react i on , and spec i fic i so tope s
pr oduced by i rradiation had j us t the r i gh t combination of power
density, favo rable half-lifes . and chemical prope r ties t o provide
a long l i ved , l ow weigh t . re l i able heat source who s e ene rgy cou l d
be ult i mate l y converted power. In 1956 . the At omi c Ene r gy Com­
mi s s i on beg an the de ve l opme nt of a s er i e s of these isotopic power
sour ce gene r a t or s fo r s pace and te r res t rial uses .
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*

On January 16, 1959 , a device t hat t ransformed the he at
from radioactivity into electricity was demonst rated publicly
for the fi rst time on t he desk o f the Presiden t of the Uni t ed
States. The dev i ce was t he size of a gr ape f r u i t . It wei ghed
four pounds and was capable of de l i ve ring 11 , 600 watt-hours of
elec tricity fo r about 280 days. This i s e quivalent t o t he
energy produced by nearly 700 pounds of nickel -cadmium batteries.
It was fueled with Polonium-2l0 , and was designated SNAP-3.*

The feasibilit y of reliable low power , unattended, isotop ic
power so urces was demonstrated in Augus t of 196 1 when a radio ­
i sotope powered wea t he r s t a tion was installed on Cana da 's remote
Axe l Heiberg I s l and--on l y 700 mi le s from the Nor t h Pole. The
test . which ran for two ye ar s. was completely successful .

The follow - on program to t he SNAP -3 and the Axel Heiberg
uni t was the SNAP -7 ser ies of thermoelectric genera t or s . Thi s
program . again hi ghly successful, culminated in t he production of
three (3) 60-wa t t dev i ces (SNAP 's 7B. D. and F) . two (2) lO-watt
power sources , (SNAP- 7A and C) and one 7 .5 wat t oce an bo ttom
be acon (SNAP - 7E) . Al l of t he SNAP -7 iso topic powered t hermo­
electric devices utilized strontium-90 titanate as a fuel sou rce.
Wi t h the exceptions of SNAP -7A (10 wa t t ) and SNAP- 7F ( 60 watt )
which were removed from service , di s as s embl ed , and inspected after
failu re s in t he thermoelect ric power conversion s ys t ems . the
r emainder of t he devices are st ill undergo ing ac tu a l opera tional
t e s t i ng under adverse encironmental conditions. ( See Figure 1 . )

SNAP -7 B ( a 60-wa t t devi ce) powered an unattended fi xed l i ght
st ation for the U. S. Coa s t Guar d in Bal t i mor e Harbor from
1963-1966. In 1966 it was transferred to an oil pla tform operated
by t he Ph i l l i ps Petroleum Company in t he Gu l f of Mexi co . SNAP - 7B
t here r ep l aced SNAP-7F which had been ope rati ng f rom t h is s ame
platform powering a fixed navigational light station since 1965.
SNAP -7 B continues to operate t his f acility at present .

SNAP -7C has bee n powering an unattended wea ther s t at i on on
Mi nna Bl uf f , Ant ar c t i ca , since February 1962 . Mi nna Bl u f f is
located on l y 700 mi les from the South Pole . SNAP -7C wil l be
returned to t he U. S. in earl y 1969 , be r e fur bished , and placed
in the Smithsonian Ins titute.

SNAP - 7D i s mou n t ed on a f l oa t ing barge moo r ed in the Gu l f
o f Me xico . This device , a part of t he Navy ' s NOMAD (Navy Oce an ­
og raphi c and Meteorological Au t oma t i c Device) system , powers an

~stems for ~uclear ~uxiliary f ower. Mode l s fuel ed wi th radio ­
isotopes ar e designated with odd numbers; those with small nucl ear
reactors are de s i gnated with even numbers .
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unatt ended weather station and a na vigational beacon . It was
placed in service during January 19 64 and continues t o operate
in a satisfactory manner despite having weathered two major
hurri canes with no adverse effects.

SNAP-7E , a 7.5 watt device is a unique thermoelectric ge n­
erator that has bee n operating in 15 ,000 feet o f water in the
At lan t ic Oce an some 750 miles east o f jacksonville . Florida.
Its purpose is to power an e xperimental underwater navigat i onal
beacon. It has ope ra t e d without interruption or rep air since
Jul y o f 1964 .

I n this br i e f historical devel opment , I sh ould be remiss
if I did not mention that the Br i t ish At omic Ene rgy Res e ar ch
Es t ab l i shment (AERE ) has bee n quite active in the development o f
their RIPPLE* gene r a t or s . The Br i ti sh be gan serious development
o f their radioisotop i c power source s in about 1963 ( some seven
year s after the first AEC efforts ) and to dat e have produced ten
de vices that r ange in power output f r om a few mil liwatts to about
t wo watt s. Three o f these devices (RI PPLES V, VI , an d VI I ) .
inst alled in 1967 , are currently be ing evaluated as sources of
power for navigational lights in Sweden, Denmark. and off the
Ken t Coast of the Uni t e d Ki ng dom. Two addi t i ona l uni t s are
unde r construction. RIPPLE I V. a 2-wa t t ge nera t or wi l l power a
transistorized submer ged t elecommuni cation repeater . and RI PPLE
I X, a 6-wat t de vice will be evaluated as civil av iat i on radio
be acon i ns tal l a t i on in the outer Heb ride s Isl ands . I n addition .
a series of RI PPLE X genera t or s of a power r ange of 8 - 50 watts
ar e cur r en t ly under development by t he AERE . Al l RI PPLE ge ne r ­
a t or s ar e fueled with strontium-90 tit anate, and empl oy direct
thermoelectri c conve r s i on . Oper a t ing periods of f ive year s are
an t ic i pa t ed. with the RI PPLE X series planned f or a 5 - 10 year s
expe c t e d li fe t i me .

The Rus s i an endeavor s i n th e f ield o f t erres tr i al isotopi c
power gene r a t or development ar e not well publi ci zed . Occas iona l ly .
a news rele ase will be issued indicat ing th at some developmental
effort is be i ng exp ended but the amoun t s of i nformation provided
i s terse and usu all y explaine d in r elativel y unsophi s tica t e d
l an guage. For e xample , last May 20 , t he Prague CTK International
Service, under a Mo s cow dateline , announced that a I-watt . t hermo­
e l e c t r i c gene r a t or fueled with Pu-2 38 had been de veloped as a
power so urce for e xperimental laboratory i ns t r umen t s . Una t t e nde d
l ife exp ectancy was stated as 10 year s. It was c a l l ed a "small
t able a t omic power station." Det a ils of cons t r uc t ion and desi gn
were not provided. Abou t a l l we can s ay is that t he Rus s i ans
are worki ng i n t h is fi eld . bu t we ca nno t s ay to what ext e n t - -no r
can we measu r e their r elative progress.

RIPPLE (~ad io Isotope Powered frol on ged Life ~quipment . )
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Thus far , I've considered only AEC e f f or t on devices in the l ow
watt range to abou t 60 watts electrical output. I should also
ment i on that some work and de velopmental effort in t he mi l liwat t
r ange has been conducted. The SNAP -1 SA and -lSC programs were
i ni t i a t ed by the AEC to prov ide re li able , long- l ived pr o totype
power sources for s peci alized weapon s and communicat ions appl i ­
cations. The se c lass i f ied programs , at present large l y completed ,
have yi e l ded cons i der ab l e technical informa tion that h as been
added to the unclassi fied literature. SNAPs - 1SA and -lSC u t i l i ze d
Pu- 238 as a fuel and employed direct thermoelectric con version .

The rel ative su cc ess of t he SNAP -7 prog r am- -with appr opri a te
addi t ional t echni cal and en gi neering i npu t s f rom the sp ace isotop i c
power programs , plus technologica l advancements i n mat erial sciences ,
resulted i n an impor tant change in t he At omi c Ene rgy Commis s ion' s
terrestri al isotopic powe r source program philos ophy . The ear l y
systems (deve l oped as "pr oo f -of- pr i nc i ple' dev i ces ) demonstr ated
conclusively that isotopic power sources have the c apab i l i ty for
un attended , s afe operation for long periods of t ime und er envi r on ­
mental extremes . The ear ly developmental effort , however . a l so
hi ghlighted those are as where significant technologi cal advance ­
ments were still required . In add ition , t he wide variety o f
poten t i al appl ic ations o f rad i o isotope power sources t hat bec ame
i mme di a t e ly apparen t i ndic a t ed to the At omi c Energy Commis s ion that
t he power so urces sh ould be fu r t he r developed-- independen t of any
one specific application or requirement.

This r ationale resulted in a plan of cont inuous assessment
of potential nee ds in order that meaningful design and performance
cr i t e r i a could be established . Ut ili zi ng this br oad approach,
we would then be in a posit ion to initi ate de velopment of fami lie s
of al l purpose power device~ within a numbe r of discrete ou t pu t
level~ that would have max i mum potenti al applications . We would
l ikewise t he n be able to direct out R&D efforts tow ard the a t t a i n­
men t of a technological base that is readily adaptable to th i s
large number of potential applications . Fur t he r extensions of
the "state-of-the-art" for specific applications and unusual
environmental condition~ beyond this broad technological ba se,
could easily be accomplished in a straight forward engineering
manner .

Wi th t he above program phi losophy i n mi nd, t he AEC i n 1966
beg an developmental considerat ion of four f ami lie s of terres trial
( and oceanograph i c ) i so t op i c power so urces--roughly two-three
orders of magnitude apar t in energy output levels. The incre­
mental output steps be gan at the hundreds of micro-watt l evel and
extended to the 1-10 kw range. It is to be noted that the overall
power output levels span some 8 orders o f magnitude and are des i gned
for wide divergence of potential appli cat ions and environment a l
extremes and , o f course , the problems associated with each fami l y
of devices ar e not capable o f direct scaling f r om one level t o
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another. Thi s scaling anomaly is due to nonlinear physical
property characteristics of materials, efficiency of conversion
techniques , and safety considerations.

It was therefore determined that future R&D effort should be
expended in three gener a l areas . (Fi gur e (2))

1 . Immediate init i ation of prototype development.

2 . Concept ua l and parametric studies , and

3 . Supporting technology .

Development pr iority and level o f fin anc i a l support accorded t o
each catagory was dependent upon bo th status of technology and
timing of application requirements.

I should like to emphasize agai n that the efforts of the sp ace
isotopic power source programs are closely followed. Space appli ­
cation problems are different (e .g. , stringent wei ght limitations .
more sophisticated heat rejection mechanisms and lower sink temp­
eratures , higher shock and vi br a t i on levels, launch and reentry
safety problems , etc.) ; however, t here are sufficient similarities
t hat cross-fertilization of i de as and concepts in several common
areas of interest warrant close liaison (e .g .,. insulation system
development, thermoelectric material technology , dynamic conversion
system impr ov emen t s , and device safe t y considerations when in a
terrestrial environment) . In addition , certain related studies
and de velopmental work have bee n independently f i nanced by industry
and other gover nmen t a l agencies . Th i s data has significantly
added to our storehouse of knowledge. Al l these factors are
considered as inputs to the overall terrestrial isotopic power
developmental effort.

C. Present Status

1. Ac t ive Developmental Effort

Thi s now brings us to our present status o f technology
and development. Le t me first be gi n with a br i ef discussion
of t hose i so t opi c power sources t hat are undergo ing active
prototype hardware development.

a. Mi cr owa t t

A microwatt , Pu-238 fueled, thermoelectric device
i n t e nded for use as a surgically implantable cardiac
pacemaker has been undergoing active development since
FY-1967 . While the R&D effort for this power range has
bee n concentrated on the Pac emaker, t he ba sic en gineering
concept is expected to provi de i mpor t an t dat a for o the r
biome di ca l stimulation applications.
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The design of t his isotopic-powered Pacemaker , as
shown in Figure (3) , i nco r por a t e s metallic t hermocouple
wire interwoven into a gl as s tape. The tape is spiral l y
wound about a heavy e ncapsulated Pu-2 38 he a t source which
provides a temperature di fferenti al of 3600 F across the
t hermocouples. Ti tani um- z i rconi um fo ils ar e use d to
t hermall y insulate t he hea t source from the o the r c ase .
Power from the generat or is 162 microwatts . Effort to
date has resulted i n t he development of an e l ec t ri c a l
"proof-of-principle" mocku p t hat has ( 1) cemons cr at ed
the fabrication and complex assembly techniques and
(2) verified electrical design characteristi cs of the
thermopile. Heavy R&D e ffort is presently being co n­
centrated upon (1) minimizing tot al fuel inventory
ne cessary to reduce external radiation to medically
acceptable levels; (2 ) developing efficient heat rejection
techniques and ( 3) selection of electronic components of
proven reliability to assure attainment of the 10-year
minimum operating lifetime objective. The basic R&D
phase of this program will be completed in the fall of
1969. Subsequent effort will involve an extensive f ab­
rication and statistical test effort, and will include
animal "in-vivo" testing .

b. 10-100 Watt Power Levels

R&D effort i n this power range class has been centered
in t he development of two , "second gener a t i on" devices-- the
SNAP-2l , underseas power system, and the SNAP-23A , r emote
terrestrial power source. The se isotopic power ge nerator s
are currentl y developed to t he po int where exper imental
electrically heated mockup systems have been fabricated ,
su bcomponents tested , and proto t ype desi gn either recently
completed or in process. I t is planned that these dev ices
will possess the required reliabil ity, operating lifet i me
and e conomic advantages nece s s ary to insure widespread
applicability in marine and remote terrestrial en vironments .

(l ) SNAP - 2l

SNAP-2l is a 2-phase project to develop a series
of compact strontium-90 power systems for deep-se a
and ocean-bottom application. The f irst ph ase desi gn
and component development effort on the basic 10-wa t t
system has been su ccessfully compl e t ed . A se cond
phase systems development and test effort has bee n
underway since Jul y 1966 and will extend throu gh 1970.
The 3M Company has primary responsibility for bo t h
project phases . A series of 10 and 20 watt fu eled
prototype power systems will be fabricated , assembled
and environmentally tested to demonstrate attainment
of all performance objectives. Commonality of mater ial .
componen t s and desi gn is a major objective.
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The design o f t he SNAP-2l system 10-watt device
is i llus t r a ted i n Figure (4). The 10-wa t t uni t co n t ains
a single pellet (33 ,000 curies) o f strontium titanate
encased in a Hastel l oy -C fue l cap sule. This he avy ­
wall ed c ap su l e is desi gned t o con tain the fu el under
all ope r a t i ona l and credible accident condi t i ons and
as such represents an impor t an t s afety desi gn f e a ture .
Biologic al shielding i s ac complished by use o f a depleted
uranium-8 wl o Mo shie l d . This heat source as sembly
(capsule and shie l d) is insulated by a high vacuum (10
microns) insulat ion canister cons isting of numerous thin
metal r e flect i ve fo ils i nter s paced with f i brous spacer s.
Test da t a o f the pro to type v acuum insulat ion can is ter
have ve r i f ied th ermal design r equ irements. He at los s
t hrough the i nsu l ation c ani s ter measured 12 watts exc lud ­
ing structural support losses . The heat so urce ass embl y
is su pported within the i nsu l a t i on canister by means of
a Hastel loy X neck tube coupled with a bottom moun ted
sp ider-tension rod ass embly.

Heat i s conducted from the heat source assembly
into a hermetic ally sealed thermoelectr ic converter.
This conve rter co nt ai ns 48 segment ed PbTe coup l es oper­
at in§ at a hot j unc t ion t emper atur e o f approxi mately
1100 F. Init ial conversion eff i ciency of the prototype
co nve r ter s me asured close t o 8 percent. Heat i s r e j ected
through spring l oaded beryllium ox ide followers and a
coppe r cold frame. A spring loaded segment ing ring serves
as a converter moun t i ng pl ate and he at transfer path
t o the BeCu pressure ve s s e l. A so l id state power condi ­
tioner provides fo r spe cified vol tage output and r egula­
t i on.

A summary of SNAP-2l ch arac t erist ics is shown in
Figure (5 ) to gether wi t h schedule i nfor ma t ion . Al though
we ar e pleased with i ni ti a l SNAP-2l dat a it should be
emphasized t hat t here are s everal impor t ant pr ob l ems
ye t t o be r esolved particularly con cer ni ng dynami c cap a­
bi l i ty, mater i a l s compatibility and long-term stabil ity .

(2) SNAP-23A

The SNAP- 23 proj ect i nvolve s t he development o f a
serie s o f eco nomic a l ly - a t t r ac t ive strontium-90 power
systems fo r r emote t errestr ia l appl i cat ion. Thi s pro j ect
will r esult in th e fabr i cat ion of 25 , 60 and 100 wat t
u ni t s, and i s be ing j ointly managed by Westinghouse and
3M Company; West i nghouse be i ng r espons i ble fo r the sys tem s
devel opment and 3M r espons ible for t he thermoelectric
co nve r ter .

The 60-wa t t SNAP-23 system curr ently under develop­
ment is illus trated i n Figure (6 ) .
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The heat source assembly consists of a single
Hastelloy C fuel capsule containing stront ium-titinate
fue l pellets , a tantalum diffusion bar r i er , a radi at ion
shield of Uran ium -8 wlo Mo , a copper heat accumulator
and a heat source jacket. The hermetically sealed
heat source jacket , protects t he copper from ox idat ion .
The r ma l energy f r om the he a t ac cumulator is co nducted
to the 252 couple t hermoelectric converter at a temp­
erature of 11000F . The heat sour ce , converter , r adi­
ator , an d power conditioner form an integral structure
with t he removable t hermoelectric converter bo l t ed to
t he heat source . A t hin mic a sleeve is fit ted over
the heat source stud at t he stud- converter interface
to avoid binding and ga l l i ng of the mating parts
during converter removal.

The he at so urce is supported in the downward
ver t i c a l and horizontal directions by a steel in­
sulat ion can which forms t he i nner surface of t he
insu l a t i on assembly. Upwar d verti ca l supp or t i s
accomplished by a stainless stee l re taining ring
which bolts to the co ntainer . The i ns u l a t i on can
i s pos itioned by an eight-legged truss system f as t ened
be t wee n the can and t he contai ne r . The truss s ys tem
i s sized t o ac commoda t e dynamic loads o f 5 g ' s, over
and above any static l oading . The insulation as sembly
contains Mi n -K 2000 f illed with krypton gas at a
pressure of 0 . 9 atmosphere.

An insulat i ng cap o f Min-K 2000 cove r s t he hea t
source between the converter and t he i ns ul a tion assembly .
Heat loss from the heat source s t ud is minimized by
an insulating pl ug of Min-K 200 which f i t s int o the
top o f t he co nverter ho t fr ame. Was t e he a t from t he
conve r t er i s dissipated to ambien t ai r by a finned
radiator which a l so acts to support the power con­
ditioner .

I n the desi gn of an unat t ende d power supply wi t h
a long operating lifetime su ch as SNAP-23, the unde r ­
l ying consideration must be reliability. In vi ew of
the 1400 0F heat so urce inner temperature , ma t erial
selection i s proba bly the s i ngle most import an t facto r
o f the items contributing to overal l r e l i abil ity . As
such heavy emphasis i s be i ng placed upon material
properties evaluation and compatibil ity testing pr ior
to des i gn f inal i zation .

A su mmary of major SNAP - 23 performance ch aracter­
i s t i c s are shown in Fi gure (7) .

36



2. Engineering Applications and Conce ptual Design St udi es

Two of the f amilies of terres trial power levels are not,
at present , i n the ac tu a l prototyp e hardware de velopmental
stage. The mill iwatt l eve l isotopic power ou tput is con­
sidered to be sufficiently developed technologically , to mee t
application requirements for the next few ye ar s . The large
ki l owat t he at source i nvolves unique problems of co ncept,
economics , and s afet y t hat have no t heretof ore bee n investi ­
ga t ed . The status of these two isotopic power source levels
is as follows:

a. Milliwa t t Power Leve l s

An extens ive applications engineering and parametr ic
design study was completed in FY - 1966 . Fr om t he data
ob tained in t his study , developmental programs wer e s chedu led
to be i n i t i at ed in FY - 1970 . (Budge t considerations , how­
ever , may del ay this start unt il FY-197L) The programs
will culminate i n the fabrication , tes t ing an d demonstr­
at i on o f proven proto t ype systems in areas where t he y ar e
expected to find gr eates t use. As mentioned earlier ,
considerable data and engineering experience has been
gained i n t his power range f rom t he SNAP - 1SA and -lSC
programs , which devices were deve loped for usage in
clas s i f i ed weapons and communicat ions appl ications. It
is antic ipated that further work in these energy output
levels will con t i nue t o uti l i ze t hermoelectric co nversion
systems and e ither Pu-238 or Sr -90 fuels.

b . Ki l owa t t Sys t ems

In re gard to kilowatt level isotopic power sources ,
the AEC has become increasingly aware of the potential
nee ds f or t he deve l opment o f terrestrial systems i n t he
1- 10 kw range. The Navy ' s deep ocean technology (DOT)
program and a top-priority ASW ac t ive surveill ance net­
wor k are but t wo o f the near-term applicat ions wher e
in f act , an i sotopic fue l ed gene r a t or prov i des t he only
f easib l e t ype o f power source fo r extended mi ssion duration.
Ef for t s i n t his regard have bee n modest to date , with
pr i mar y emphasis being pl aced on en gineering desi gn and
cos t e f fecti ve ness studies to determine system concepts,
f uel selection , operating environments and power conversion
capab i l i tie s . Present efforts i n the field of large
kilowatt sources (FY - 1969) ar e l i mi t ed to wor k being
ac compl i sh ed by the AEC to fur t her t he prev i ous pre­
liminary en gineeri ng studies as related to specif ic
Navy applications.
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Initial design criteri a r e l a t i ng to these large iso­
tope systems are shown in fi gure (8 ) . You wil l note that
the i sotopic fue l s of interest are limited to Sr -90, Co-60 ,
and Ce- 144 --primar ily due to cost and avai labil i t y con ­
sider at ions.

As I indica ted, t hese en gineering studies wi ll para ­
metric al l y evaluate alternate isotope fuels an d power con ­
ve r s i on techniques to be us ed as a basis for conc eptu al
desi gn studies . In t he course of this s tudy , l iaison
wi l l be conducted with po t en t i a l users i n order to match
al ternate concepts wi th broad areas of application. The
fina l objective o f this initial e f f or t , onc e t he parametric ,
concep t u a l design, and cost effectiveness studies are
completed, i s to defi ne and assess the technological ad­
vancements required to develop the various power systems
that offer grea t e s t promise , and to determine the r esources
and time r e qui r ed to pursue this development. This assess ­
men t will form t he basis fo r preparation of detai l ed de ­
velopment plans re lating to the implementation of the
r equired base technolo gy programs. These p l ans will de­
lineate the advancements r eq ui r ed in t e r ms of materials
deve l opmen t , power conversion techno logy, fue l form de ­
velopment and containment, shielding and handling , and
fabrication technology. The combined capabilities and
ex periences of technical experts i n t he na t i ona l labora­
t or ies and industr y wi ll be u t i l ized i n assessing the
adequacy of these plans.

Upon development and accept ance of t he s e p l ans , a
base t e chnology program wil l be implemented .

Funding limitations have precluded further AEC e ffort
on the large kilowat t program in FY- 1969. I t is p l anned
t o r esume deve lopment i n FY- 1970.

3 . Summary and Pl an

I should now like to cal l your at t ent ion t o a su mmary
of Pr ogr am Elements for the f our fami lies ( i. e . , ;0 0!ler
output leve ls) of isotopic power sources curr en tly under de­
velopment and inves t igation by t he AEC (fi gure 9) . You will
no t e th at the figure likewise includes an as s es smen t o f po­
tential app l i c a t i ons that the isotopic gener at or s may serve - ­
some of t he applications I have pr eviously dis cussed , some of
the us e s are proj ec t i ons of our "bes t guesses" at t h i s time.

D. Economics and Competitive Conversion Systems

Consideration s of po ten t ia l app l i c at ions of isotopi c power
sources must, of necess i t y , i nc lude an economic and l ogistical

38



analysis of the install ation und er con s i der a t ion . The unique
fea t ur e s of an i so topic power source ; i . e., l ong unatt end ed li f e ,
high r el i ability , low weigh t, smal l s i ze , may be determining f actors
i n f avor of t he s e l ect i on of isotopic power ed ene rgy systems r e­
ga rdless of economics (e. g . , r emote polar l oc a t i ons acces s i b l e
only wi th difficulty during cert ai n periods of the year) . In
many more common applications, however, compe ti tive power sources
su ch as ba t ter ies, fue l ce l l s and co nve nt i onal liquid hydroc arbon
ge ne r a tors may offer significant adv antages. I must, of cour se,
mention that total co s t - - i nc l udi ng initial purch as e price , implant­
ment, servicing and mai ntenance , operati ng cos t s including fuel ,
and salv age v a lue at end o f life, mu st be inc l uded in any economic
compar ison .

I wi ll cite t hree examples:

1. Power i s s old t o operator s of o f f shore oi l and gas pla tforms
i n the Gul f of Mexico a t an aver age co s t of $10 -$12 per kilo­
watt hour . The cost is significantly higher in other are as
of the world. The 60-watt SNAP-23 gener ator has as its obj ec­
tive an oper at i ng co s t of l ess th an $10 pe r ki lowa t t -hour - ­
exclusive o f any fue l buy-back con side r at ions . As oi l ope ra­
t i ons extend further offshore, the average co s t of nonnuc l e ar
power will increase sh ar pl y due to logi s tics; whereas the cost
of iso t opi c power sh ou ld be near l y i ndepe ndent of t his f actor .
Obvi ous l y a 60-wat t gene r a tor is of insuf f i c i ent s i ze t o pr ovide
al l power to an of f shore drilling platform while actual drill ing
i s in progress, however , i t is not inconceivable that i f the
e conomi c cos t objec t ives of the SNAP-23A can be met, larger
power sources wou l d be even more e f f icient.

2 . A continuing pr ob lem i n offshore dr i l l i ng is t he mar ki ng of
comple ted unde rwater wel l heads. Success fu l exp loratory dri l l i ng
may have been ac compli shed in an oi l leas e r e gion; howeve r,
s igni f i cant per i ods o f time may e l apse be fore t he f ield is
developed. It is difficult and co s t ly to locate the capped-
off well heads without some type o f acousti cal signal. These
si gnals are currently power ed by battery powered energy sources
which are replaced at 3 - 6 mont h i nt er vals . In the Gu l f of
Mexico, an average cos t of abo ut $2 ,000 is incurred pe r serv ­
i c i ng . A mi l liwatt isotopi c gene r a tor cou ld economic ally
power t hese transpond ers for l onger pe r iods of t i me t hus r e­
ducing t he servicing cha rge . Agai n, r emo t eness f r om an es tab ­
l ished l ogistica l base of operations would fur ther enh ance
t he attractiveness of the isotopi c power sources. A cos t
analysis woul d , of course , be r equired to determine economic
feasibilit y for e ach application.
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3. The 1968 Marine Science Affairs l report contains the results
of an analysis of the ranges of applicability of underwater
power sources. This analysis, partially based on economi cs,
and partially based on physical s ize l imitations is disp l ayed
as f igur e (10). Not e that beyond abo ut 80 days mis s ion durat i on
at the one kilowatt level, an isotopic power ge nerat or s eems
to be the only competitive energy source that can be considered.

I have cited but three of the potential usages and poss ible
economi c or logistical advantages of isotop i c fu eled gene r a tor s
--others could include an analysis of the mer i t s of these devices
for microwave repeater stations, underwater cable boos ter s, unat­
tended polar weather stations or midocean buoys used for gathering
weather information, navigational beacons , lighthouses, aircraft
navigational a i ds , sonar beacons , deep-sea transponders , seismic
stations, t idal wave (tsunami) gau ges , oceanographi c instrumen t
packages , passive sonar listening devices, and blowout pr eventer s
for offshore drilling rigs. Thes e ar e all potentially " immediate"
applications that could be emp l oyed with a minimum of additional
developmental work. Perhaps the second gener at i on SNAPs-2l and
- 23 will provide the economic competit iveness necessary t o make
some of these applications practical.

Although the economic characteristics of isotopic fueled gen­
erators for yet other applications appear to be attainable , they
are significantly beyond current t echnology and will require ex­
t ensive R&D effort .

E. Future Prospects

There appears to be little doubt that both the short-term and
the long-term development and usage of moder a t e power level i so ­
topic power sources appear bright. If even a fract ion of the
above potential application is realized, the needs could excee d
the currently forecast availability of Sr-90 and Pu-238 fue ls .

While we have covered briefly the f uture of terrestrial and
oceanographic applications o f relat ively smal l power produc ers ,
we should recognize that these quantit i es of power are insufficient
for many applications. As oceanographic studies send us deeper
and de eper into the sea, we will require cons iderably hi gher energy

1 . Mar i ne Science Af fairs - A Year of Plans and Progress. The Secon d
Report of the President to t he Congress on Mar i ne Reso urces and
Engineering Development, March 1963. U. S. Gov't. Printing Of fic e ,
p , 152.
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l evels if we are to ever staff und erwater t esting s tat i ons, mili­
t ary i ns t a l l at i ons, and laboratori es. To date , the development
of l ar ge isotope and small r e ac t or systems in the oce an env i r onment
h as not received adequate emphas i s .

The kilowatt i sotopi c power so ur ce dev elopment pl an , however ,
appe ars t o have been r ecen tly given s ignificant suppor t and sense
of urgency by the Energy Source Panel of the Nation a l Res earch
Counc i l's Committee on Under seas Warefare . Their r ecommendations
indicated that i sot ope power sources , utilizing ei t her static or
dynamic conve r s ion systems , should be developed by the Navy-At omic
Energy Commission t eam on a pr iority ba sis to meet future energy
requi r ement s o f t he Navy involving extended mission duration (1-3
ye ar s or more) and at power l evels up to 10 or 15 kw. It was
further recommended that the isotope power sy stems be developed
on a modu l ar ized des i gn bas is and that they be developed and quali­
fied for us e in a maximum depth envi r onment . The Panel further
conclud ed that design and development of the sp ec ific i so tope power
systems chosen should be conduc ted by the AEC in accor dance wi t h
det ai led engi neer i ng cr iteria e s t abl i she d by t he Navy.

It would there fore appear that increased emphasis and funding
suppor t will be p l aced on the development at this power l ev el,
and that o t he r potential economi c appli ca tions for this t ype device
wi l l fo llow i n due cour se .

F. Pr oblem Ar eas

Technological adv ance ment s in i sotopi c fueled power sources
have progr essed i n an or de r ly and discipl ined manner i n the past
t welve ye ar s . There hav e been no un exp ected technical breakthroughs .
The developmental progr ams t o date ha ve been su ccessful, however ,
there still r emains con s i derab l e work to be accompl ished. Effi­
c i enc i es are l ow--in some appli cations unacceptably so. Lifetimes
are i nc reas i ng, but we have h ardly begun to r eali ze anywhere near
the potential of these devi ces . Reliability has be en good, but
there is r oom for conside r abl e improvement . Basic materi al proper­
ti es at e leva t e d temperatures are not clearly und erstood ; l on g
t erm effec t s of cr ee p , mater i a l compatibility, and radiation en­
vironment expo su r e are ext r apo l at ed proj ections of sh ort term
t ests . Safety considerations are r easonably well delineated; how­
ever, we are still concerned about public and off i c i a l ac ceptance
of t he se devices. This last item may be o f cons iderab l e consequence
i f , fo r example, i sol at ed radi oisotope fuel ed naviga t iona l buoy s
ar e deployed on a vast scale. Mr. I. C. Clingan o f Trinity House
when addr essing himsel f t o th i s subjec t r ecent l y noted ,

1. I. C. Cl ingan (Iso t opi c Gene r a tors i n Mar i ne Navi gat i onal Ai ds) ,
I so t ope Gener a tor I n fo rmation Center , Newsle t ter No.6, May 1968 ,
p . 79 .
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"The sea i s a big place and anythi ng je tti soned i nto it ,
or whi ch br eaks adr i f t may f ind i t s way almost anywher e.
The stringent precaut i ons and s afe ty factors embodied i n t he
design and construc t i on of these uni t s are known, but even
so, t his problem will exist . Experience . . . h as al ready
given some ide a of t he extent of th e admi ni s t rative diffi ­
cu l t ies that may have t o be faced . Some o f the problems
are undoubtedl y ps ycho l ogical and will dis appear wi t h t ime ,
bu t there will st i l l be some awkward situat i ons to be nego­
t i ated , and at s ome s tage i n t ernational agreemen t and r egu­
lat ion wi l l undo ubted l y be neces sary. "

In reco gnit ion o f these t ypes o f problems , safety cons idera­
tions have been accorded an emph asis that rivals all other factors
i n des i gn importance. Pub l i c saf e t y criteria f ro m all credible
accident conditions have been care fully es t abl i she d- -inc l udi ng
all of the ramifications of radioactive materials en t er i ng into
any portion of the various fo od cyc le chains. This gene r a l
subject of safety will be covered i n considerable detail by the
following speaker; I shall thus not usurp his material . Suffi ce
it t o say , that safety considerations are sign ificant f actors
that r elate to all desi gn and developmental conditions and in f ac t,
may be th e determining criteria which controls basic device desi gn.
You will note from a quick glance at the topics to be covered by
the following sp eakers conce r ni ng compat i bility , fu el containment ,
and en c apsu l at ion techniques t h at safety i s not a sub ject lightly
consi dered . As Mr . Clinga n points out , however , prob l ems will
st il l occur, and some t ype of i n t ernational r egulation reg ardin~

the dep loyment of radioisotope power sources wi l l probab l y be neces ­
sary i n the fu t ure .

The f i na l prob l em area I wi sh to men tion is a prob lem of re ­
li abi l i ty - - no t o f the device i tself, nor of its power conver sion
system. I f we are su ccess fu l i n our end eavors to de s ign and bui ld
pro to type i so t op e fueled units whi ch can produce power fo r up t o
t en ye ar s of unattended life, are t here now, or wil l t here be avail ­
able , suitable electroni cs and e lec t r ical equipm ent t o match t he
l i fe time s of these isotop ic powered ene rgy sources ? This is a
situation to ponder, and a quest ion that sh ould be as ked of our
co l league s in the e lec t rical disciplines.

Thank you.
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FIGURES AND ILLUSTRATIONS

Figure 1 - SNAP-7 Isotopic Power Systems

Figure 2 - Terrestrial Power Systems--Current R&D Plan

Figure 3 - Radioisotope Cardiac Pacemaker

Figure 4 - SNAP-21--10 Watt System

Figure 5 - Terrestrial Isotopic Power--Deep Seas Generators (SNAP-2l)

Figure 6 - SNAP-23A--60 Watt System

Figure 7 - Terrestrial Isotopic Power--Surface Generators (SNAP-23A)

Figure 8 - Isotope Kilowatt Design Criteria

Figure 9 - Terrestrial Isotopic Power--Program Elements

Figure 10 - Underwater Power Sources--Ranges of Applicability
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SNAP-7A

SNAP-7 B

SNAP-7C

SNAP-7D

SNAP-7E

SNAP-7F

Power

10 wa tts

60 wa tts

10 wa tts

60 wefts

7. 5 watts

60 wa tts

SNAP-7 ISOTOPIC POWE RSYSTEMS

Date of
Use Insta llat ion

U. S. Coast Gua rd Buay Jan. 1964
Curtis Bay I Md.

O ffshore Oil Plotform Aug. 1966
Gulf of Mexico

U.S . Novy Weother Feb. 1962
Statio n, Antarc tica

U.S. Navy NOMAD Jan. 1964
Wea the r Sta tion locat ed
in cen ter of Gu lf of Mexi co

U. S. Navy Acoustic Bea con July 1964
At lantic Ocean , 750 miles
east of Jacksonville , Fla.

Disassembl ed

FIGURE 1

Status

Removed from buoy in FY 1967
for disassembly a nd examination

Performanc e stob ie in Chesapea ke
Bay lightho use for 2 years.
Relocate d to G ulf oil platform

Estab lished record for unattended
Antarct ica wea the r statio n operation.
O peration satisfac tory.

System suc ce ssfull y w ithstoo d major
hurri ca nes. Performance stc hle ,

System operat ion satisfac tory

Operated for 6 months on offshore
Gulf o i I rig; subseq ue nt powe r
loss. Disassembled and being
examine d.

TERRESTRIAL ISOTOPIC POWER - - CURRENT R&D DEVELOPMENTAL PLAN

1. PROTOTYPE DEVELOPMENT OF IMPROVED DE VICES IN THOSE ARE AS WHERE SUFFICIENT TECHNO LOGY
EXISTED TO INSURE SUCCESS AND IMPROVEMENT OF EXISTING DE VICES.

A. 100 - 1000 MICROWATTS (PACEMAKER- - 162 ~ WATTS )
B. 10 - 100 WATT RA NGE

(l ) OCEANOGRAPHIC APPLICATIONS (SNAP-21 -- 10, 20 WATTS)
(2) TERRESTRIAL APPLICAT IONS (SNAP- 23A -- 25 to 100 WATTS)

2. CONCEPTUAL DESIG N, PARAMET RI C, APPliCATIO N AND TRADE- OFF STUDIESOF THOSE POWE R LE VE LS
NOT PREVIOUSLY EXPLORED ORWHERE IMMEDIATE DEVELO PME NT NOT CO NSIDERED WARRA NTED.

A. 10 - 100 MILLI WATTS
B. 1 - 10 KILOWATTS

3. SUPPORTING TECHNOLOGY

A. INSULATIO N SYSTEMS AND CO NCEPTS
B. IMPROVED THE RMOE LECTRIC MATERIALS
C. LARGE FUEL BLOCK TECHNOLOG Y
D. LO NG TERM MATERIALS TESTI NG
E. HEAT TRANSFERSTUDIES
F. Sr-90 SAFETY

FIGURE 2
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F IGURE 3 - RAD I OISOTOPE CARDIAC PACEMAKE R
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Figure 4. SNAP -21
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TERRESTRIA L IS OT O PI C POWER

DEEPSEA GENERATORS (SNAP-21)

POWER

10 WATTS

20 WATTS

FUEL

S,-90

S,- 90

LIFE

5 YEARS

5 YEARS

WEIGHT

650 LBS .

900 LBS

SCHEDULE

FABRICATIO N INITI ATED FY 1966
ENVIRONMENTAL TESTING FY 1969

FABRICATION FY 1969 -70
ENVI RONMENTAL TESTING FY 1960-71

DESIGN PRESSURE: 10,000 PSI

PROJECTED APPLICATIONS: NAVIG ATION AL AIDS, SEISMOLOGICAL STATIONS
OCEAN OGRAPHIC RESEARCH, HYDROPHONE AMPLIFIERS

FIGURE 5

SNA P-23A-60 WATT(e) UNIT

FIG URE 6
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TE RRESTRIAL ISOTOPIC POWE R

SURFACE GENERATORS (SNAP- 23)

POWER FUEL LIFE WEIG HT EFFICIENCY STATUS

25 WATTS S,-9O 10YRS. MIN. 700 LBS . 6.0-6.5% FABRICATION FY 1970-71
ENVIRONME NTAL TESTI NG FY 1972-73

60 WATTS S,-90 10YRS. MIN. 1000 LBS. 6. 5-7.0% FABRICATION FY 1969-70
ENVIRONMENTAL TESTING FY 1970-71

100 WATTS S,- 90 10YRS. MIN. 1600 LBS. 6.5-7.0% FABRICATION FY 1970-71
ENVIRONMENTA L TESTING FY 1972- 73

PROJECTED USE: OFFSHORE NAVIGATIONALAIDS ; UNMANNED SEISMOLOGICAL STATIONS;
MICROWAVE REPEATER STATIONS; AIRCRAFT LANDING SYSTEMS;
REMOTE COMMUNICATIONS.

* END-OF-L1FE

FIGURE 7

ISOTOPE KILOWATT DESIGN CRITERIA

POWER LEVEL:

OPERATING LIFETIME:

ISOTOPE FUEL:

POWER CONVERSION:

ENVIRONMENTAL:

1 - 10 KILOWATTS (e )

3 MONTHS - 5 YEARS

COBALT - 60 METAL
STRONTIUM - 90 TITINATE!OXIDE
CERIUM - 144 OXIDE

STATIC:
THERMOELECTRIC
THERMIONIC

DYNAMIC:
BRAYTON CYCLE
ORGANIC RANKINE CYCLE
LIQ UID MOTAL RANKINE CYCLE
STIRLING ENGINE

MARINE (INCLUDING DEEPSEA) AND
REMOTE TERRESTRIAL

FIGURE B
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TERRESTRIAL ISO TOP IC PO WER - PRO G RAM ELEMENT S

Powe r Level Microwa tts
100 - 1000 10 - 100
Milliw o tts Watts

Isotope Se lee tion Pu- 238 Pu-238/S r-90 Sr-90
Prn- 147

Energy Metallic Semiconductor or Segmented
Conversion Thermoel ect ri c Meta llic Semicondu cto r

Thermoel ec tric Thermae lectrics

1 - 10
Kilowatts

Ca-60/Sr-90
Ce-l44

Thermoele c tri c
Thermionic Diode
Orgonic ~nkine

Bra yton Cyc le
Stirling Engine

A rea s of

~on
Cardiac

Pacemaker
Biomedical

Stimulation

Oceanographic
Instrumentation

Cable Boosters
Underwater

Weapons

Wea the r Stations
Buoys , Microwave

Repeater Stat ion s
Oc ean ogra phic

Seismographs &
Instrumen tation

Na vigation Aids

Antarct ic Support
Stations

Dee p Sea Mi ning &
Exploration

Milita ry
Communicati ons

Of fshore O il

Applica tion
Cri teria

Exten ded Life
Reliabi lity
Safe ty
Size & Weight

C",1s
Ease of Handling
Reliabili ty
Safe ty

Costs
Extended Life
Reliabi li ty
Safety

Costs
Reliabili ty
Safety

FIGURE 9
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Safety Considerations for Radioisotope
Power Systems

George P. Dix

Abstract

The purpose of this paper is to review the safety consider­
ations involved in the use of radioisotope power systems in
space and terrestrial applications and to derive therefrom
the safety requirements and des ign restraints placed upon
the radioisotope fuel, heat source, and power system. This
survey paper is not a statement of official AEC requirements,
rather the safety considerations are discussed and safety
design and test requirements have been compiled from existing
appl icable guidelines and past experience on radioisotope
power systems that have been deployed.

George P. Dix is Chief, Safety Branch, SEPO, Space Nuclear
Systems Division, U. S. Atomic Energy Commission,
Washington, D. C. 20545
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INTRODUCTION

The purpose of this paper is to review the safety considerations
involved in the use of radioisotope power sys t ems in space and terres­
trial applications and to derive therefrom the safety requirements and
design constraints placed upon the radioisotope fuel, heat source, and
power system.

Although the radiological safety criteria are identical for both
space and terrestrial systems and there is often commonality in safety
design requirements, the approaches to achieving system safety vary
appreciably because of the differences in the potential accident
environments between terrestrial and space systems.

The "sedentary" nature of most terrestrial applications is recog­
nized. Including transportation to and from the site of deployment,
the potential safety problems associated wi t h terrestrial systems are:
(1) unauthorized access; (2) accidents resulting in thermal transients
or impulsive mechanical loads; and (3) loss of radiological control
and eventual loss of shielding and/or containment. In general, the
above considerations are quite similar to those associated with the
packaging, handling, storage, and transport of any large quantity of
radioactive material and are inherent in exi s t i ng requirements set forth
by the AEC, DO~ and IAEA.

The dynamic nature of the normal and potentially adverse environ­
ments of space nuclear systems poses many unconventional safety
considerations and unique design constraints. The potential accident
environments traverse a wide spectrum of adver s e thermal, mechanical,
and chemical conditions and the accident occurrences are quite variable
in space and time. The major potential safety problems are: ( 1) launch
pad aborts yielding propellant fires, exp losions, incident fragments,
followed by system impact; and (2) system reentry and impact at random
uncontrolled locations. The latter is similar to the unauthorized
access and potential loss of containment pr obl em associated with terres­
trial systems. Safety criteria are being published by the AEC for space
nuclear systems and precedents for criteria, requirements, and con­
straints are being established on a system-by-system basis as each
prototype system goes forward for flight appr ova l .

SAFETY CONSIDERATIONS FOR TERRESTRIAL SYSTEMS

TERRESTRIAL APPLICATIONS

Ter restrial applicat ions include power sources for remote weather
stations in the Arctic (1) and Antarctic , weather platforms at sea
coupled to weather satellites, marine navigation aids such as buoys,
ocean bottom oceanographic stations, and sources of emergency power for
remote land and sea installations (2). As a rule the terrestrial systems
are fueled with fractions of a megacurie of a long-lived radioisotope,
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are designed to produce continuous power for several years, and are
deployed in areas of low or no population density.

TERRESTRIAL SYSTEMS

A typical device is fueled with several hundred thousand curies of
Strontium-90 titanate pellets and produces on the order of 60 to 100
watts for two to five years. In a typical system the heat source con ­
sists of three to six successive sealed containment barriers. The heat
source is placed in a biological shield which in turn is surrounded by
a heat accumulator block which transfers heat to a thermoelectric con­
verter, all of which are contained in a generator casing having a finned
radiator. Figure 1 shows a typical terrestrial generator (SNAP 7).
These various components when viewed collectively constitute up to a
dozen or so fuel containment barriers. On occasion, a shipping container
is also used for additional protection during transport to add one or
more additional barriers.

The power source and/or installation are designed to provide the
necessary shielding to maintain external radiation doses within working
limits. The heat source is designed to withstand transportation
collisions, fires, and explosions and in some cases potential impulsive
loads at the site of deployment (e.g. ship collisions with nuclear
powered buoys). In addition, in marine applications power sources are
designed to contain the fuel for ten or so half-lives under static
pressures characteristic of water depths of up to 20,000 feet. Finally,
the design of the system and installation, the site parameters, and
operational procedures are such as to minimize human contact, unauthorized
access, and certain undefined events associated with the term "vandalism".

SAFETY CONSIDERATIONS FOR TERRESTRIAL SYSTEMS

The above discussion leads one to the conclusion that the system
when deployed has an overabundance of safeguards and that it is quite
resistant to any accident or event that one could postulate. Two
thoughts are worth mentioning at this point. First, the terrestrial
systems generally possess the luxury of weight, but in the event stream­
lining is desired, designers should consider the bifunctionality of
components for containment and shielding such as shields, heat
accumulator blocks, generator casings, and the installation for the
generator. This philosophy leads the author to avoid using specific
terms such as fuel capsule and encapsulation in preference to the term
containment. Second, although a system may appear overdesigned for its
operating lifetime, additional consideration should be given to
possible loss of radiological control over some types of units and the
long term degradation of their containment.

Figure 2 summarizes the safety considerations associated with
terrestrial systems. It is important that the fuel possesses thermal,
mechanical, and chemical stability in order to immobilize the radio­
nuclide in the event of a short or long term breach of containment or
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a loss of radiological control. In time, t hi s primary attack on the hard
core of safety problems will simplify systems and reduce their cost.
Redundant and bifunctional containment-shield components are desired.
Configuration control and material selections to minimize the effects of
adverse environments (such as static and impulsive loads, thermal tran­
sients, and corrosion by common reagents) are implicit in any design.
Shields are designed to minimize radiation doses during transport,
installation, maintenance, and repair, but most important the shield must
maintain its integrity in the event of an accident. Shielding and con­
tainment designs will serve to safeguard against unauthorized access,
vandalism, and a possible loss of radiological control . However, inge­
nuity in siting, power system installation, lack of access and lack of
portability by typical intruders, operational procedures, and even
"burglar" aids are additional considerations for some of the ill-defined
human factor situations. The system should be physically secured in a
practical manner, and clearly and permanently marked as to its radiation.

The designer should be encouraged to design safety into the system
at the onset. A subtle way of accomplishing this is to have him perform
a safety analysis and evaluation before he fabricates his hardware.
Although the system safety engineering ap proach is only organized common
sense, experience has demonstrated that unanticipated safety problems
are the damaging ones and that most problems are the result of human
factors, which often prevail in the case of unattended terrestrial
systems.

SAFETY REQUIREMENTS FOR TERRESTRIAL SYSTEMS

In translating the safety considerat ions for terrestrial systems
into safety design requirements it is also necessary to specify analyses
and tests that demonstrate conformance of the design to the requirements.

As a general requirement the des igners should perform a safety
analysis and evaluation of the system, si te environment, and intended
application. In particular, the potential accidents should be identified
and the limits of various adverse environments should be quantified.
The test environments a r e so defined and t he ability of the device to
withstand them should be determined. When proof tests are not practical,
theoretical analyses and/or overtests sho uld be substituted. This should
be documented for the record and used for approval purposes and con­
stitutes a Safety Analysis Report.

During transport t he system and/or shipping container should meet
the requirements established by the AEC, DOT, and IAEA.

Fi gure 3 summarizes the sa fety design requirements for terrestr ial
r adioisotope power systems .
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SAFETY DESIGN REQUIREMENTS

The fuel should exhibit thermal, mechanical, and chemical stability
when subjected to normal and adverse environments for a time commensurate
with the half-life, containment capability, and application. In partic­
ular, the fuel form should have a high melting point, a high resistance
to mechanical degradation into respirable aerosols «10 microns in size),
and its overall behavior should be predictable and, preferably,
reproducible.

Containment

The system should provide redundant barriers for containment of the
fuel. The containment should maintain its integrity against mechanical
(overpressure, impact), thermal (fires , loss of thermal control), and
chemical (corrosion by common reagents) attack as a result of potential
transport and on-site accidents. Barriers in contact with the fuel
should be compatible with the fuel under normal and accidental thermal
conditions and containment structures should compensate for internal
pressures from gases evolved from the fuel. The containment should
maintain its integrity against long term adverse environments (i.e.
corrosion, external pressure) for a period of time commensurate with
tpe fuel half-life, site, and intended application.

Shielding

The design of the system and installation should maintain radiation
doses to workers and the general public within limits specified by the
AEC in Manual Chapter 0524. The shield should maintain its integrity in
the event of accidents.

The system, comprised of the heat source, shield, heat accumulator,
and generator casing should be configured and materials of construct ion
employed to minimize the effects of vibration, impact, overpressure,
incident fragments, fires, loss of thermal control, and corrosion by
common reagents. The system should be equipped with aids to assist in
its location and recovery in the event of a loss of radiological control.

Installation

The installation accepting the power system should provide for a
positive method of securing the power system and/or preventing direct
access to it by conventional methods.* If accessible, the system should
not be detachable or portable by conventional methods, and the sy stem

*One cannot hope to safeguard a system against a well-organized and
equipped conspiracy to steal or destroy it. On the other hand,
reasonable safeguards against an ad hoc attack by a curious, demented
or vandalistic individual should be employed.
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and installation should be clearly and permanently marked to notify the
general public of any external radiation hazard i nvol ved in tampering
with the system. Provisions should be made to recover the system after
its operational lifetime.

Selection of a remote site with natural restrictions to public
access should be considered. The site environment should minimize the
possibility of na tural and man-made accidents and the loss of radio­
logical control .

Operational Procedures

Operational procedures should be prepared which include provisions
for clear responsibility and authority fo r the system, emergency plans
and procedures, and procedures for instal lation, maintenance, and post­
mission disposition.

SAFETY ANALYSIS AND TEST REQUIREMENTS

Figure 4 summarizes safety analysis and test requirements for
terrestrial systems. Test requirements generally follow those set forth
for the transport of radioactive materials (3-4). In some cases
additional analyses and/or tests are required for unique applications
(e.g. deep sea hydrostatic pressures), and fuel tests appear to be a
logical future criterion.

Although there are no formal fuel test requirements, fuel tests are
generally performed in the course of fuel and heat source development
programs. These include determinations of its thermal stability, purity,
dosimetry, mechanical response, gas evolution rate, and solubility. Long
term tests on aging fuel to determine the effects of time and daughter
growth are performed. Radiobiological experiments often accompany the
above tests. The possible requirement of setting aside control fuel
specimens is noteworthy.

Containment

A number of tests are performed on t he heat source and system to
determine containment integrity. These i nc l ude the following:

Impact. Free fall drop tests are conducted with impact on a flat
surface at the critical angle. Vehicular impact analyses are performed.

Puncture. Heat source puncture tes ts are conducted by impacting
the heat source with a non-yielding steel bar.

Fire. Systems are exposed to a transportation fire for 30 minutes
at 14750F.
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Thermal Shock. The heat source is subjected to thermal shock by
being raised to operating temperature and immersed in water.

Pressures and Static Loads. The heat source is subjected to static
loads, hydrostatic pressures, shock overpressures , and cyclic vibration
loads.

Leak Tests. Leak tests are performed before and after many of the
above tests to see if the fuel remained contained .

Corrosion. Corrosion tests are performed on the heat source
materials and closures.

Shielding

The radiation dose of the system is measured after assembly to assure
conformance with transport and handling requirements (5-6). Shield
integrity determinations are implicit in system tests described above.

SAFETY CONSIDERATIONS FOR SPACE SYSTEMS

SPACE APPLICATIONS

Space applications include power sources for navigation and weather
satellites in high altitude orbits, power sources for lunar or inter­
planetary missions, and large radioisotope units for low altitude orbits
in manned or unmanned spacecraft. A typical power system would contain
tens of ki10curies of 238pu and would be designed to produce continuous
power for one to five years .

SPACE SYSTEMS

Figure 5 shows the SNAP 19 system for the Nimbus B weather
satellite . In a typical system the fuel is placed in one or more metal
containers which are either sealed or vented to relieve the internal
helium pressure. The heat source is placed in a graphite ab1ator which
provides reentry protection. In the case of SNAP 27, which will be used
on the lunar surface, the heat source/ab1ator assembly is not integrated
with the converter and generator housing at launch, rather the heat
source is launched in the ab1ator and is mated with the generator on the
lunar surface by the Apollo astronauts, and the ab1ator is discarded
there. In systems used in earth orbit (i.e. SNAP 19) the heat source/
ab1ator assembly and generator are integrated at launch. The space
systems are characterized by light weight, minimal shielding (low dose),
reentry protection and often include vented heat sources. Shipping
containers are employed for ground transportation.
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SAFETY CONSIDERATIONS FOR SPACE SYSTEMS

Figure 6 summari zes the safety considerations associated with space
systems. Aside from potent ial transportation accidents, which are common
to both terrestrial and space systems, the potential accidents associated
with space systems are of two general types (7).

The first type of potential accident is the launch abort in which
the booster vehicle fails on the launch pad or downrange on ascent. A
demonstrative example of this type of acc ident was the SNAP 19 abort
where the booster went off course and had to be destructed at 100,000
feet altitude at a velocity of 3000 feet per second a fter two minutes of
flight. In this case the generators impacted intact downrange at sea.
The most severe potential launch accident is a pad abort in which the
booster propel lants explode due to intentional destruct or fallback of
the launch vehicle. This environment can yield fireball temperatures of
50000F for seconds, shock overpressures, i nc i dent fragments, followed by
free fall impact of the system and/or its immersion in a propellant fire
at l8000F for 30 minutes. The system design takes this into account by
hardening the fuel form and containment against impulsive loads and
thermal transients . It is noteworthy tha t the location of this type of
accident is controlled to a government si te or to unpopulated ocean
regions downrange by conventional range safety practice. Passive and
active location and recovery aids are considered to assist in returning
the heat source to radiological control.

The second type of potential accident is failure to achieve orbit
on ascent or uncontrolled random orbital decay from a short-lived orbit.
This event is characterized by a severe reentry heating pulse (stagnation
temperatures up to 50000F for five minutes) and impact of the heat source
on the earth's surface at velocities of 100 to 500 feet per second.
Although more than 807. of these types of events will occur over oceans
and/or unpopulated polar regions, the random reentry and land impact
event predominates in the system design. The intact reentry and intact
impact design philosophy is currently employed for systems under de­
velopment. This dictates reentry protection with an ablator surrounding
a heat source which is designed to survive impact at terminal velocity
on a rigid target.

In space nuclear systems the fuel f orm is the first safeguard
against potential accidents. In the eve nt of a breach of containment due
to ablator failure on reentry or containment loss at earth impact, it is
necessary to minimize the amount of resp irable particles «10 microns)
formed immediately and later by long term degradation and to interdict
the entry of the radionuclide into man's environment and food web. In
the past year the AEe has been intensifying its efforts on fuel form
stability by: (1) analyzing fuel configuration control to minimize
reentry heating pulses and impact loads, and (2) developing fuel forms
resistant to adverse environments, such as reentry heating, impac t , and
long term exposure. The purpose of this effort is to improve the fuel
form to relax the containment weight and complexity for system optimiza­
tion and product improvement.
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Another major consideration in space nuclear systems is their early
return to radiological control in the event of an accident or the
positive confirmation that they are in a safe location (i.e. deep ocean)
out of the active biosphere. The AEC, DoD, and NASA have embarked on
joint programs to evolve location and recovery aids for ascent aborts
resulting in land or shallow water impact. In addition, studies are being
conducted on how to track errant nuclear spacecraft in orbit and through
reentry to identify the region of impact. Radiometric, infrared, and
electronic methods have shown promise in early experiments, and it is
clear that many location and detection aids already in use for other
applications can be applied to finding lost space nuclear systems.
Studies are also being performed on controlled deorbit systems and post­
mission recovery of large space nuclear systems used in low earth orbits.
However, we currently possess the technology to assure system safety in
the event of random impact of heat sources.

SAFETY REQUIREMENTS FOR SPACE SYSTEMS

The safety requirements for space systems are approached on the
basis of individual systems and missions at the present time by estab­
lishing precedent. The scope and intent of these requirements includes
the protection of people including launch operations personnel, other
on-site personnel, off-site civilians, and the worldwide population at
large. Also treated are safeguards against incidents which could con­
stitute potential international relations problems that mayor may not
involve real safety problems (8). Risk versus benefit is also a non­
quantitative consideration to designers. The following safety
requirements should be viewed as evolutionary, are by no means rigidly
applicable to all space nuclear systems, and are an early attempt at
standardization.

As in terrestrial systems, a general requirement is that the de­
signer should perform a safety analysis and evaluation of the system,
the mission, and launch vehicle and spacecraft. A dialogue between the
designers of two different systems used in different missions, would
soon reveal that the systems (even fuel) and accident environments of
each will be different. However, each designer would readily identify
similarities in safety design requirements such as containment during
reentry and impact. Both designers would discuss the probabilistics of
accidents,* breach of containment, and loss of radiological control.
Probabilistics is inherent in the safety evaluation of space nuclear
systems because they are always dependent upon the reliability (1 minus
reliability equals failure probability) of the booster and spacecraft.
Unfortunately, we are not yet ready to specify sweeping probabilistic
safety design requirements for space nuclear systems. However, proba­
bilistics can identify the operational phase and location where the
accident is most likely to occur, as was so lucidly demonstrated by
recent SNAP 19 abort.

*It is noteworthy that human error accounts for about one-third of all
missile failures and appears to have been responsible for the two aborts
of nuclear powered spacecraft.
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Figure 7 summarizes the safety design requirements for a typical
space nuclear system used in a high altitude orbit application.

SAFETY DESIGN REQUIREMENTS

Transportation and Ground Handling

The system and/or shipping container should be designed and handled
to satisfy the containment and radiation exposure requirements specified
by the AEC and DOT prior to launch.

The fuel should exhibit inherent thermal, chemical, and mechanical
stability when exposed to normal and accident environments (high melting
point, high mechanical resistance to aerosol formation, insolubility) on
a short and long term basis. Every attempt should be made to prevent the
production, release, and dissemination of aerosols before, during, and
after impact.

Containment

The heat source should be designed to contain the fuel when unpro­
tected by the spacecraft and/or generator structure. It should be
designed to contain the fuel during and after launch pad aborts, ascent
aborts, in-orbit, reentry, and impact.* Provisions should be made to
accommodate internal pressures due to helium and other entrained gases.

Heat Source

The heat source should be configured and materials of construction
employed to minimize the effects of vibration, propellant fires, shock
overpressures, incident fragments, reentry heating, loss of thermal
control, impact, and corrosion. The hea t source should be designed so
that the fuel can be recovered intact from the earth's surface or shallow
water.

Location and recovery aids should be incorporated into the generator
system or spacecraft to facilitate locat ion and return to radiological
control after near off-shore aborts.

Spacecraft

Care should be given to the location of the system in the spacecraft
and spacecraft materials to minimize thermochemical reactions affecting
containment integrity in launch aborts and reentry.

*The time of containment after earth impact should be maximized. However,
consider requiring a contractor to guarantee containment for 10 half­
l ives when one half-life is 90 years.
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Internal Pressure.
the heat source to retain
particulate fuel release.
conducted .

Operational Procedures

Operational procedures should be prepared which include provisions
for clear responsibility and authority for the system during manufacture,
transport. ground handling, launch, and in the event of an accident.

SAFETY ANALYSIS AND TEST REQUIREMENTS

Figure 8 summarizes safety analysis and test requirements for space
radioisotope power systems. Since the dynamic accident environments
associated with space systems are more severe than those specified for
transportation accidents, the following requirements will satisfy trans­
portation safety requirements. The hypothetical safety analysis and test
requirements for a typical system used in a high altitude orbit applica­
tion are given.

The response of the fuel to the various accident environments should
be evaluated by test and analysis. This includes both short and long
term effects, thermal stability in propellant fires and reentry, mechan­
ical stability during vibration, impact, and post-impact, and chemical
stability in hard vacuum and seawater conditions. In these evaluations
particular emphasis should be made in measuring aerosol production in
adverse environments and in maintaining control or historical specimens
of fuel. Fuel tests are followed by post-mortem analyses to determine
the post-test characteristics of the fuel. Radiobiological experiments
should be performed to evaluate the effects of inhalation, ingestion,
and epidermal exposure from fuel.

Containment

Impact. Impact tests to determine the containment integrity of the
heat source at terminal velocity and critical angle conditions are con­
ducted on rigid media. Precursor tests are conducted to determine the
stability and velocity of the heat source at impact. Analyses are per­
formed on the post-impact burial depth of heat sources in various media.

Fire. The heat source is subjected to simulated propellant fireball
and after fire environments using radiant heating and/or simulated pro­
pellant fires.

Reentry . Analyses and tests are performed to determine the ability
of the heat source/ablator to withstand reentry. Aerodynamic stability
and mass removal rates are analyzed. Postmortem tests are conducted to
determine the degree of fuel containment integrity.

Tests are conducted to determine the ability of
or relieve internal gas pressures without

Heat source leak tests and vent tests are
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Dosimetry. Dosimetric measurements are made of the fuel, heat
source, and system.

Corrosion. Tests of the ability of hea t source materials and
closures to resist corrosion by typical reagents (oxygen, seawater, pro­
pellants, etc.) are conducted.

Shock. Vibration, Time at Temperature. The assembled heat source/
ablator is tested, bare and installed in the system, to excessive flight
level shock and vibration at temperature.

CCMPARISON BE'lWEEN SAFETY REQUIREMENTS
OF TERRESTRIAL AND SPACE SYSTEMS

The safety design requirements of terrestrial and space systems have
much in common. The fundamental point of commonality is the fuel form,
which is the first line of defense to any potential accident. Although
the adverse environments characteristic of space systems are much more
severe in magnitude than those of terrestrial systems, the thermal,
mechanical, and chemical stability of the fuel is the primary safety con­
sideration. A favorable fuel form should physically and chemically
immobilize the radionuclide and resist degradation into respirable
aerosols and larger particulates which ca n become airborne and interact
with man via direct and indirect routes. Particulates of any fuel having
sufficient specific activity to produce useful power can cause damage to
tissue. Fuel tests, as described above, a r e an important input to the
system designer, and a stable fuel will make his life easier and reduce
the system cost and complexity.

Up to a dozen containment redundancies are found in some terrestrial
systems which are not weight-limited. This constitutes an effective
method of fuel immobilization. Weight-limited space systems cannot
afford this luxury and must rely upon thermal and mechanical hardening
by design ingenuity. Currently, one approach is configuration control
to minimize the effects of thermal and mechanical transients. Although
the requirements are similar, there is a basic dissimilarity between
space and terrestrial systems in how containment is achieved.

The human factor is a problem shared by both terrestrial and space
systems. Although the siting of some terrestrial systems can often mini­
mize this problem, the unpredictable nature of human action after system
deployment causes the user to employ cumbersome design and operational
safeguards and procedures. The human factor causes about 331. of all
missiles to fail and is the major cause of past accidents involving
nuclear powered spacecraft. The unpredictability of human behavior
combined with fuel cost prompts space sy stem designers to investigate
means to facilitate recovering heat sources after accidents or determine
that they are beyond human access.
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CONCLUSION

In conclusion, an attempt has been made in this paper to review the
safety considerations and derive the safety design and test requirements
for terrestrial and space radioisotope power systems. It is emphasized
that these are general requirements and that they will vary somewhat
depending upon the specific fuel, system, and application.
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FI GURE 1
TYPICAL TERRESTRIAL

RADI OI SOTOPE PO~ER SYSTEM
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FIGURE 2

SAFETY CONSIDERATIONS FOR TERRESTRIAL SYSTEMS

Fuel - Resistant to Thermal, Mechanical, Chemical Attack

Containment - Resistant to Static and Impulsive Loads, Thermal
Transients, Corrosion, "Idiot Proof"

Shielding - Adequate for Transport, Handling, Maintenance,
Repair, Shield Integrity in Accidents

System - Configuration Control to Minimize Effect of Accidents,
Bifunctionality of Components

Installation - Preclude Unauthorized Access and Portability

Siting - Remote, Minimize Direct or Indirect Human Interactions,
Recoverabil i ty

Radiological Control - Physically Secured, Clearly Marked, Protect
Against Long Term Events, Ingenuity, Assure Effective Post-Use
Disposal, Operational Procedures
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FIGURE 3

SAFETY DESIGN REQUIREMENTS FOR TERRESTRIAL SYSTEMS

Fuel - High melting point; High strength; Minimal aerosols;
Predictable; Reproducible

Containment - Redundant barriers; Resistant to overpressures,
impact, fire, loss of thermal control, corrosion; Materials
compatible with fuel; Compensates for internal pressures;
Long term integrity

Shield - Maintains external doses to AEC limits; Integrity in
accident

System - Design and materials minimize accident effects; Location
and recovery aids; Component bifunctionality

Installation - Positive means of securing system; Prevention of
direct access; Non-portable; Radiation markings

Site - Remote; Natural restrictions to public access; Selection
to minimize accident probability

Operational Procedures - Procedures include clear responsibility,
emergency plans, plans for installation, maintenance,
disposal
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FIGURE 4

SAFETY ANALYSIS AND TEST REQUIREMENTS FOR TERRESTRIAL SYSTEMS

Fuel - Thermal Stability
Dosimetry
Mechanical Response
Gas Evolution
Solubility
Aging
Radiobiological Experiments

Containment - Impact
Puncture
Fire
Thermal Shock
Pressures and Loads
Leak Tests
Corrosion

Shielding - Dosimetry
Shield Integrity
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FIGURES

TYPICAL SPACE NU<1.EAR POWER SYSTEM

SNAP-19 GENERATOR

Pb - Te
THERMOELECTRIC

ELEMENTS

GRAPHITE HEAT
ACCUMULATOR BLOCK

FUEL CAPSULE
Pu -238~- --"'1
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Weight 30 lbs.
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FIGURE 6

SAFETY CONSIDERATIONS FOR SPACE SYSTEMS

POTENTIAL ACCIDENTS

Launch Abort - Propellant fire and explosion; Impact on land or
in ocean; Impact location controlled by range safety

Uncontrolled Random Reentry - Reentry heating, random impact on
land (20%), or in sea and unpopulated polar regions (80%).

SAFETY CONSIDERATIONS

Fuel - Resistant to reentry heating, propellant fires, and
----impulsive loads; Minimize aerosols; Insoluble, not readily

assimilated into man's environment over long term

Containment/System - Control configuration to minimize heating,
impact effects; Containment during reentry and impact; Post­
impact containment time maximized.

Radiological Control - Recovery and location aids; Controlled
deorbit; Post-mission recovery or disposal beyond active
biosphere.
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FIGURE 7

SAFETY DESIGN REQUIREMENTS FOR SPACE SYSTEMS

Transport and Ground Handling - System and/or shipping container
to AEC, DOT requirements

Fuel - Thermal, mechanical, chemical stability short and long
term; High melting point, minimizes aerosols at and after
impact; Insoluble; Predictable; Reproducible.

Containment - Containment during launch aborts, in orbit, reentry,
earth impact; Accommodates internal pressure

Heat Source - Design and materials min imize effects of vibration,
fir~ shock, fragments, reentry, impact, corrosion

System - Location and recovery aids to facilitate return to
radiological control

Spacecraft - Materials minimize thermochemical reactions on
containment

Operational Procedures - Specify responsibility , authority and
procedures for transport, ground handling, and emergencies
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FIGURE 8

SAFETY ANALYSIS AND TEST REQUIREMENTS FOR SPACE SYSTEMS

Fuel - Thermal stability (fire, reentry)
Mechanical stability (vibration, impact)
Chemical stability (propellants, vacuum, air,

seawater)
Tested at temperatures
Long and short term
Dosimetry
Radiobiological experiments
Tests at temperature

Heat Source - Impact (terminal velocity, critical angle,
various media)

Propellant fire (fireball, afterfire)
Reentry (stability, heating rate, ablation)
Internal pressure or vent tests
Dosimetry
Corrosion
Shock, vibration
Leak tests
Tests at temperature
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RADIOISOTOPE REQUIREMENTS AND AVAILABILITIES
FOR POWER APPLICATIONS

An Overview

George Y. Jordy
Wi l t on J. Lindsey

James A. Powers

Abstract

Firm and probable needs for radioisotopic power are given along
with near and far-term availabilities. The following isotopes
are considered: plutonium-238, curium-244, polonium-2l0, thulium­
170, cobalt-GO, promethium-147 and strontium-90. Plutonium-238
and curium-244 have limited near-term av ai l abi l i t y due to current
shortage of feedstock; however, production could be increased in
the early 1970's by i r r adi a t i ng feedstocks (neptunium-237 and
americium-243) recovered from power reactor spent fuels. In con­
trast to the transplutonium isotopes, sui t abl e feedstocks are
readily available for polonium-2l0, cobalt-GO and t hulium-170.
Substantial production acceleration of cobalt-GO and t hulium-170
could be achieved in about one year. The near-term availabilities
of polonium-2l0, strontium-90 and promethium-147 are limited by
the capability of AEC developmental facilities to perform
separation, conversion and encapsulation operations.

George Y. Jordy is Ass istant Director for Planning and Evaluation
i n the Division of Isotopes Development, Wilton J. Lindsey is Chief
of the Production Reactors Branch in t he Divis ion of Production, and
James A. Powers is Chief of the Space I sot opi c Fuels and Materials
Branch in the Division of Space Nuclear Systems of the U.S. Atomic
Ener gy Commission, Washington, D. C.
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INTRODUCTION

The primary sources of radioisotopes for power applications are
the AEC production reactors and the commercial power reactors. The
major radioisotopes are produced either through deliberate irradiation
of target materials in these reactors or are recovered as by-products
of the burnup of reactor fuels. One important isotope, plutonium-238,
is to some extent, a combination product s ince its precursor,neptuniun­
237, is derived from burnup of uranium-235 fuel and is then deliber­
ately irradiated as a target to make plutonium-238.

Predicting the availability of isotopes involves predicting the
future operation of reactors. This is difficult, so availability
forecasts are always hedged with qualifications and are generally
shown as a range of possibilities. Wi t h the production reactors ,
there are two uncertainties: the number of reactors in operation and
the fraction of their capacity that can be made available for i sot opes
after priority production demands are met. However, isotope production
technology is well established and capability per reactor is known
quite accurately. In the case of power reactors, production technology
is still in a state of flux and the number and types of reactors that
will be operating in the next two decades is quite uncertain. A fur­
ther uncertainty is the extent to which fission products and neptunium­
237 will be recovered during processing of power reactor spent fuels.

This paper includes a fairly detailed discussion of isotopes pro­
duction and the most recent estimates of requirements. No attempt is
made to compare the supply and demand for each isotope, because in most
cases the potential supply is quite flexible and substitution of one
i sot ope for another to meet a particular requirement is often feasible.

RADIOISOTOPE REQUIREMENTS

Requirements are defined as falling into three categories -- firm,
probable and possible. Firm requirements are those which are associ­
ated with a scheduled event, e.g., delivery of a fueled system or carry­
ing out a developmental test, aAd formalized by the AEC and the user
agency in a letter agreement of some type. Probable requirements are
those which are on a tentat ive schedule. In many instances t here i s a
letter of interest from the user but generally the requirement is i n
the planning stages and beyond the current budget cycle . Possible
appl ications are those which are quite speculative poss ibly because the
mission i t s el f i s very tentative or in early planning, because another
power system has been assigned to the mission, or because another i so­
tope has been assigned to the program.

The isotope requirements have been defined after considering t he
needs of various agencies for electrical power in space, terrestrial
and marine applications. In the case of space miss ions, t he fo llowing
c lasses of applications are attractive for isotope power systems :
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NASA Missions

Manned
COllmlunications
Lunar Surface
Planetary and Interplanetary Probes
NIMBUS

Manned
COIIIIIunications
Navigational

5-20 kwe
1-20 kwe
0.5-20 kwe
0.1-2 kwe
0.05-0.1 kwe

3-10 kwe
1-20 kwe
0.03-0.10 kwe

For marine and terrestrial applications, radioisotope thermo­
electric generators are being developed in the following power ranges:

Marine and Terrestrial Applications

Biomedical, Marine
Navigational Aids, Relay Stations

1 watt electric
10-100 watts electric

There are multihundred watt and kilowatt size requirements for terres­
trial and marine applications also. The larger units will utilize
dynamic conversion systems.

Strontium-90 and plutonium-238 are t he primary candidates for
terrestrial and space power requirements, respectively. Because of
special characteristics, cobalt-60, thulium-170, polonium-2l0 and
curium-244 are also under development fo r isotope power applications.

The possible terrestrial cumulative requirements for isotope power
are shown in Table 1. These quantities are translated into kilograms
of cobalt-60 and strontium-90 since these isotopes are being developed
primarily for terrestrial use. However, it should be stated that
because of cost and availability both isotopes are being considered for
space applications. Cobalt is attractive for power applications in con­
centrations in the range of 200 to 400 curies per gram. At 300 curies
per gram the specific power of cobalt-60 is 4.6 watts per gram and the
power density is 40 watts per cubic centimeter.

Table 2 illustrates the firm and probable requirements for
polonium-2l0. There are possible applications, depending on the out­
come of DOD and NASA studies, which could add another 3 kilograms per
year beginning in 1973. The firm requirement for polonium at this time
is a SNAP-29 ground demonstration unit scheduled for December 1969.
This test will utilize approximately 125 grams of polonium as a fueled
heat source. The heat source will be us ed to power a 400 electrical
watt unit for about 100 days. In the 1970-1971 time period, the quan­
tities listed will be in support of developmental and possibly flight
test units. It might be necessary to support scheduled flight missions
beginning in 1972. The polonium-2l0 heat source program is based upon
receiving irradiated bismuth which contains 50 to 100 curies of
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polonium-210 per pound of bismuth. The availability, projected cost,
radiation (weight) and power density are all advantages of polonium-2l0.
However, the chemical activity of the polonium fuel form is such that
concurrent development work is being performed on another isotope, i.e.,
thulium-170. While a need for both thulium-170 and polonium-2l0 is not
foreseen at this time, if thulium-170 is selected instead of polonium,
then requirements for thulium would be approximately 25 kilograms per
year, in place of 2 kilograms per year of polonium-2l0, in the 1972-1976
time period.

Plutonium-238 requirements are shown in Table 3. Requirements for
this isotope have been discussed in previous papers. The SNAP-27 heat
source program will be finished in FY 1969. A large radioisotope heat
source development unit will be delivered to NASA in 1971. This Table
assumes the space use of kilogram units in the post 1975 time period.

Curium-244 is considered as an alternate, replacement, or possibly
a supplement for plutonium-238. Requirements for other than develop­
mental quantities for this material do not exist at present. Additional
curium-244 technology development will be carried out over the next
several years. Preliminary data indicates this isotope will be accept­
able for isotopic power applications in the temperature range spanning
thermoelectrics (lOOOOF) to thermionics (3000OF) applications.

PRESENT AND FUTURE AVAILABILITIES

Details of this subject are covered in subsequent paragraphs under
the headings, Review of Production Methods, Production Problems, Pro­
duction Plans and Future Availability. A brief summary of the current
outlook is as follows:

Isotope

Cobalt-60

Thulium-170

Polonium-2l0

Plutonium-238

Curium-244

Production Potential

large in relation to expected demand

large in relation to expected demand up
to restriction imposed by supply of
natural thulium

potentially large in relation to expected
demand but currently limited to existing
facilities for chemical processing

current supply about equal to demand; pro­
duction cannot be expanded until neptunium­
237 feedstock becomes available from power
reactors

only experimental amounts available at
present; additional supply could become
available in about four years; much larger
amounts would depend on recovery of feed ­
stock (americium-243) from power reactors
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REVIEW OF PRODUCTION METHODS

Coba1t-60

This isotope is made by addition of a neutron to readily-available
monoisotopic cobalt, coba lt-59. The AEC has a capability for producing
hundreds of megacuries of cobalt-60. In May 1961, the AEC withdrew from
the production and distribution of coba1 t-60 of greater than 30 curies­
per-gram specific activity (modified in 1965 to greater than 45 curies
per gram) in view of industry capability to serve routine commercial
applications such as teletherapy and radiography. The Commission
recently withdrew from the production and distribution of coba1t-60
sources of 45 curies-per-gram specific activity and less, in light of
private capability to produce such material.

High specific activity coba1t-60 (approximately 200 ci/g) could be
produced in reactors having neutron fluxes as low as 6 X 1013 n/cm2/sec,

but 6 years would be required; to obtain 200 ci/g product in 3 years or
less, a flux of 1 X 1014 or higher would be needed.

Thu1ium-170

This isotope is made by addition of a neutron to thu1ium-169, a
rare earth. Thu1ium-170 could be supplied from AEC production reactors
in up to megawatt quantities per year. The availability of thu1ium-170
depends upon the availability of thulium-169 target material, flux
levels to produce the desired specific activity fuel form, and facili­
ties to convert the irradiated targets i nto a usable isotopic source.
Multi-kilowatt quantities of thu1ium-170 could be produced in existing
commercial facilities on relatively short notice.

Po1onium-210

This isotope is made by addition of a neutron to readily-available
monoisotopic bismuth, bismuth-209. Because of the very low cross section
for the reaction (0.019 barn), many tons of bismuth must be irradiated
and processed to produce po1onium-2l0 in large quantities. Furthermore,
since its recovery cost is related to the amount of bismuth which must
be processed, it is preferable to irradiate the bismuth at high flux
levels to obtain as high as possible a concentration of po1onium-210 in
the bismuth target discharged from the r eactor.

At present, there is no commercial capability to process po1onium­
210 or manufacture po1onium-210 heat sources. Such capability exists
only at Mound Laboratory and its encapsulation capability is currently
limited. By 1969, however, the process fac i l i t i es at Mound Laboratory
will have been improved and a new facili ty for encapsulating po1onium­
210 will have been completed. Mound Laboratory will then have the capa­
bility to supply kilowatt quantities for developmental purposes. During
the early 1970 ' s , this capability will be expanded in order to support
scheduled mission requirements.
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Plutonium-238

Plutonium-238 is made by the addition of a neutron to neptunium-237.
Neptunium-237 is a by-product formed in a reactor fuel element by (a)
addition of a neutron to uranium-236 which may be formed in about 20~ of
the neutron captures by uranium-235 and (b) (n, 2n) reaction with uranium­
238.

Since neptunium-237 is primarily a by-product of nuclear power
generation, any increase in planned nuclear power generating facilities
would increase the amount potentially available from that source. If
the neptunium-237 expected to be available from the commercial repro­
cessing of power reactor fuels is recovered and accumulated and then
i r r adi a t ed in government or private reactors to produce plutonium-238,
the total annual supply of plutonium-238 in the late 1970 ' s could in­
crease rapidly. Thus, recovery of neptunium-237 from irradiated power
reactor fuel could make a major contribution to the future availability
of plutonium-238 for isotopic applications.

Curium-244

This isotope is made by addition of a neutron to americium-243.
Americium-243 is produced by a series of neutron additions, starting
with plutonium-239. These reactions can be carried out deliberately
in a production reactor, preferably at high flux to shorten the time
required, or advantage could be taken of the fact that they will take
place automatically in power reactors when fuel is taken to high burnup
projected for the future. The power reactor source has potential for
greatly increasing the supply and reducing the cost of americium-243 ,
but two problems have to be dealt with: (a) facilities will have to be
added to the commercial plants which reprocess power reactor fuel in
order to recover americium-243, and (b) as recovered, americium-243
will be mixed with americium-24l from which it cannot be separated
economically. Irradiation of the mixture will result in a mixture of
curium-242 and curium-244 that also is inseparable as a practical
matter. One solution would be to store t he 242/244 mixture until the
short-lived curium-242 (half-life, 163 days) largely decays away to
plutonium-238, leaving a mixture of long-lived curium-244 (half-l ife,
18 years) and the still longer-l ived plutonium-238 (half-life, 89 years)
which could be separated, i f desired.

At present, there are no large-scale facilities for fabricating
americium-243 into targets or for separating the targets after irradia­
tion. The current separation of curium-244 at Savannah River, which
will recover about 5 kgs, is being carried out in pilot scale equipment.
No expansion of the Savannah River facility is contemplated unless firm
requirements for curium-244 develop.

PRODUCTION PROBLEMS

Production problems for the reactor-produced isotopes range from
minor to major, depending on t he isotope:
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Coba1t-60

For cobalt-GO, there are essentially no problems; target material
is readily available, permanent encapsulation can be done in a cold
condition prior to irradiation and the cobalt-GO can be ready to use
when it leaves the reactor. Irradiation is practical in power reactors
for specific activities up to about 100 curies per gram, and in produc­
tion reactors up to about 400 curies per gram.

Thu1ium-170

For thu1ium-170, the only apparent problem is the preparation of
oxide targets of sufficient strength that they can be handled without
breaking during post-irradiation encapsulation. Specific activity in
the 1 to 2 watts/gram range are feasible, depending on the flux level
available. Prompt handling is essential because of short half-life
(125 days).

Po10nium-210

Production of large quantities of po10nium-210 is, as a practical
matter, restricted to the AEC reactors at Savannah River and Richland
where substantial in-reactor space can be made available. The nuclear
cross section of bismuth is so low that large amounts of target material
must be accommodated. This large bulk is also a problem after irradia­
tion when untransmuted bismuth must be separated from the po10nium-210
products by chemical processing. Short half-life (138 days), very high
specific power (141 watts per gram), and intense alpha activity also
complicate the separation process. The current limitation on po10nium­
210 production is the capacity of the planned separation facilities at
Mound Laboratory which will be able to handle about 3 to 6 kgs per year
in the early 1970's.

P1utonium-238

Neptunium feedstock for p1utonium-238 production is obtained
primarily as a by-product, being recovered during chemical processing
of spent fuel from AEC production and test reactors. Short of deliber­
ate burnup of additional uranium-235, very little can be done to enhance
the neptunium supply, and AEC efforts to increase production have been
adversely affected by the shutdown of seven out of 14 production reac­
torsduring recent years. Beginning about 1971, recovery of neptunium
from power reactor fuel will be possible and there is potential for a
rapidly increasing supply in future years, as discussed in a later
section. However, because conversion of neptunium is a cyclic process,
in which only about 20% of available inventory can be transmuted to
p1utonium-238 each year, it will be about 1975 before power reactors
could significantly add to the p1utonium-238 supply. After that, pro­
duction could increase very rapidly.
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Curium-244

Curium-244 has not yet been produced on a large scale, but the
current experimental production campaign at the Savannah River Plant
is providing useful experience as well as sufficient curium for experi­
mental use. The apparent production problems are: (a) preparation of
feedstock (americium-243) is slow and expensive under current circum­
stances, and (b) substantial investment will be required for construc­
tion of target preparation and chemical separation facilities.
Americium-243 is potentially recoverable from spent power reactor fuel
and if this is economically attractive, a rapidly increasing production
of curium-244 is possible.

PRODUCTION PLANS

AEC production plans will continue to be responsive to four
principal factors: (a) ability and willingness of private producers to
meet some or all of the requirements at reasonable prices, (b) avail­
ability of funds for production operations and construction of facili­
ties, (c) availability of space in the production reactors, and (d) re­
quirements for the isotopes.

In the case of cobalt-60, AEC has recently withdrawn from produc­
tion in favor of private industry and, in the future, would be a
supplier only under special circumstances, primarily if private pro­
duction were inadequate. AEC has no plans for large-scale production
of thulium-l70 but the capability exists if such demands should develop.
Polonium-2l0 will be produced in existing facilities at rates in the
1-3 kg per year range. Plutonium-238 will continue to be produced with
feedstock available from AEC reactors. Purchase of neptunium from power
reactors is being considered. AEC has no current plans to produce
curium-244 and future arrangements will depend to a considerable extent
on the outcome of research and development work with curium-244 from the
experimental production run. The AEC's present nominal capacities to
provide strontium-90 and promethium-l47 are about 14 kilograms (2 million
curies) and 1.1 kilograms (3.0 million curies) per year, respectively,
as encapsulated source. The potential supplies of crude strontium-90
and promethium-147, separated from other fission products originating
at the Hanford site in the chemical processing of reactor fuels, are
not limited to these amounts; the limiting capacity is that concerned
with processing these feed to usable forms, such as strontium titanate
and promethium oxide, and encapsulating these materials as heat sources.
These latter functions are performed at the Oak Ridge National Labora­
tory's Fission Product Development Laboratory for strontium-90 and at
the Pacific Northwest Laboratory for promethium-l47. Requirements for
these fission products are presently being satisfied from accumulated
inventories.

FUTURE AVAILABILITY

A continuing study of the future quantities of various isotopes
potentially recoverable from spent fuels discharged from U.S. nuclear
power reactors is carried out for the AEC's Division of Isotopes
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Development by the Systems Engineering Department of the Pacific North­
west Laboratory. Such projections involve consideration of the follow­
ing: (a) the number and types of reactors that will be operating, (b)
the method and schedule of their operation, and (c) the detailed com­
position of spent fuels for both startup and equilibrium fuel cycles.

The projection of isotope production and availability from power
reactors is, of course, more dependent on the assumed nuclear power
growth than any other parameter. The current AEC projection (1) is for
120 to 170 thousand net electrical megawatts of installed nuclear capac­
ity by 1980 with the best estimate at 150 thousand net electrical mega­
watts. This is taken as the basis for the projection used in this
study, which increases to 500,000 electrical megawatts installed at the
end of 1990.

The annual and cumulative installation of nuclear capacity used in
this study are given in Table 4. It is recognized that the annual
figures contained in Table 4 differ somewhat from those of the refer­
enced forecast. This is primarily due to two factors: (a) subsequent
slippages in the dates at which various nuclear plants under construc­
tion or definitely planned are expected to become operational and (b)
smoothing of the growth curve. The differences, however, are con­
sidered to be within the range of uncertainty of the referenced pro­
jection and do not constitute a basis for a "new" forecast.

Certain other pertinent assumptions and ground rules are summarized:
(a) installed nuclear capacity and isotope production and availability
are stated as of the end of the year, (b) yearly nuclear capacity addi­
tions start up at midyear, (c) nuclear power plant life is thirty years,
(d) nuclear power plant capacity factor of 857. during the first fifteen
years of plant life, declining linearly to 50% at the end of plant life,
(e) one year elapses between reactor discharge and isotope recovery,
(f) chemical processing recovery efficiency of 987. for plutonium and
uranium, (g) by-product recovery efficiency of 907., (h) promethium-147
and curium-244 final purification delayed three years after fuel dis­
charge to allow for promethium-148 and curium-242 decay, respectively,
and (i) plutonium-238 formed by curium-242 decay, except for that
formed during the first year (following fuel discharge and prior to
fuel processing), is recovered at the time of curium-244 final
purification.

The installed civilian nuclear capacity is assumed to be wholly
composed of 1000 eMW light water reactors. The fuel discharge histo­
ries used for installations prior to 1980 are typical of the Brown's
Ferry boiling water reactor (BWR) and the Diablo Canyon pressurized
water reactor (PWR). A more advanced design for both the BWR and PWR
in which the specific power is increased approximately 157. is assumed
for the post seventy period.

Two cases are presented: one in which the plutonium recovered from
spent fuel is not recycled; in the other in which the recovered pluto­
nium is blended with natural uranium and r ecyc l ed in 1000 eMW light
water reactors operating exclusively on t his type of fuel cycle

79



throughout their 30-year lives. Plutonium recycle reactors are
installed at a rate consistent with minimizing x-reactor plutonium
inventory. It is assumed that one year after spent fuel discharge,
plutonium is recovered and available for reactor charging as fabri­
cated plutonium enriched fuel. Plutonium recycle is of particular
interest in considering radioisotope production since it is plutonium
that is the source of the americium and curium isotopes.

In a period of rapid growth, such as is predicted for the next
two decades, reactor startup cycle effects are quite significant. The
projected new capacity additions for each year range from over 1001. to
no less than 101. of the previously existing capacity through the year
1990. Hence, there is always a significant fraction of capacity in
the startup phase during this period. The calculation of isotope pro­
duction and availability from power reactors should therefore reflect
the effects of low fuel exposure conditions during startup cycles.

The annual availabilities (a year after spent fuel discharge) of
incidentally produced neptunium-237 and the americium (Am-24l and
Am-243) are given in Tables 5 and 6 for the years 1970, 1975, 1980,
1985 and 1990. Plutonium recycle reduces the uranium-236 formation
since it displaces the in-reactor inventory of uranium-235 and
increases that of plutonium. This has the effect of reducing neptunium
formation from neutron capture by uranium-236 while increasing that of
americium. Concomitantly, the recycled plutonium contains a greater
fraction of higher isotopes, thereby increasing the in situ plutonium­
242 inventory and markedly enhancing the formation of americium-243
relative to americium-24l as shown in Table 6.

The plutonium-238 potentially available from three sources:
(a) neptunium-237 target irradiation, (b) decay of curium-242 in the
curium recovered from spent fuels, and (c) decay of curium-242 pro­
duced in americium target irradiation is given in Table 7. The
principal source of plutonium-238 is from neptunium-237 target
irradiation. Neptunium-237 availability is converted to plutonium-
238 availability on the assumption that prior to 1981 neptunium
targets are irradiated in AEC facilities and in power reactors there­
after. Only a relatively small amount of plutonium-238 is obtained
from the 163 days half-life curium-242 decay during the two-year aging
of curium recovered from spent fuels. This quantity could be increased,
possibly doubled, since a rather conservative assumption was adopted
that the first year's decay of curium-242 would not be recoverable
(lost to other plutonium isotopes).

The irradiation of americium targets results in two products:
curium and plutonium-238. Plutonium-238 is formed when the curium­
242 (produced from americium-24l neutron capture) decays during the
assumed one-year target irradiation and the two-year aging period
between target irradiation recovery of the product. This aging period
is required to reduce the activity of the curium for processing and to
stabilize the activity in the curium-244 product. The production of
high purity plutonium-238 is difficult because of the partial decay of
americium-242 to plutonium-242.
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The curium-244 potentially available from two sources: (a) directly
from spent fuel, and (b) americium target irradiation is given in Table
8.

Annual availability summaries for promethium-147 and strontium-90
recovered from spent power reactor fuels are given in Tables 9 and 10.

COST AND ECONOMIC CONSIDERATIONS

The cost of producing isotopes for power sources depends on so
many factors that it is necessary that we define our assumptions before
proceeding with further discussion. First, it is assumed that produc­
tion will be carried out in government-owned facilities, primarily the
existing production reactors at Savannah River and Richland, along with
related facilities for fuel fabrication and separation. To the extent
that suitable facilities for target preparation and separation do not
exist at these or other AEC sites, it is assumed they will be built.
Second, it is assumed that the scale of production will be large or,
alternatively, if the production rate is not sufficient to require the
exclusive use of a whole reactor, other products will be made in the
remaining space and will pay a proportionate share of operating costs.
Third, it is assumed that the isotopes are being produced for transfer
to another Federal agency at costs computed in accordance with current
accounting practices.

Even with these limitations, it is di f f i cul t to project manufac­
turing costs for radioisotopes without defining amounts and specifi­
cations and also assuming that favorable circumstances will exist in
the AEC production complex at the time i n question. For example,
unfavorable circumstances would be additional shutdowns of AEC pro­
duction reactors or need for all reactor capacity for programs other
than production of radioisotopes. Another possible problem would be
inability to obtain funds for construction of target handling facili­
ties which are quite limited in some cases. However, to meet the
need for cost information that can be used for comparing one isotope
with another and with competitive sources of heat energy, all of the
necessary favorable assumptions have been made and manufacturing cost
goals for the major radioisotopes have been developed which reflect
what might be achievable over production campaigns of reasonable size
and length.

The following cost goal ranges have been estimated for large
quantities produced over campaigns of appreciable length for use by
Federal agencies. These intergovernment charges do not include
final encapsulation or several factors such as depreciation and
profit which must be included in commercial prices.
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Isotope

Cobalt-GO
Thulium-170
Polonium-210
Plutonium-238
Curium-244

Manufacturing Cost
Goal Range
$/Thermal Watt

7 - 25
10 - 25
10 - 25

500 - 700
100 - 500

These estimates assume that the isotopes are produced, processed
(if necessary), converted to a fuel form (if necessary) and sealed in
a primary containment capsule. In some cases, such as cobalt-60 and
thulium-170, the initial encapsulation applied before irradiation may
be all that is necessary.

REFERENCE

"Forecast of Growth of Nuclear Power," WASH-1084, December 1967.
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Table 1

Cumulative Terrestrial Power Requirements

Year 1970 1972 1974 1976 1978 1980

Requirements (kw) 10 30 50 75 100 125
Requirements (kg)

Strontium-90 10 31 52 78 104 130
Coba1t-60 0.57 1.7 2. 9 4.3 5.7 7.2

Table 2

Estimated Firm and Probable Space Requirements
for Po1onium-210 through 1976

(kilograms)

.lli2. l2.ZQ. lll! 1972 1973 !2li 1976 l2..Z§. 1980

Annual
Requirements 0.3 0.7 1 2 2 2 2 2 2

Cumulative
Requirements 1.0 2 4 6 8 12 16 20

Table 3

Estimated Firm and Probable Requi r ement s for
P1utonium-238 through 1980

(kilograms)

1969 1970 1971 1972 1973 1974 1976 1978 1980

Annual Space
Requirements 5 20 33 22 26 30 115 120 120

Annual Other
Requirements _4_ _4 _6_ .zs, -lQ... .is. -.!Q -.!Q -.!Q

Total Annual
Requirements 9 24 39 32 36 40 125 130 130

Cumulative
Requirements 33 72 104 140 180 400 660 920

83



Table 4

Estimate of Cumulative Capacity of Domestic
Civilian Nuclear Power Plants

Year Ending 103eMW Year Ending 103eMW

1960 0.3 1975 70
1961 0.5 1976 83
1962 0.5 1977 97
1963 0.6 1978 112
1964 0.6 1979 130

1965 0.6 1980 150
1966 1.0 1981 174
1967 1.0 1982 200
1968 3.0 1983 230
1969 5.7 1984 261

1970 12 1985 296
1971 23 1986 332
1972 34 1987 371
1973 45 1988 411
1974 57 1989 454

1990 500

Table 5

Neptunium-237 Annual Availability from Spent Power Reactor Fuels
(kilograms/yr.)

1970
1975
1980
1985
1990

Without Pu Recycle

15
375

1220
2580
4520

Table 6

With Pu Recycle

15
375

1130
2290
3860

Americium Annual Availability from Spent Power Reactor Fuels
(kilograms/yr.)

Without Pu Recycle
Kgs. 1. Am-243

With Pu Recycle
Kgs. 1. Am-243

1970
1975
1980
1985
1990

3
88

290
550
840

84

57
57
57
57
55

3
88

620
2170
5330

57
57
63
65
69



Table 7

P1utonium-238 Annual Availability from Power
Reactor By-Products

(kilograms/yr .)

Neptunium Americium
Target Curium Target
Irradiation ~ Irradiation Total

Without Pu Recycle

1970 6 0 0 6
1975 75 1 2 78
1980 481 5 29 515
1985 583 11 81 675
1990 1192 16 157 1365

With Pu Recycle

1970 6 0 0 6
1975 75 1 2 78
1980 467 7 36 510
1985 534 25 186 745
1990 1050 59 536 1645

Table 8

Curium-244 Annual Availability from Power Reactor
Spent Fuels and By-Products

(kilograms/yr.)

Americium
Recovered Target
From Fuel Irradiation Total

~ithout Pu Recycle

1970 0 0 1
1975 3 1 4
1980 25 20 45
1985 55 65 120
1990 65 135 200

With Pu Recycle

1970 0 0 1
1975 3 1 4
1980 53 27 80
1985 280 175 455
1990 720 600 1320
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Table 9

Aged Promethium-147 Annual Availability from
Power Reactor Fuels

(kilograms/yr.)

1970
1975
1980
1985
1990

Table 10

2
36

190
490

1000

Strontium-90 Annual Availability from Power Reactor Fuels
(kilograms/yr. )

Without Pu With Pu
Recycle Recycle

1970 19 19
1975 522 522
1980 1450 1360
1985 3180 2910
1990 5890 5210
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RADIOISOTOPES FOR POWER APPLICATION

J. S. Griffo

Abstract

The decay ene r gy of selected radioisotopes provides a unique source
of heat which can be coupled with static and dynamic power conver­
sion units to provide useful quantities of electrical energy. Based
on selection criteria the fission and neu t r on produced isotopes
238pu, 2l0 po, 244Cm, l70Tm , 90Sr, and l47Pm are primary contenders
for potential use in heat sources for space applications. Currently,
major effort in the Space Nuclear Systems Division is directed toward
the development of fuel forms of 238pu , 2l0po, and 244Cm. This
paper provides a brief evaluation of the potential of these isotopes
and how this potential is determined f rom their properties.

J. S. Griffo is an isotopic fuels specialist with the United State s
Atomic Energy Commission, Washington, D.C.
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The United States Atomic Energy Commission supports a number of
projects directed toward exploiting the unique source of energy provided
by the decay of radioisotopes for space, terrestrial and marine power
applications. The first space electric power generators were fueled
with plutonium 238 and were used for navigational aid purposes. The
first terrestrial power systems used strontium 90 heat sources and were
placed in several marine and remote terrestrial sites for use in navi­
gational beacons, weather buoys and polar region unattended weather
stations. These early devices have been invaluable in demonstrating
the reliability of isotopic power. The method whereby thermoelectric
power is obtained from isotopic heat energy is illustrated on Fig. 1.
The fundamental design of this generator is relatively simple, consisting
of a centrally located isotopically fueled heat source; thermoelectric
elements for conversion of heat to electrical energy; and electrical
taps to which the thermoelectrics are connected in series to provide
for integration of the unit into a desired electronic system.

Basically, similar criteria apply in the selection of isotopic
fuels for terrestrial or space applications. Isotopic availability,
cost, half-life, radiation characteristics, and the potential for
conversion to stable compounds are principal factors in defining
specific fuels for given mission requirements. However, in considering
total mission requirements conditioned by environmental requirements,
obvious differences between space and terrestrial applications demand
more rigorous specifications to be imposed upon space fuels and power
systems. As, for example, a weight factor acceptable for terrestrial
sources may be prohibitive for space applications which may be best
served using a fuel of greater specific power and requiring less
shielding. By the same token , a radiation factor that can be hazardous
with respect to manned space missions as well as disastrous to sensitive
scientific equipment placed onto space vehicles for long-term operation
may be perfectly acceptable in many terrestrial applications. In
general, the operating environments reflecting requirements for intact
space power sources are presented in Fig. 2. It is apparent that under
these conditions a power capsule must be a self-contained, integrated
system in itself. Ideally, both the clad and capsule contents,
consisting of a stable fuel form, should be capable of surviving extreme
conditions portrayed in this Fi gur e . In the event of capsule rupture
or loss of containment, the developed fuel form should provide the
thermal, mechanical and chemical stability required to maintain the
release of radioactive materials to within rigorously specified
limitations. Briefly stated then the fueled cagsule designed to
operate at a specified temperature (500 0

- 2500 F) for a given mission
period which may range in time from a few months to several years must
also be capable of surviving a launch pad fireball, reentry thermal
pulse followed by earth impact, or exposure to aqueous environment.
Under these conditions, in the event that recovery is not a requirement,
the mode of disposition should present no hazard due to controlled
release of radioactive material.
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With appropriate emphasis then placed on each of the described
selection criteria, Table 1 lists candidate space fuels currently
considered for advanced development for power applications. As
mentioned previously, 90Sr has been primarily applied and is being
further developed in the form of the titanate for terrestrial power
requirements. However, since this isotope continues to be attractive
because of its low cost and availability, it is retained as a potential
space fuel candidate. The major disadvantage for space applications
stems from the high energy radiation associated with the isotope.
Strontium 90 has a decay daughter, 90y , in secular equilibrium which
emits a very high energy beta particle (2.27 Mev). The intense, high
energy beta activity of 90y , as well as softer beta of 90Sr (approxi­
mately 0.5 Mev), results in high energy bremmstrahlung. This would,
therefore, require thick shielding or result in a certain amount of
inconvenience in remote handling equipment and procedures that would
be required on the launch pad. A highly reliable capability for intact
reentry would also appear to be required if 90 Sr is to be used in space
missions. The power density of the typical strontium fuel form, the
titanate, is approximately 1.0 W Icc based on the density value
currently obtained (approximate19 4.5 g/cc) by hot pressing techniques.

Promethium 147 may be considered as a pure beta emitter since it
has only one step in its decay scheme to s t ab l e (t~ = 10" yr) l47Sm•
The energy of the beta emission is relat ively low (maximum value
approximately 0.23 Mev), therefore, the bremsstrahlung will have low
energy. 4However, in the irradiation process, energetic gamma emitting
42 day 1 8Pm is formed by neutron capture of l4/ Pm• Additionally,
gamma radiation can be expected from trace amounts of l46Pm which is
also present. Promethium 146 has a short half-life of about 1.9 years
which approximates that of l47Pm. For l48Pm, with its half-life of
42 days, aging for about one l47Pm half-l ife is sufficient to reduce
the total shielding requirements to about that which would be expected
for shielding bremsstrahlung and gammas f rom l47Pm and l46Pm• The
disadvantage of this process, however, is that the quantity of l47Pm
is also reduced by approximately fifty percent which additionally
mitigates against cost and availability. Currently, l47Pm has been
used to fuel a fifty thermal watt microthruster for space applications
and a sixty-five thermal watt Air Force inertial guidance heater. In
subsequent fiscal years through 1970 one thermal kilowatt per year is
programmed for use in R&D programs. The Ai r Force is forecasting a
potential heater requirement utilizing 13 thermal kilowatts per year,
beginn ing in 1969. The power density of t he sesquioxide fuel form as
currently produced containing 82 w/o l47Pm is 1.8 watts/gram.

In contrast to 90Sr and l47Pm, which are obtained as fission
products, l70Tm with a half-life of 0.35 yea r s is a neutron product
produced by irradiation of natural l69Tm• Gamma emission from l70Tm
also includes bremsstrahlung from beta pa rticles emitted with energies
of 0.969 and 0.885 Mev. Bremsstrahlung for l70Tm emitted in the energy
range of 0.2-0.77 Mev is equivalent to the low energy bremsstr,slung
from 90 Sr (0.5-0.8 Mev); however, the shielding required for Tm is
less than for 90 Sr due to additional higher ener~n radiation (1-2 Mev)
associated with 90Sr• The common fuel form of 1 Tm is the sesquioxide
having a practical specific power of approximately 2.4 watts/gram.
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Preliminary synthesis and charac terization s tudies of thulium f uel
forms funded by the AEC's Division of I sotopes Development are directed
toward es t abl i sh i ng the feasibility of thulium oxide as a space fuel
for operation at t emper atur e s up to l 5000C, for periods of 180 days.
Considering t he power de nsity and radiation characteris tics of l70rm,
as compared with 2l0po i it i s not impossible that this fuel may serve
as an alternative to 2 0po for short -term space applicat ions.

However, since currently alpha emitters are preferred over beta
emi tters for use in space heat sources because of their higher specific
power and mor e favorable radiation characteristics, mator em~hasis is
~4~sently placed on t he dev elopment of f uel forms of 2 0po , 38pu, and

Cm.

The radiation characteristics of 238pu are especially attractive.
The se cha racteris tics have made pluton ium a pr ime cand i date for b io ­
medical applications . The gamma radiation as so ciated ~~th 238pu is
quite minimal, the abundance of pr imary gamma being 10 times that
of the alpha radiation . Additionally, the most abundant gamma radiation
ha s prac tical energies in t he or der of 150 ke v and shou ld be read ily
shielded by the isotope conta inment material . Penetrating gamma r adia­
tion is essentially nonex istent from the 238pu isotope . However, 236pu ,
which is present as an impurity in parts per million concentration, does
h ave a hard, gamma-emi t ting daughter produc t, 208Tl. This r ad iation
must be taken into account in des igning large 238pu heat sources if
radiation sensitive instruments are to be located in close prox imity
t o the source . Neutron radiation is also present as a result of a 1010

year spontaneous fission hal f- l ife and (alpha, n) r eactions with oxygen
in the Pu02 ' Although nothing can be done to alter the emis s ion rate
of the spontaneous fission neutrons, oxygen exchange reactions have
been i nvestigated to produce plutonium dioxide which i s depleted in the
170 and 180 iso topes. Expe riments have shown t ha t a tenfold reduction
in the abundance of the 170 and 180 a s compared to their natural
abundance will reduce the neutron radiation by a factor of 4 or 5, or
essentially t o tha t of the spontaneous fission background .

Because of i t s hal f -life, cost and av a i l abi l i t y , 238pu i s being
considered for space mis sions of ex t ended duration (two ye ar s and
beyond) or f or t ho se applications where f ue l recovery is possible .
Power levels fo r these various missions range f rom a few hundred thermal
watts to thermal kilowatts.

To quo te an example, the AEC ha s agreed to provide 50 kilograms of
238pu to NASA i n an effort to ground t e st an isotope-powered Brayton
engine. Thi s test is to begin in 197 2 and shou l d play a very i mpor t an t
role in the f uture application of kilowatt size heat sources. Thi s
qua n ti ty of f uel r epre sen t s a con s i der ab l e financial investment on t he
part of the Government and, therefore, as shown in Table 2, the recovery
and reuse of plutonium at the end of each mission is extremely de sirable .
The u se of plutonium under these conditions would amount to le ss than
one dol l ar per thermal kilowa t t hour . However on including the cost
and efficiency of the conversion unit , and additional co sts of recovery
and fuel r eprocessing following recovery, the cost of 238pu i sotop ic
power could r ange anywhere from $5 to $20 per el ectr ical kilowatt hour.
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Now cons idering fuel forms of 2l0po and 244em, both i sotopes
have favorabl e properties, based on the previously described selection
factor s, that are being f ur t he r developed to reali ze their full
potential for space applicat ions. Polonium 210 , wi t h a half-life of
138 da ys, a speci f i c power of 144 watts per gram, and with r elat ively
soft gamma radi a t i on hav ing maximum ener gy i n the r ange of approximately
0.8 Mev , i s desirable f or short- t e rm mi s sions of a f ew week s to seve r al
mont hs in durat ion. Thi s i so t ope i s a neut r on product r e ad ily prepared
i n r e ac t or s by i r r adia tion of 209Bi to 2l 0Bi which decays by a be ta
emission with a half-life of 5.4 days t o 2l 0po • Although currently the
production of relatively small amounts i n the order of a few hundred
grams per ye ar is suf f ic ient to suppor t the development work being
conducted on polonium fue ls , no major problems are anticipated in
scaling up to kilogram quant itie s in the early 1970 t ime period. It
i s fur t he r t ent a tive l y e stimated that by the mid- seventie s t ime pe r i od,
capab il ity should exis t t o enable fabricat ion of he a t source s at a
cost of approx imate l y $20/Wt for the en capsulated iso t ope.

The rare ear t h polon ides with melting points of up to 22000 C
repre sent the most s t able compounds of 2l 0po and currently gadolinium,
along wi t h several o t he r r ar e earth polonides are being act ively
inve stigated fo r the development of composite and micr osphe re fuel
fo rms. Wi th respect to t he rmal stab i l ity and res i s tanc e t o oxida tion,
the hol l ow microsphere compos ite fue l f orm shown i n Fig . 3 appears t o
of fe r gr eates t po t en tial fo r h i gh temper ature appl ications. Brie f l y
de sc r i bed , thi s concep t en t ails t he app l icat ion of a rare ear t h
po lon ide onto hollow mi croba lloon subs trate by vacuum vapor depos i tion .
Subseque n t ly , a thin protective layer i s applied onto the fueled
surfac e prior to appl ication of a s t r engt h member, and an ox i da t i ve
coat ing followed by compaction. This fuel form is s t i l l in the
deve l opmental phase. However , whe n it i s compl eted it should provide
fo r t he three major fe a t ure s including fue l containment, helium
r eten t ion i n t he central voids of each mi c r o sphe r e and hi gh t emperature
s tabil i ty i nc l ud i ng resis tance t oward oxidat i on .

Cur ium 244, wi t h a half- l ife of 18 ye ar s , ha s five t i me s the
power den s ity of 238p u and has mor e att r active thermal characterist ic s
for iso t op i c power applica t i on s . Being an alpha emi t t e r wi t h a power
den s ity of approximately 2 . 6 wat ts per gr am render s the i sotope
suff i cien t ly suitable fo r both thermoelectr ic and thermionic power
app lic ation~ For th i s r ea son , 244em ha s gr ea t e r per f ormanc e po t en tial
f or space app lications as compared t o 238pu . Over a per i od of the
next few years , several kilograms of 244Cm ar e pl ann ed t o be u sed t o
be tte r evaluate t he app l icabi l ity of th i s isotope for various hea t
sou rce applications . The fuel f orm development activi t ies wi t h 244Cm
c l ose ly resemb le tho se pr e s entl y i n progre s s with 238pu . A sol -ge l
pr oc e s s i s be ing considered fo r product i on of micro spheres a s we l l as
the development of composi t e fu e l f orms that may further immob i lize
t he radioi so tope und er oper a ting cond itions. Mo r e r adio active than
238pu by a fac tor of 5 wi t h re spect t o alpha r adiat i on and by se veral
or der s of magnitude from the standpoint of neutron do se r a t e s , it is
expected t hat curium wi l l be mo re di f f i cult to process and wi l l r equ i r e
consider ab ly more r ad i a t i on shieldi ng .
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A . h 238p 1 f 244 h . h hS w~t u, program pans or Cm are sync ronous w~t t e
planned availability from power reactor operations. A recent Pacific
Northwest Laboratory study indicates that the availability of 244Cm
will be quite limited until the middle to late 1970's and this schedule
should give us adequate time to accomplish the very difficult task of
fuel form development and chemical process development necessary to
arrive at economical and efficient production methods.

Curium could conceivably be used in many space missions for which
238pu is 2~4rently assigned. For missions whereby radiation is not of
concern, Cm heat sources would certainly be lighter than plutonium
sources. Estimated future costs of curium range from $100 to $500 per
thermal watt. Obviously, the cost is of great significance. Without
~~Zl recovery, and if the $500 per watt cost estimates are accurate,

Cm would have initial cost advantages over 238pu. With fuel
recovery, however, and considerin~ the differences in half-life, curium
costs are comparable to those of 38pu.

Table 3 shows some of the SNAP units for which heat sources have
been supplied fueled with plutonium and curium isotopes. Polonium 210
is not mown on this list but currently the isotope is planned for use
with the SNAP 29 unit which is presently being developed. Therefore,
to summarize in general, although the main emphasis on isotope selection
and fuel form development is currently placed on the alQha emitf;os
238pu, 2l0po and 244Cm, the alternate isotopes 90Sr, l47pm and Tm
are still considered primary contenders for space applications.
Strontium fuel forms have provided service in terrestrial isotopic
power generators, promethium has been used to fuel and test a micro­
thruster for space applications and, recently, further efforts have
been directed toward investigating fuel forms of l7°Tm•

Current efforts are directed toward establishing new fuel forms
of predictable and reproducible properties and to make these products
available for higher temperature space applications required to enhance
systems safety and power requirements. Fundamentally, this work entails
fabrication, extensive characterization, and safety testing in the
development stages prior to scale-up and production of space qualified
fuel forms, and it is some of the results and details of these studies
that will be described in the following papers to be presented during
this session.
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Table 1

Cand l da te Spec e F\.Ieh
POlll 1ble

Halt- PracUcal Slgnl fl caDt Co.t Range Avallab1l1 t )'
Lite Cbcr..leaJ. ~.e1 \188- Ptr...e r DeDs l ty Ext.eroal Shl eld i og $/'lt.en:>&l Kvt/Y e a r Produc ti oa

~ (r ear .,) Fono Poi n t ( C) ( ....a tt. / ce) Rad1aUoa Requ1receat Watt 1S'75- 1S80 ~

sr
90

28 SrTl0
3

1910 C&IllI:la Heavy 25-)0 700 n .. loa
Produ ct

i'lIl~7 2.6 ~O) 21)0 1.8 Ga=a Minor 200-600 25 naa l0D
Product

Tm
170

0·)5 ~O) 2)77 9 . 6 C&IllI:la Hode ratA 10-25 ) 1000 Neutron
Product

ru
238

87 .5 ru02 22~ 2 .6 lUnar ~-7OO 150 lfeu t roQ
Prc:duct

Po
21O 0.)8 REPo 1~-2200 ~5 IUnor 10-25 > 1000 J'leoutroa

Produ ct

2~~
18 20-2200 1) l'eutroaa Moderate 100-500 10Qa 01:2°3 > l'eutrOD

Prod uct

Septellber 4, 1968

Tab l e 2 . Pl utonium 238 Iso t op i c Power Costs

Wit h Fuel Recovery

Ef fic i ency of Conversion
Unit (%)

5
10
20

Ave r age Cost
(S/kwQ hr.)

9. 2
4. 6
2 . 3

Mission Lengt h
(Years)

2

5

Wi t hou t Fue l Recover y

Ef fic iency of Convers ion
Unit (%)

5
20

5
20

Tab le 3. SNAP Use s of Ac t ini des

Aver age Cost
($/kwe hr.)

580
145
320

80

Thermal El ectric
Uni t I sotope Power (Wtl. Power (Wel

3 Pu- 238 55 3
9 Pu-238 535 20

11 Cm- 242 900 20
13 Cm-242 300 20
19 Pu-238 570 25
27 Pu- 238 1500 60
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PROPERTIES AND FABRICATION OF
PLUTONIUM FUEL FORMS

S. G. Abrahamson

Abstract

Plutonium metal, plutonium-zirconium alloys, solid solutions,
composite fuels, and Pu02 microspheres can be used as heat
source fuels. Plutonium dioxide has a relatively high melt­
ing point and low vapor pressure and is suitable for large
sources. In the form of microspheres it has low aqueous
solubility, low ingestion hazards, and low inhalation
hazards. The microspheres are produced by two methods. In
one method rough Pu02 particles are melted and spheroidized
in a plasma arc. In the sol-gel method a stable plutonium
colloid (sol) is dehydrated on a column which produces
spherical particles. The spheres are calcined and sintered
for the desired product.

S. G. Abrahamson is Isotope Fuels Manager at Monsanto
Research Corporation, Mound Laboratory, Miamisburg, Ohio.
Mound Laboratory is operated by Monsanto Research Corpora­
tion for the U. S. Atomic Energy Commission under Contract
No. AT-33-l-GEN-53.
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Introduction

There are five major 238pU fuel forms which can be used
for heat source applications. These are the metal, plu­
tonium-zirconium alloys, solid solutions, composite fuels and
plutonium dioxide microspheres. Physical, chemical and
radiation characteristics and fabrication techniques govern
the suitability of these fuel forms for various applications.
Some of these characteristics are briefly reviewed in this
paper . [ Si nce some characteristics have not been determined
with 23 8pU, analogous characteristics for 2 3 9 p U will be given
whenever it can be assumed that this characteristic is not
altered with isotope (l). J

Radiation Properties

Plutonium-238 decays by alpha emission with a half-life
of 87.4 yr. The thermal energy dissipated with this decay
has been used as a convenient analytical tool to determine
the half-life of this isotope and to determine quantitatively
the amount of isotope. However, in recent years this heat
dissipation has been used in heat source applications. The
alpha decay modes of 2 38 p U in addit ion to other radiation
properties are illustrated in Table 1. These radiation
properties are independent of fuel f orm ; any changes in
radiation are due to nuclear reactions with elements added in
compound formation or with impurities. For example, it is of
importance to compare the total neutron emission of the meta~

which undergoes spontaneous fission ,with the oxide in which
1 8 0 and 17 0 undergo (a,n) reactions. The neutron and gamma
emissions greatly increase the radiation hazard of handling
the material and require that addit ional radiation protection
be utilized.

Metallic 2 3 8 pU

Some basic propertie s of 238 p U me t a l ,wh i ch can be prepared
wi t h relative ease by conventional t e chni que s of reduction
from the oxide,are given in Table 2 . Of the various 2 3 8 p U

fuel forms, the metal has the highest power density. This
characteristic must be given prime cons i der a t i on when a small
heat source is designed with maximum power output.

The relatively high thermal conductivity is characteris­
tic of metals. However , the low melting point of 2 3 8 p U ,

~640 ° C , poses a serious limitation t o its application in heat
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sources. Molten plutonium is corrosive to all metallic
materials, and prolonged exposure threatens the integrity of
a container of even the most corrosion resistant materials.
Consequently the use of 2SBPU metal as a heat source is
limited to low-temperature applications for limited periods
of time.

Plutonium-Zirconium Alloys

A solution to this limitation is to increase the melting
temperature of the fuel by alloying. The solidus temperature
of the alloy must be considered as the limiting temperature
because a destructive reaction with the container can occur
when only a trace of liquid is present. Zirconium is one of
the most attractive alloying elements for increasing the
melting temperature of plutonium. As shown in the plutonium­
zirconium binary phase diagram , Fig. 1, €- PU and S- Zr form a
continuous solid solution series (2). Both the solidus and
liquidus temperatures of this solid solution rise rapidly
with increasing zirconium content because of the high melt­
ing point of zirconium. Even a small concentration of
zirconium is significant protection against melting in a
plutonium-rich alloy. The solidus temperature is 715 °C for
the Pu-10 at . % Zr alloy and 810 °C for the Pu-20 at. % Zr
alloy; the liquidus temperatures are 820 and 940°C, respec­
tively.

Some of the basic properties of Pu-10 at. % Zr alloy are
listed in Table 3. These results show the power density is
slightly decreased. However, the increase in melting point
(solidus temperature) and thermal conductivity should
increase the desirability of this fuel form for heat source
applications.

Iron is an impurity which commonly occurs in 2S8pU metal.
A eutectic reaction at a composition of Pu-9 at. % Fe
produces liquid at 413 °C; this reaction can be detected in
plutonium containing only a trace of iron «500 ppm). The
addition of zirconium eliminates the eutectic reaction when
iron is not present in high concentration. The final
solidification products at the solidus temperature are
epsilon phase (a solid solution of zirconium and iron in
plutonium) and (Pu,Zr)Fea solid solution. The addition of
2 at. % Fe to the Pu-20 at. % Zr alloy does not result in
eutectic liquid at 413 °C, and the bulk of the alloy is solid
above 800 °C with only a trace of liquid which solidifies over
the temperature range.
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The use of composite fuels and s ol i d solutions as a f uel
form for heat source application is still in a development
stage. The fuel in the proposed composites is Pu02 micro­
spheres. The mi cr osphere s are contained within a metal or
ceramic matrix . Since these fuel f orms are still in a
development stage, no further elaboration will be made at
this time.

238 PuO?

The 238 pU f ue l f orm that has the best characteristics f or
most heat source applications is the binary plutonium
compound Pu02. It ha s rather high s t abi l i ty; t he free ener gy
of fo rmation ( ~GO) vari e s from -240 kcal mole- 1 at 298°K to
-144 kcal mole-1 at 2675 °K. These hi gh free en ergy values
indicate that plutonium dioxide is cer t a i nl y a stable fuel
form . It has a rather low vapor pressure (~10-7 atm at
l500 °C for PU01 • 98) and will form substoichiometric oxides
at high temperatures . Some additional properties of plu­
tonium oxides are given in Table 4.

Preparation of 238pUO? Microspheres

Plutonium dioxide can be utilized as a powder or as
pressed parts. Howeve r , due to low solubility , low ingestion
hazards and negligible amounts of i nhalat ion particles, the
form of dioxide usually chosen is microspheres. These micro­
spheres can be prepared by one of t wo main methods. The
f i r s t method is fusion by plasma torch. The method of
preparation of fuel material is lis ted in Table 5.

The coarse particles of PuOa fall through the plasma arc
and form spheres due to the surface tension of the melt.
This is illustrated schematically in Fig. 2. A photograph
whi ch s hows the f ee d material t ransiting the plasma is given
a s Fig . 3.

The
Fig. 4.
obtained
isoluble

product which i s obtained by this method is shown i n
This figure illustrates that the product whi ch is
has a glazed surface. The microspheres are nearly
in water and have good mechanical properties.

The second method of preparing mi cr os pher e s is a sol-gel
t echnique. Sol-gel t echniques have been studied ex t ens i ve ly
at Oak Ridge National Laboratory (3) . Mound Laboratory also
ha s been examining t his technique f or application in the
preparat ion of a38 puOa mi cr osphe r e s (4). Although so me of
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the parameters must be altered to suit a specific compound
or isotope under study, the general method, outlined in
Table 6, is the same.

In the sol-gel process a solution of plutonium nitrate
is adjusted to the +4 oxidation state; then Nt40H is added
to precipitate a Pu(IV) polymer. After the polymer is
wa she d and digested, a nitric acid solution is added, and
the resulting polymer is peptized. The peptized sol is then
adjusted to a constant volume to yield a black sol. The
black sol is baked until a particular nitrate:plutonium
ratio is obtained. This sol can be resuspended in an
aqueous solution. The sol solution is then put on a drying
and spheroidizing column. The spheroidizing column is
illustrated in Fig. 5.

As the sol is dehydrated, spheres are formed. When they
reach a desired density, they drop into the sphere-collect­
ing device and are calcined and sintered at the desired
temperature. The particles which are obtained by this
method are shown in Fig. 6. The surface characteristics
illustrate the similarity between plasma-fired microspheres
and sol-gel microspheres.

Properties of 23 8pUO? Microspheres

Some of the basic properties of 23 8pUO? microspheres are
listed in Table 7.

Note that since microspheres are utilized the power
density by necessity is decreased to approximately 2.7 W
cm-3 This is understandable when one considers that the
closest packing which one can theoretically obtain with
spheres contains 26% void space.

Properties of a typical sample of production-grade
microspheres are given in Table 8. A small amount of
23 6pU is found in the sample. It is of importance to de­
termine this isotope quantitatively since it ultimately
decays to 2 0 8Tl, which has a 2.61 Mev gamma ray. Special
note should be given to the solubility. The dissolution
rate in distilled water and sea water of 1.26 x 10- 3

~g

day- 1mm-2 indicates that the solubility is indeed small.
The dissolution of plutonium dioxide in acid solutions is
also small, and one has to use a catalyst, such as fluoride,
in dissolving microspheres or use some fused salt method.
Although additional work needs to be done on the biological
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hazards of these fuel forms, experiments conducted by
Battelle Northwest Laboratory have shown that there is
negligible ingestion hazard from t his material.

It should also be noted that t he neutron flux is 1.9xl04

n sec-lg- l• However, it has already been shown that the
spontaneous fission of 3 ~ 8pU itself is approximately 2.5x
103 n sec-lg- l• The additional neutron flux is due to (a,n)
reactions which occur with 170 and 180 . Thus, it is apparent
that the use of normal oxygen, which contains approximately
0.07% 17 0 and 0.204% 180 , in the preparation of PuOa wi l l
result in this additional neutron emi s s i on . In order to
reduce the amount of 170 and 180 one must replace the 17 0
and 180 with 160 . A high-temperature exchange technique has
been developed for t his purpose (5 ). Although plasma-fired
PuOa will not exchange at ordinary temperatures, experiments
have shown that PuOa in a powdered form or uncalcined sol-gel
produced PuOa microspheres will exchange at elevated tem­
peratures. The rate of exchange of oxygen with powdered
PuOa is illustrated in Fig. 7.

Similar results have been obtained with uncalcined sol­
gel microspheres (6). When 160 is added to PuOa with a
normal oxygen ratio, an exchange wi l l occur within a very
short period, i.e., approximately 15- 20 min. An exchange
reaction at 700°C coupled with sintering at l200 °C for
several hours reduces the neutron emi s s i on of microspheres
to a predicted value of 5. Oxl03 n sec- l g- l. The neutrons
above the 2.5xl03 n sec-lg- l for normal fission of 338pU
occur since 180 cannot be obtained that does not contain a
small amount of 180 and 17 0 . The pr epar a t i on of PuOa
enriched in 160 is of great importance for use in heat source
applications where people are near the source for extended
periods.

Conclusions

The selection of any of the five 33 8pU fuel forms for
future heat source application should be based on the charac­
terization of the fuel form of interest. The main considera­
tion in selection of a a 36pU fuel form is the temperature
range of interest; however, it should be noted that the use
of large heat sources and, consequently, the use of higher
temperature ranges do sugges t that PuOa in the form of a
mi cr os pher e , composite fuel, or solid solution will have the
greatest applications for heat source programs. The ease of
fabrication indicates that microspheres should be of primary
concern.
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Table 1 . Basic Radia tion Proper t i e s of a aepu Me tal

Emi ssion (ca l culated),
Type Energy . Mev par t ic les W- 1 sec - 1

Al pha 1 5. 491 - 8 x lOl l
2 5. 448 -3 x lO"
3 5 .3 50 1 .45 x 10"
4 5 . 200 5 . 59 x 107

5 5.000 7 . 87 X 10'

Beta Stab l e

Gamma 1 0 .77 6 - 5 . x 10·
2 0 .203 4 .47 x 10'
3 0 . 1531 1 .12 x 107

4 0 .099 8 1.01 x 10"
5 0 .0435 4.25 x 108

6 0 .0 17

Brems strahlung Neg ligi ble

Neutro n (Spont aneous Fissions) - 2 . 5 x 103 n sec - 1 g _ l

Tabl e 2. Bas i c Properties o f 23 S p U Metal

Composi t i on:
Me lting Point:
Specific Power:

Powe r Density:
Dens ity :
Vi sco s i ty :
Surface Ten s i on :
Therma l Conduc tivi ty :

Solubili t y:

Pu
_640°C
- 0 .45 W g-'
13 .7 ci g- '
6 .8 - 7 .3 W cm- 3

15- 16 g cm-3

3 . 5 cen t ipoise a t 1000 ·C
550 dyne cm- ' a t 640 ·C
30 . x 10 - 3 ca l em" ? °C- 1 sec - 1

a t 100· C
So lubl e in mos t acids ;
i ns o l ubl e i n g l a ci a l acet ic
ac id and ni t ri c ac id -- due t o
pro tec t ive oxidation coat.
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Table 3. Basic Properties Pu-10 at. % Zr

Composition

a3 S Pu
a39 Pu
a 40 Pu
a e i Pu

Zr

Solidus Temperature:
Specific Power:

Power Density:
Density:
Viscosity:
Surface Tension:
Thermal Conductivity:

76.7
15 .8
2.4
0.8
4.1

715 °C
~O .44 W g-l
13.1 Ci g-l
6 . 5 W cm-3 (calculated)
14.8 g cm-3 (calculated)
~10 centipoise
~7 00 dyne cml
40 x 10-3 cal cm-l °C- l
s ec r ' (estimated)

Table 4. Basic Properties of PuOz

Composition:
Melting Point:
Specific Power:

Power Density:
Density:
Linear Expansion:
Viscosity:
Surface Tension:
Thermal Conductivity:

Thermal Diffusivity:

Solubility:

10 3

ruo,
~2 2 30° C

0 .40 W g_l
12 .13 Ci g-l
4. 58 W cm-3

11 .46 g cm-3

~10 x 10-6 em cml 0 C- l
32 centipoise
523 dyne cm-l
14.3 x 10-3 cal cm-l °C- l
se c"! at 300 °C
5 . 6 X 10-3 cal cm-l °C- l

sec- l at 1200°C
19 x 10-3 at 300 °C to
6 . 6 X 10- 3 cma sec- l at
1200 °C
Wit h difficulty in HN03-HF

s ol u t i ons



Table 5 . Plasma Torch Technique

I. Precipitate Pu4 + by OIl"" or COl 04 - ­

II. Calcine to PU02
III. Press and sieve to coarse particles

IV. Spheroidize in plasma torch

Table 6. Sol-Gel Technique

I. Precipitate Pu4 + with ~ OH
II. Wash, digest, and peptize polymer

III. Concentrate and bake
IV. Resuspend in solution
V. Spheroidize on drying column

Table 7. Basic Properties of PuOa Microspheres

Density:

Bulk Density:
Power Density:
Hardness:
Solubility:

9.8-10.4 g cm-3

(production-grade)
6.7gcm- 3

2.7 W cm-3

1163 kg rrnn-:a
Dissolving is difficult in
HN03-HF solution

Table 8. Characteristics of Microspheres

Impurities:
Actinide Impurities:
23 6 p U:

Crush Strength:
Melting Point:
Stoichiometry:
Isotopic Ratio:
Solubility in H20:

104

0.58%
0.10%
1.0 ppm
259 g
2l65°C
2.00
80.9% :a 3 8pU

1.26 x 10- 3 ug day" ' rrnn-:a
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Fig. 3. Feed material transiting the induction.coupled
plasma torch
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Fig. 4 . Plasma-fired microspheres(50X)
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Fig . 6. Sol-gel microspheres(50X)
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PROPERTIES AND FABRICATION
OF 2 10 p O FUEL FORMS

C. J. Kershner

Abstract

The available literature data on 21 0 p O are reviewed in this
paper, especially information of significance in the use of
2 10 p O as an isotopic fuel. However, the major portion of
this paper deals with the data from research and development
for isotopic fuel applications. The methods are described
for producing a fuel form which best utilizes the attributes
of a high specific power, short half-life, alpha emitter;
namely, 21

0pO. Fabrication techniques and properties
of other fuel forms, such as matrices, are also covered.
Applications, such as the POODLE space thruster, demonstrate
fuel form concepts in actual development. Investigations
are described which have the goal of improving present
polonium fuel forms, especially their high-temperature
chemical stability.

C. J . Kershner is a Senior Research Specialist with Monsanto
Research Corporation, Mound Laboratory, Miamisburg, Ohio.
Mound Laboratory is operated by Monsanto Research Corporation
for the U. S. Atomic Energy Commission under Contract No.
AT-33-l-GEN-53.
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Introduction

Polonium-2l0 (RaF) has attracted considerable scientific
attention since the time of its discovery by the Curies in
1898. This interest has been whetted by the fact that the
element polonium has no known stable isotope, and 210pO is
one of the rarest of naturally occurring isotopes. The early
polonium chemistry was carried out on trace quantities with
most of the work devoted to its extraction and isolation
from uranium ores. However, with the advent of nuclear
reactors, the prospect of artificially produced gram quanti­
ties of 210pO changed the entire outlook for this isotope.
Not only are milligram quantities made available for scien­
tific investigation, but the technologist now has sufficient
material available for applications that he could only hy­
pothesize before.

In 210pO the technologist has found an almost unique
alpha-emitting isotope in that:

1. It decays almost entirely by the emission of a 5.3­
Mev alpha particle with only minor contributions
from an O.8-Mev gamma ray and from soft x-rays;

2. The decay product is stable lead-206;
3. The l38.4-day half-life affords a high specific

activity, but is long enough for practical appli­
cations;

4. It can be readily produced by neutron irradiation
of natural 209Bi ;

5. Its chemistry is such that it can be readily
separated from the target material and isolated
in a highly purified form; and

6. The alpha decay has sufficient energy to make
coated alpha sources feasible and to make possible
high flux neutron sources with most light elements.

It was these properties which led to the use of 210 pO in
(a,n) neutron sources and finally in heat sources.

The application of 210pO as an isotopic fuel requires a
unique approach due to the nature of the element; thus, al­
though the metallic form is the most basic fuel and affords
a specific power of 144 W g-l, its low melting and boiling
points limit its use to applications below 500°C. Therefore,
to fully utilize the potential of 210pO a series of chemical
and physical alterations must be performed upon the basic
metallic form to achieve a fuel possessing a major portion
of the following characteristics:

1. The fuel must be physically stable above lOOO oC;
2. It must exhibit chemical stability above lOOOoC

toward both containment materials and operating
environment;
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3. Radiation damage must not result in a compromise of
the above properties; 0

4. The chemical and physical stability must not be
affected by helium evolution;

5. The chemical and physical stability must be
relatively insensitive to radioactive daughter in­
growth;

6. Minimal power density reduction should be maintained
for the final fuel forms;

7. The fabrication process should not be complex or
time-consuming.

The steps involved in preparing such fuel forms of 210pO and
the characteristics of those fuel forms will be traced
starting with the preparation of t he metal and ending with a
form suitable for encapsulation and use at temperatures of
1000 0e or above.

210pO Metal

Preparation

Quantities of 210pO suitable for isotopic power appli­
cations are produced artificially by neutron irradiation of
natural bismuth metal according to the following reaction:

20
S 3

9Bi + In 2 10 B i~210 po
o 83 5 . 4 84 •

d & Y s

After neutron irradiation, the bismuth slugs, in aluminum
jackets, are removed from the reactors and shipped to Mound
Laboratory for processing. The processing of 210pO metal is
carried out in three phases: 1) decanning, 2) concentration,
and 3) purification.

The first step involves melting the bismuth and allowing
the melt to flow from small holes in the bottom of the alum­
inum can into a quenching water bath. In the second phase,
the pelletized bismuth is dissolved in a mixture of nitric
and hydrochloric acids. An approximately hundredfold con­
centration is accomplished by denitrating the above solution
with formic acid and passing the bismuth chloride-polonium
chloride solution through a bismuth powder bed. The bismuth
powder with the 210pO deposit is dissolved and the entire
sequence repeated only using an order of magnitude smaller
bismuth reduction bed to collect the same quantity of 210pO.
At this point the 210pO has been concentrated approximately
1,000 times.

Separation and purification are accomplished by a selec-
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tive reduction with stannous chloride, an ammonium hydroxide
precipitation, and an electrodeposition. The 210pO metal is
obtained as a plate on platinum gauzes with >95% purity. The
chemical composition of 210pO metal produced in this manner
is given in Table 1.

Properties

The starting material for any 210pO fuel form is the
metal. Some of its radiation properties are illustrated in
Table 2 (1,2). These radiation properties, other than the
neutron emission, are intrinsic with the isotope and, thus,
independent of fuel form. Changes in the neutron emission
can occur due to (n,n) reactions with elements added in com­
pound formation or with impurities. Due to these radiations,
handling and use of 210pO requires complete confinement and
moderate radiation protection. The biological tolerances
and established concentration guides for 210pO are shown in
Tables 3 and 4 (3,4).

The physical properties of the metal approximate those
of bismuth and lead whereas much of its chemistry resembles
that of the other group VI-A elements, especially tellurium.
The silver-gray metal exists in two allotropic forms: a low­
temperature alpha phase with a simple cubic habit, and a high­
temperature form with a simple rhombohedral structure. The
phase change appears to occur at about 36 °C with a region of
coexistence between 18 and 54°C. The metal melts at 254°C,
has a boiling point of 962 °C, and is volatile at elevated
temperatures below its boiling point; it preferentially
condenses on some metals, such as platinum and palladium.

Polonium-2l0 metal dissolves in dilute hydrochloric and
concentrated nitric and sulfuric acids. The metal slowly
oxidizes in air at room temperature to form the basic dioxide,
which sublimes in air at 885°C and decomposes under vacuum
at 500 °C. In its cationic role 210pO forms oxides, sulfides
halides, nitrates, sulfates, phosphates and other salts of
mineral and organic acids. However, it is in the intermetallic
or polonide type compounds where the most thermally stable
21oPo- con t a i n i ng materials are found. Most of the alkali,
alkaline earth, rare earth and some of the transition metal
polonides have been prepared. The most stable compounds in
this class were found to be the rare earth polonides. The
basic physical, chemical and nuclear properties of 210pO
metal are summarized in Table 5 (1,5).

Metallic 210pO was used as the fuel in the first demon­
stration of the thermoelectric conversion of radioactive
decay energy into electrical energy. Chromel-constantan
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thermocouples were employed as energy converters in this
experiment, which was carried out by J. H. Birden and K. C.
Jordan at Mound Laboratory in the early 1950's. The metal
was also used in the first demonstration of a dynamic con­
version device, also carried out at Mound in 1954. The
SNAP-3 generator, fabricated by Martin Company and demon­
strated for President Eisenhower in 1959, was also fueled
with 2 10 p O metal.

In the typical fueling procedure the metal is vacuum
vaporized from the platinum gauzes into the source container.
This is carried out in a "gun" assembly, which delivers the
gaseous polonium into the source containment vessel where it
is condensed by cooling with water or liquid nitrogen. Al­
though the metallic fuel form has been used as described
above, it is limited to low-temperature applications (approx­
imately 500 °C or less) due to the low melting and boiling
points and to the reactivity of gaseous 2 10 p O with most con­
tainment metals at elevated temperatures.

21 0 p O Fuel Compounds

The high-melting-temperature compounds of 2 10 p O afford
a solution to the temperature limitation of the metallic fuel
form. Of the known compounds and alloys of 21 0 p O , those of
the intermetallic type with the rare earth class of metals
exhibit the highest thermal stability. These compounds
possess many of the characteristics desired in an isotopic
fuel material, with the exception of air environmental
stability. Thus, their integrity must be assured by some
form of complete containment.

Preparation

All of the rare earth monopolonide compounds are readily
formed when the rare earth metals are heated with gaseous
2 10 p O in a sealed vessel at less than 1000oC. As with the
analogous selenide and telluride systems, the rare earth
polonide compounds most easily produced by this process,
and the most stable, are of the 1:1 stoichiometry(6). The
reaction can conveniently be monitored by employing segmented
reaction vessels, initially separating the reactants and then
tracing the 2 10 p O uptake in the rare earth chamber with a
collimated gamma probe. Differentially wound furnaces are
used to selectively control the vapor pressure and position
of the gaseous 2 10 p O within the reaction vessel. A typical
experimental react ion apparatus is shown in Fig. 1(7).
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Properties

In order to ascertain the suitability of any 2 1 0 p O

compound for heat source applications a number of physical,
chemical, radiation, and preparation characteristics must be
examined. Those data presently available on the rare earth
polonides, and those for analogous selenides and tellurides
which can be safely used as f irst approximations for pre­
dicting polonide characteristics, will be reviewed.

Some of the basic properties of a rare earth polonide
type co mpound are given in Table 6(7,8). The gadolinium
polonide compound is used in Table 6 and will be used
throughout the remainder of this paper as exemplifying the
series of possible polonides formed with the rare earth
metals (elements of atomic number 57 through 71).

All the rare ea r t h monopolonides possess the Bl sodium
chloride t ype structure with densities of approximately 10
g cm-3 with the exception of the Group II types, which have
slightly lower densities. Thus, none of the compounds re­
sult in more than a 50% lowering of the power density; e.g.,
the GdPo compound retains a formidable power density of
806 W cm- 3 •

All the rare earth polonides melt well above 10000C with
the gener a l trend toward higher me l t i ng points for those of
higher atomic numbered rare earths. Gadolinium polonide,
with a melting point of l675°C, falls approximately midway
in the range for the s eries. The size and electronegat ivity
r elationships are such that t he melting points of t he rare
earth polonides are not greatly affected until approximately
35% of the 2 1 0 p O has decayed to lead. A partial phase dia­
gr am for the GdPbxPo1 _ x alloy system is presented in Fig. 2.
The salient feature of this s ystem is the single phase r egion
which exists for compositions ranging from x = 0 to x ~ 0.3­
0.6.

At the present time t he vaporization characteristics of
only a limited number of t he polonides have been investigated.
These all were found to vaporize incongruently under vacuum
Knudsen cell type conditions.

Thus, c hemical stabilization via the polonide compounds
has increased the temperature range of applicability for
2 1 0 p O fuels by at least 10000C over the metal form. This
has been accomplished without a significant sacrifice in
power density and radiation characteristics . Also, the
polonide compounds are largely unaffected by the ingrowth
of the daughter product 2 0 6 Pb .
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Matrix Fuel Form

After the polonide compound stabilization, properties
must still be built into the fuel form that will provide for
sufficient mechanical stability, optimum thermal conduction
geometry, helium evolution and environmental stability. One
successful approach for accomplishing this has been the
development of a matrix fuel form. Basically, this concept
involves the distribution of a finely divided form of the
fuel compound in a porous matrix formed by powder compaction
techniques. These matrices can be formed into a geometry
specific to the particular application. The porosity of the
matrix satisfies both the helium evolution and the ease of
fabrication criteria. The latter will be evident when the
preparation procedure is described in the following section.

Porous, annular, tantalum metal matrices with gadolinium
polonide fuel compound were successfully employed in the
POODLE demonstration thruster.

Preparation

The matrix fuel form is fabricated in four steps:
1) matrix and rare earth powder preparation; 2) matrix
compaction; 3) dehydrogenation; and 4) activation. Although
the first three require inert atmosphere or vacuum handling
facilities, only the last step required a radioactive con­
trol area. The matrix fabrication flow diagram and quality
control steps are presented in Fig. 3.

Since the reproducibility of compaction characteristics
is important, the matrix metal powders require rigid control
of particle size, shape and surface area. This is
accomplished by selection on the basis of mesh size [ Fisher ­
Sub-Sieve size (ASTM-B330-65) and Scott Density (ASTM B329­
61»). Impurity limits are also maintained at low levels
especially for light elements which can produce (a,n) reac­
tions. The metal powder is degassed at 750°C for 8 hr at
10- 6 torr before use.

The degassed matrix metal and the rare earth powders are
weighed and mixed in the desired ratio and transferred to an
automatic hydraulic press. A metered quantity of powder is
delivered to the die by means of a vacuum filling tube. A
solenoid switching device allows alternating loading of the
filler and discharging of the powder into the die cavity. A
gas driven press applies 50,000 to 60,000 psi on the powder;
the ma t r i ce s are pressed to a predetermined density, are
ejected from the die and are dimensionally checked. The die
set and the automatic press used to prepare matrix fuels for
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research and development studies are shown in Figs. 4 and 5.
Prior to reaction with polonium, the matrices are de gassed

by heating at 1000 0C under vacuum. The matrix is activated
with polonium in a sealed reaction bomb. The reaction bomb
(Fig 6) is designed so that it serves as the polonium metal
storage can prior to fueling to reduce the amount of handling
of the active material. Reactions are carried out using 0.5
to 1.0 g of 21 0 p O metal and can involve a number of matrices,
depending upon size and power requirements. The reactions
are complete within 1 hr at 700-800 oC. The sealed reaction
vessels are then opened; the fuel content in the matrix is
analyzed by gamma counting and the degree of oxygen contami­
nation measured by neutron counting. If the results of these
measurements are within the predetermined limits, the matrices
are encapsulated. A typical matrix is shown in Fig. 7.

Properties

Since the properties of the matrix fuel form can be
varied greatly by the choice of matrix metal, dens ity,
geometry and fuel loading, a typical annular gadolinium
polonide fueled tantalum matrix will be used to exemplify
this fuel form type. Some basic properties of such a
typical fuel matrix are given in Table 7.

The optimum density for a tantalum matrix compacted
from -80+140 mesh powder has been found to be approximately
75% of the theoretical value. This density provides suffi­
cient mechanical strength to withstand impact and vibration
and yet allows for sufficient porosity to obtain better than
90% yields in the activation reaction.

Thus, rare earth polonide dispersed in a refractory metal
possesses all the desired fuel form characteristics for high­
temperature heat source use, with the exception of air en­
vironmental stability. The containment must still be relied
upon for this protection. Compatibility of polonium fuel
forms with suitable containment materials will be discussed
in another paper and will not be dealt with here. However,
it must be understood that fuel forms and containment are
inseparable in their roles in accomplishing a workable heat
source.

Conclusion

Since 21 0 p O has a relatively short half-life, its great­
est applicability as an isotopic fuel lies in the high­
temperature uses. Because of this, the present effort is
concentrated on gathering more basic thermophysical data on
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210pO compounds and on developing means of stabilizing the
fuel, especially with respect to environmental reactivity.
The first effort involves vapor pressure, phase equilibria,
oxidation rate and compatibility measurements on rare earth
polonides in an effort to select the most stable polonium
compound. The second effort consists of developing tech­
niques for air environmental stabilization of fuel forms.
Such techniques as microencapsulation and protective matrices
are being pursued in this area.
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Table 1. Composition of 210 p O Metal

Isotope/Element

2 1o p O

Tellurium
Selenium
Oxygen
Lead

Concentration,
wt %

95-98
~l

-0 .1
2-4

Varies with age
of material

Table 2. Radiation Properties of 210 p O Metal

Energy, Emission (ca lculated),
Type MeV Particles W- 1sec- 1

Alpha 1 5.298 ± 0 .002 1.l55xlO 12
2 4.5 1.4l0xl0 7

Gamma 0 .804 + 0.005 1.4lxl0 7

X-ray 1 0.077 + 0.002 1.7xl06

2 0.01 to 0.015 3 .4xlO B

Neutron 1.0 to 2.5 2.lxl03

Table 3. Biological Tolerances for 21o p O

Permissible Biological
Critical Body Burden, Half-Life,

Solubility Organ uCi days

Soluble Spl een 0.03 60
Kidney 0.04 70

Insoluble Lung
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Table 4. Radioactivity Concentration Guides for 2 1o p O

Controlled Area Uncontrolled Area
Air, Water, Air, Water,

Solubility uCi / cc uCi / cc uCi/cc uCi / cc

Soluble 5x10- 1 o 2x10- 5 2x10- 1 1 7x10- 7

Insoluble 2x10- 1 o 8x10- 4 7x10- 1 2 3x10- 5

Table 5. Basic Properties of 2 1 0 p O Metal

Melting Point:

Boiling Point:

Specific Power: 144 W g- l
4,500 Ci g-l

Power Density: 1324 W cm-3 (a phase)
1353 W cm-3 ( ~ phase)

T, oK
7.23 ± 0.0068

L P -5377.8+6.7 +og t orr = __~.=._Vapor Pressure:

Solubili ty: Soluble in most mineral acids
and strong bases.

Density: 9.196 g cm-3 (a phase)
9.398 g cmi3

( ~ phase)
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Table 6. Basic Properties of GdPo

Composition:

2 1 0 p O

Gadolinium

Melting Temperature:

Lattice Constant:

Density:

Specific Power:

Power Density:

57.2 wt %
42.8 wt %

1675 + 50°C

6.295 ± 0.003 A (NaC1 Type)

9.78 g cm-3

82.4 W g- l
2,573 Ci g- l

805.8 W cm- 3

Thermal Conductivity: 1.9x10- 3 cal (sec cm2)- 1(OC
cm-1)- 1

Solubility: 0.5 to 3.0 ~C i m1-1 in distilled
water at 25°C

Table 7. Basic Properties of a Matrix Fuel Form

Composition (typical):

GdPo
Tantalum

Density:

Spec ific Power:

Power Density:

9 wt %
91 wt %

10.3 g cm-3 (64% theoretical)

7.5 W g- l
233.9 Ci g-l

77.2 W cm- 3

Thermal Conductivity: 7.2x10- 2 cal (sec cm2)- 1( OC
cm-1)- 1 at 298°K
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Fig. 1. Po1onide reaction furnace
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Fig. 4. Typical matrix die set
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Fig. 5. Automatic matrix press
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Fig. 6. Matrix reaction assembly
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Fig. 7. Typical fuel matrix
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PROPERTIES AND FABRICATION OF CURIUM-244
AND STRONTIUM-90 FUEL FORMS*

R. E. McHenry

Abstract

The compounds 244Cm203 ' SrO, Sr Ti03 , and Sr 2Ti04 ar e be ing developed fo r
us e as i sot ope fuel fo rms f or gener at i on of high t emper ature heat fluxes
wh ich can be convert ed t o electric power. The ef ficient and safe u se of
these i sotope fuels requi res t ha t a suitabl e compound be prepared and
fabr i cated into a suitabl e form with f ul l y cha r acter ized physical an d
chemical properti es . The t a sk el ements f or accomplishing this program
cons ist of 1. compound preparat ion , 2 . compound fabr icat i on, 3. com­
pound character izat i on, 4. source des ign, and 5. prototype testing .
Techniques developed for accompl ishing t he se tasks and t he r esult s
a ch ieved to date ar e r eviewed.

*Research sponso red by t he U. S . Atomic Energy Commiss ion under cont r act
with t he Union Carb ide Corporation .

R. E. McHenry i s a research chemist wi t h t he Oak Ridge Nati onal
Labo r at or y, Oak Ridge, Tenn essee.
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I ntroduction

The safe and efficient us e of radioisotopes as heat sources in t he
var ied appl ications (ext an t , proposed , or envis ioned) requires a choice
of compounds of sui table i sot opes (1 ) with known phys ical and chemical
propert ies and demonstrated fabricat ion techno logy . The propert ies and
the fabr ication of 90Sr oxide and t itanates and 244Cm oxide are rev iewed
i n thi s paper . Othe r compounds of both 90Sr and 244Cm hav e been con­
s idered as cand i da te source compounds , includi ng the s i l ic ides of stron­
tium and curi um (2 ) ; t he oxide , carbide , nit r ide, sulfide , oxysulf i de ,
phos phi de , and pho sphos ul f i de of cur ium (2 ); t he borides of st rontium
and curium (3 ) ; an d stront ium metal and al l oys (4 ) .

I n addition to the more extens ive characterization of SrO, SrT i03,
Sr2Ti04, and Cm203 repor ted he re , othe r compounds have been prepared an d
characterized t o a lesser extent . The solubility, thermal conductivity,
and dens ity of Sr F2 were i nvestigated at Martin Company (5) . Strontium
f l uor i de was prepar ed on a pilot-plant scale at ORNL by a dry method and
by a homogeneous prec ipitation procedure (6, 7 ) . Dense compacts of SrF2 ,
stront ium met al, an d SrS i and CeBe, Ce2S3, Ce202S, an d CeF3 compounds
(us i ng cer ium as a stand- i n for cur i um) we r e prepared at ORNL and com­
pat ibi l i ty st udies (7,8 ) wer e car r i ed out . The compounds Ce202S and
Ce2S3 have been prepared on a pound scale by a procedur e (9) whi ch
should be applicable to curium compounds.

The properti es of a radi oisotopic power fuel whi ch mus t be known
t o predict the behavior of the fuel can be div i ded int o t wo categories
(Table 1 ) : those whi ch relate primarily to t errestrial safet y and
operat ional aspects , and t he addit ional properties primarily f or aero ­
space safety.

Several met hods f or t he fabricat i on of mater ials (especi al l y poly­
crystall i ne ce ramics ) int o dens e compacts ar e described in the l itera­
ture . I n gener a l these met hods cons ist of the application of heat and/
or pr es sure over a period of t ime, whi ch can be applied simultaneously
or in sequence . For ming met hods can be div ided into three gr oups : 1 .
Cold f orming (10-13 ), which usually cons i s t s of applying pressure to t he
mat er i a l . Types of cold form ing include s l i p cast i ng, ext r us i on , inj ec ­
t i on mol di ng , die press ing, i sos t atic pressing, and v i brat ory compact ion .
Compacts produced by cold forming can be subseque ntly hea t ed to yiel d
h i gher dens it ies . 2. Hot form i ng (14-27 ), which cons i sts of the simul ­
taneous app l i cat ion of heat and pressure . The pressure can be appl i ed
uniaxially (hot pressing or hot swagging), b i axi a l l y , or mult iaxially
( i sost atic hot pressing wi t h gas or l i quid medi um or wi t h semi f lui d
sand ) . 3 . Melt cast ing, which consists of the app lication of heat
without pressure .

The pressure i n any hot - or cold- f orming method can be applied by a
hi gh energy rate procedure (28 -33 ) such as pneumatic impaction , explo­
s ion, or electri ca l dischar ge .

Al l of t he cold- form ing, hot - f orming, and melt -cast ing methods were
eval uated fo r use with st ront ium and cur ium fuels . Some met hods wer e
tested exper iment al l y : di e press (heat treat) , isostat i c press (heat
t reat) , un iaxial hot press , biaxial hot pres s, and melt cast . I sos t at i c
hot press ing and pneumatic impaction at high temper ature wer e evaluated
by consult ati on and l i terature survey .

Although cold-forming methods (Wi t h t he exc ept ion of i sostat ic
press ing and f i r ing ) ar e simple and i nexpens i ve f or use in a hot cell ,
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t he den s ities ach i eved ar e low and very poor dimens ional control i n the
f ini sh ed product i s obta ined after f i r ing . The se factors are difficult
t o control even wi t h powders prepared by hi ghly r epr oduci bl e procedures .
The contr ol of part ic le s i ze (a critica l parameter in cold-formi ng
met hods) of strontium and curium f uels i s unfea s ible . I n the ca se of
i s os t atic press ing, h i gh green (unf i r ed ) den s ities may be obtained i f
the pressure exceeds the strengt h of t he particl es . The small ad di ­
t i onal shrinkage on firing all ows good control of dimens ions . The high
cost and compl icated equi pment are disadvantages of i sos t atic pr ess ing .

The hot -forming method (except isostat ic hot press i ng ) has t wo dis ­
t inct advantages over t he other met hods : t he dimens ional accuracy of
the compact formed and the adaptabili ty of the met hod to a wide var i ety
of mater ials . The hot- f ormi ng method also ha s the advantage that two
mat er ials can be allowed t o react t o produce the des i r ed compound as t he
compact i s be i ng fo rmed (r eact i ve hot pressing) . I sost atic hot pressing
gi ves poor dimens ional control unless the powder i s prepres sed to den ­
s ities >85% of theoret ical , whi ch i s difficult to achieve because of the
uncontrolled particle s izes obtained in radioactive fuels . I n addit ion,
isost atic hot press ing i s difficult and expens ive for us e i n hot cel l
operation . Uni axial or b i axial hot pressing can be accompl ished readily
in a hot ce l l with moderate equ ipment cos t .

Melt -cast met hods are most app l icable to mater i als whi ch mel t at
<1200°C. With stront ium an d curium fuels hav i ng high mel t ing points
(SrT i 03 , ~1950° C , Sr 2Ti04, ~1850° C ; SrO, ~400°c , and Cm203, ~260° c ),

t he mel t -cast method i s not cons i der ed compet i t ive wi th hot pressing.
I n gene ral t he dens i t ies obtai ned by casting ar e low due t o hi gh vo id
volumes and casting pipes.

The fabr ication of 90Sr and 244Cm fuels and the properties of these
fuels are revi ewed in this paper incl uding bri ef di scuss ions of the
met hods of property mea surement s and the r esul t s .

Strontium-90 and Curium-244 Compounds

Cur i um Fuel
The producti on of 244Cm on a kilogram scale has be en described by

Groh et al. (34) who also describe the radiochemical pur i ty of produc ­
t ion quality 244Cm02 ' The fo llowing chemical pur ity (35) i s antic ipated:

Maximum wt %
Elemental impurities of curium

Li + Na + K (t ota l ) 0 . 1
Si + Zn (t ot a l ) 0.1
Fe , Cr , Ni (each ) 0 . 2
Any other single impuri ty (except Am and Zr) 0.2
Total of al l impurit i e s (except Am and Zr) 1 . 0
Tot al of all impurities (including Am and Zr ) 3 . 0
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The isotopic composi t i on (36) i s ant ic i pat ed to be :

Mass abun dance , Mass abundance ,
Nucl i de wt 'f, Nucl i de wt 'f,

242Cm 0 . 02 247Cm 0 .07
243Cm 0 . 002 248Cm 0 .05
244Cm 95 ·3 243Am 0 ·5
245Cm 0 ·9 25~f <4 x 10-5
246Cm 2 · 7

Cur ium, l ike the actini des plutonium and amer acaum and t he lantha­
nides cerium and praseodymium, can exist as an oxide i n mor e t ha n one
oxidat ion state . Asprey et al. (37 ) prepared a black oxide by i gni tion
at .-.400°c and cooled it in air . A wh i t e or faint t an oxide wa s prepared
by t hermal dec omposit ion of t he black oxide at 600°C and 10- 4 tor r .
Thes e oxides were deduced to be Cm02 (black) and Cm203 (t an) by X-ray
analys i s . Posey et al . (38) investigat ed t he compos it ion of curi um
oxide as a f unct ion of temperature and oxygen part i al pr essure . By
using t hermal gr av imet r i c ana lys is Cm02, Cm203 , and t wo int ermediate
phases of compos i t ion , CmOJ.. 7J. and Cm0J..83 (Fi g. 1), were identified .
Stable Cm203 was readily f ormed by t herma l decompos i t ion of a hi gher
oxi de in vacuum or nonoxidizing atmos phe r es . Mos l ey (39 ) confirmed t he
work of Posey et al . (38) . Chikalla and Eyring (40 ) confirmed the ear­
l i er wor k and extended t he investigat ion of t he curium- oxygen system.
They report the parti al mol ar free energi es of oxygen .

Wallman (41) studi ed theoeffect of self- radi ation on curium sesqui ­
oxi de (bcc, a = 11 . 00 ± 0 .01 A) whi ch he prepared by heating 244Cm02 at
600°C in vac uum. He i dentified an A- t ype Cm203 (hexagonal, a = 3 .80
± 0 . 02 A, c = 6 .00 ± 0 .03 A) produced by self- radiat i on . Haug (42) °
succeeded in pre~ring B-type Cm203 (monoclinic, a = 14 .282 ± 0 .008 A,
b = 3 .65 ± 0 .003 A, c = 8 .900 ± 0 . 005 A, ~ = 100 . 31 ± 0 .05° ) by heat ing
C-type Cm203 abov e 850 °C. The A-type Cm203 was prepared by Mosley (39)
by heating B- t ype Cm203 above 1600°c , wher e a reversible transformat ion
oc curs . He r eported t he monocl ini c fo rm of Cm203 to be resistant to
a l pha r adiation . Mosley reeva l uated the lattice constants of all the
form s of Cm203 (Table 2 ) and compar ed the t r ansformat ion to those that
occur in lanthanide oxi des (Fi g. 2 ) . He concl uded that B-type Cm203 is
structurally best suited for a source form . Phase diagrams for the
curium-oxygen system have been tentatively pr opos ed by Smith (43 ) and
Chikalla (40) (Figs. 3 and 4 , respectively ) . Smi t h 's const ruct ion of a
phase diagram i s f rom the data of Mos l ey (39 ) and Pos ey (38 ) and i s f or
the cond i t ion i n a ir at at mospheric pressure . Chi ka l la 's cons t ruction
i s f rom his thermal analys is data and cover s the composit ion r an ge of
Cm203 to Cm02 '

Strontium Fuel
The Erocessing of fis sion products f or the separ a t i on and puri f i ca ­

tion of 9 Sr has been described in the l iterature (44 ) . The product i on
of 90Sr fuel compounds began i n early 1961 wi t h the fuel i ng of the
weat her stat ion gener at or (45 ) . More recently 90Sr O and Sr§Ti04 have
bee n pr epared at ORNL . A compendi um of t he dev el opment of °Sr fuels
including t he current practice i s in pr epa rat ion (46 ).
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F i ss i on- pr oduced (46 ) 90Sr cons ists of 55% 90Sr , 43. 9% 88Sr , and
1. 1% 8BSr . I n addition to the stable i sot opes of stront ium, lesser
amount s of stable Ca , Ba, and Mg, wh i ch a re not separated during process ­
i ng, ar e present . Typical compositions (47 ) f or the s tront ium f uel com­
pound s , sra, Sr2Ti04 , and SrT i03, are gi ven in Tabl e 3 .

The system SrO-Ti02 has been st udi ed by Dry§ and Tr zebiat owski (48 )
who prepared a phase di agram (Fig . 5 ) . They indicat e that t he system
SrO-Ti02 f or ms three compounds , SrTi03, Sr2Ti04, and Sr3Ti207 ; the
l at t er compound i s stable only at temperat ures below 1640° c.

The di ox i de of t itanium i s known to r educe to Ti02 _X' wher e x var i es
between °and 0 . 5 depending on the temp erature and oxygen pressure (49 ).
Strontium t itanates l ikewi se are reduci bl e unde r severe condi t i ons . From
the data of Moser et al. (49) SrTi03 at 1300 0C and an oxygen pressure of
1 ~ Hg woul d be reduced t o SrT i02 . 9 9 9 . The reduced strontium t itanate
i s jet bl ack but otherwise indistinguishable from mat er i a l of stoichio­
metric composit i on .

Fabrication of Str ont ium-90 and Cur i um- 244 Fuel Forms

Strontium-90 and 244Cm fuel fo rms are f abr i cat ed by hot pressing
except under unusual circumstances . Both i sot opes have been prepared by
press ing and s i ntering, but this met hod i s not discus sed in thi s paper .

The densificat ion of powdered mater i als by hot pressing ca n be
descri bed by as suming a plasti c flow model (10, 11 ) whi ch i s a f unc tion
of t ime , t emperatur e , an d pressure . The plast ic f l ow model ha s been
succes s f ully appli ed (1 2, 13, 19 ) to experimental data .

I f pr e s sure is appl i ed t o a mat erial a t a gi ven t empe rat ur e , the
density of the mat erial increases as a r ecipr ocal log func t ion of time
and asymptotically app roaches a r elative val ue of dens ity . Thi s val ue
i s usually r ef er r ed to as the end point dens i ty for t hat part icular
pressure and temperature . An increase in pressure incr ea s e s the rela­
tive val ue of the end point dens ity . A function of the dens ity (18 ),
f (D), i s di r ect l y porportional t o pressure :

wher e

f (D) = kp , (1)

p pressure
k 1/2T

f( D) 1 - {l - D)2 /3 £n 1/(1 - D)
TC = yield po int of mat er i a l .

An i nc rease in temperature increases the end point dens i ty . A
complex funct ion fo r t he effect of tempe r atur e on the end point dens i t y
has been gi ven by McClel land and Smith (18) (Figs. 6 and 7 ) for BeO and
A1203 · They conclude t hat at suffic i entl y h i gh temperatures, where t he
yield point of the material is small as compared with the pressure ap ­
plied, t he end point dens ity r a pidly app r oaches the theoret ical dens ity.
Experience with strontium and curium fuel compounds ha s indica t ed that
in all cases t ested 4000 psi and l400°c are suffic ient to as sure that Tc
i s small compared wi t h t he pr essure app l ied.

Sev er a l hot presses for the fabr ication of 90Sr and 244Cm fuels
have bee n des igned and successful ly t es t ed (Table 4) . The f irst t wo
presses in Tabl e 4 have been described by Qui nby et al . (50 ). The four
presses cur r ent l y in use are illustr at ed in Figs. 8 -11 .
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Prototype Production of SrO by Hot Pressing
Hot Pressing wi t h a Liner . Three 202-w 90Sr heat sources (Tabl e 5 )

wer e prepar ed by hot pressing 90Sr O in plat inum sheaths and then encap­
sulat i ng the fu el in wel ded Has t elloy-X inner containers and welded
Has t elloy -C outer contai ners .

The pellets wer e prepared at the Fiss ion Products Development Labo­
ratory f rom f our bat che s of ~3 5, 000 Ci eac h of 90SrCOs ' The dr ied
90SrCOs powder was cal cined in air at 1200°C fo r a mi nimum of 24 hr .
The resulting products wer e as say ed for 90Sr by weighi ng incr ement s of
the powder and determining t he heat output . Small samples of powder
were dissolved i n nitric ac id and analyzed spectrographically for i ner t
con taminants (Tabl e 6) ; t hes e solut ions wer e also analyzed for r adi o­
i sot opic contaminati on . The mas s analys is fo r 90Sr indi cat ed 53 .3 ± 0 .5 %.
The average dens i t y attained f or SrO wa s 4 .27 g/ cms .

The fuel pel lets wer e prepared by press ing (Fi g . 8 ) the SrO in a
plat inum-lined gr aph i t e di e . The platinum l i ne r rema ined with the SrO
pellet to protect i t f r om the atmosphere . The temperature of the hot
press was i ncrea sed from ambient to 1200°C . At t his tempe r at ure , the
pressure was raised to 3700 ps i at a r ate of 800 ps i/mi n and maintained
at 3700 psi for 1 hr. The pe l l ets were of exce l lent appearanc e with no
change i n appear anc e or dimens i ons after 10 days .

Hot Press i ng Without a Liner. Since most of the dens ification
occ urs at <800 dc , t es t s wer e made by applying f ull pres sure (4000 ps i)
to the die punch f rom ambient temper at ur e t o 1200°C. I f t he temperature
i s incr ea sed at a rate of 100°C/hr f rom 750 to 850°C, complete densif i ­
ca t ion i s attained at 850°C. However, i f the t emperature i s incr eased
above 1200°C before pressure i s applied, the density does not exceed 94%
of t heoret ical densit y even i f t he temperature i s increased to 1600°c .
These experiments were done i n a vacuum hot pres s (Fi g. 10) of capac ity
up t o l - in . -dia pellets . The resul t s of the ab ove experiments sugg es t
t hat either a large chan ge occurs i n the surface energy of the powder
at 850 °C or a s intering a id whi ch exists as an impurity i n t he SrO pow­
der i s destroyed at t hat t emperature . The l atter i s mor e likely . Small
amounts of ei t her Sr(OH) 2 or SrCOs could be present and could account
for the l ow t emperature s i nt er ing . Pel let s a re heated to 1200°C af t er
dens ificat i on to dest r oy any Sr(OH)2 or srC0s which may be pr esent .

At temperatures of <1500oC, srO will not r eact wi t h carbon to pr o­
duce SrC. This conc l us ion i s based on t her modynami c ca l culation . Since
t he f inal procedure does not r equ ire a temperature in excess of 1200°C,
Sr O was hot pressed directly in gr aph i t e dies . No SrC wa s f ound in the
SrO pellets . The SrO did not stick to the gr aphi t e die and punch mate ­
rial . The plat inum liner is us ed only t o provi de pr ot ect ion for moi s ­
t ure when pel l ets are f abr i cat ed in ambient air hot ce lls .

Hot Pres sing of SrTi Os and Sr2Ti04
Although a hot -pres sing procedure i s r el atively i nsens i t i ve t o the

history of the powder, it has been observed t hat h i gher den sit i es ( f or
gi ven pr es s ing conditions) ca n be obtained wi t h f reshly prepared powder .
The next h i ghest dens it i es ar e obta ined wi t h aged t itanat e powder and
the l owest, wi t h highly s inter ed or previous ly hot - pres sed and crushed
mat er ial .

I n gener a l at higher pr ess ing temperatu r es , h i gher dens i t ies (up to
100% dense) ar e obtained; also less time and l ower pressure are r equired
to obtain a gi ven density . The t emper at ure should never exceed 1450°C

130



becaus e the pellet rapidly dec r eases in density with extens ive fragmenta ­
t ion, probably due to a so lid-solid phase trans i t ion at t h i s temperature .
At 1350°C dens i f icat i on of a l l powders tested was suffic i ently r ap i d , and
pres sing times of <1 hr were r equired .

The pr essure which can be appl i ed to a die i s limited by the die
geomet r y and the st r engt h of t he gr aphi te . A pressure of 4000 l b i s
adequate for a pressing time of <1 hr . Die des igns for 4000 ps i on
4 - in . -di a compacts a r e cons idered practicabl e . Pressures in exc ess of
4000 ps i (wher e st r ength cons iderati ons permit ) r educ e t he pressing t ime
r equired . Sint ering of SrTi03 powder occurs at an appreciable r ate at
900 -1000°C. For t hi s r eason, t he pressure shoul d be applied a t 900° C.

Stront i um-90 Titanate Fabricat i on . Strontium titanate pellet s of
2 in . dia were hot pr essed t o essenti a l ly t heoreti cal dens ity by using
1000 ps i at 10OO°C, t hen incr ea sing t o 4000 ps i at 12000C f or 1 hr . The
theor etical dens i ty of pure SrT i 03 i s 5 . 11 g/ cm3 . The calculated dens ity
of f iss ion-p roduct 90SrTi 03 containing Mg, Ca, and Ba impuri t i es (Table 3)
is 5. 03 g/cm3 (Table 7) .

Str ont i um Or t hot i tanate (Sr2Ti 04) Fabricati on . Hot -press ing condi ­
f or Sr2Ti04 ar e ver y s J.nu Iar t o those f'or S!'TJ.03 except t ha t slightly
hi gher temperatures are use d . The calcul ated density of f i s s i on- pr oduc t
90Sr2Ti04 i s 4 .93 g/cm3 (Tabl e 7) . Pel lets of Sr 2Ti04 were hot pressed
by using 1000 ps i at 800°C, t hen increas i ng to 4000 psi at 1400°c f or
30 min . The aver a ge densit y of 24 pellets pressed under t he above con­
ditions was 4 .94 g/cm3 .

Pellet Dimensional I ntegrit y
Future applications of SrT i03 may require sources with diameters

up to 5 in . Stront ium t itanate whi ch i s treated at high temperatures
(1200- 1400°C for hot press ing) in a neutral or reducing atmosphe r e under­
goes a reduction in t he oxygen stoi ch iometry . Under hot pr ess ing condi ­
t ions , SrT i03 has the composition (49) SrTi02 .994 . Pellet s of reduced
SrT i03 are jet black . I f t he pel lets are of high dens i t y and reduced,
t hey are severely s trained and subject to cracki ng . Annealing cannot
be accompl ished at <2000 °C. Pel l ets of bot h active and i nactive SrTi03
of 3 in . dia have be en hot pressed . All of t he radioacti ve pellets
exhibited extensive cracki ng due t o thermal gradi ents . Pellet s of non ­
radioactive SrT i03 are hi ghly sens i t ive to thermal shock and also fre ­
quently crack . To help maintain the int egrity of the pellets , several
f actor s were st udi ed to determine their infl uenc e on cracking . The only
s i gnificant result i s that l ow dens ity pellet s « 4 .0 g/ cm3 ) ar e much
les s likely to crack .

Two met hods to prevent cracking wer e t ested successfully on l -in. ­
di a pellets . One met hod consists of i ncor porating randomly or i ented
5-mi l wi r e , 1/ 4 in. l ong, i n the pel let ; in t he other met hod, the pellet
i s sheathed wi t h ni ckel or platinum wi r e gauze which i s mechanically
bonded t o the surface of t he pellet . Furt her work i s r equired t o demon­
strate either techni que on 4 - i n . -dia pell ets .

Vacuum Hot Pressing
When compact s a re fo rmed by hot pressing i n an iner t atmos pher e

(a r gon ) small bubbl es of ar gon at a pressure equa l to that used in fo r m­
ing t he compact can be occluded . The gas may subsequently diffuse i nt o
t he voi d vol ume and cause an increase in t he pressure ins ide a capsul e .
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With vacuum hot pressing, this poss ibility is precluded and also i n gen ­
eral the pellets hav e less poro s i ty (and higher dens ity) .

Fabr ication of Cur ium-244 Sesqui oxide
The fabr i cation of Cm20S has been l imi t ed t o exper iments with small

pe l l et s of - 1/ 4 in . dia . Only wi t hin the past f ew mont hs has suffic ient
mat er ial been ava i labl e f or l ar ge- scale fabr i ca t i on tests . Equi pment i s
cur r ent ly being assembl ed at ORNL t o fabr icat e l -in . -di a 244Cm20S pel lets
by va cuum hot press ing (Fi g . 11 ) .

The condi t i ons chosen fo r the fabr icat i on of small test pellets of
244cm20S wer e vacuum hot press ing at 4000 ps i and 1380 Dc fo r 30 min.
(The hot press is sh own in Fi g . 9 . ) These cond iti ons were chosen from
extens ive tests made on Ce20S, Pr20S, Nd20S, Gd20S' Tm20s , and Th02 . In
a l l cases , essentially 100% dense pellets wer e obtained under the above
condi t ions . However, t he dens i t i es of Cm20S obt ained vari ed widely
( from 50 t o 96 . 5% of t heoretical ) . The errat ic results were probably
due to var iat i ons in die friction (an important and diffi cult factor t o
cont ro l in t he hot press ing of very small pellet s ) . At l ea st, the r e ­
sult s indicate that hot press i ng of 244Cm20S t o hi gh dens i ty can be
accompl ished at moderate pressures and temperat ures below 1400Dc.

The us e of 244Cm20S micr osphe res f ormed by a sol - gel proce s s i s
under study at ORNL as a mea ns of fabr icating curi um sources .

Fabrication of Special Source Designs
Spec ially des igned sources wi l l be required in some applicati ons ,

especi al ly with large thermionic sources wher e hel ium r elease, hea t f l ux
control , mass transport , and/or lar ge thermal gr adi ent s may be cont r ol ­
ling factors . Posey and McHenry (53 ) and Pos ey (54, 55 ) hav e studi ed the
effect of these factors on source des igns . Some elements of source de ­
sign, such as high t hermal gr adi ent s and hea t flux , can be controlled
(51- 53) by t he use of oriented or randomly distr ibuted metal i n the
source fuel . Thes e sources would r equ ire fabr icat ion methods not ye t
fully demonstrat ed . The r etent i on of hel ium in curium fu el i s under
investi gat i on at ORNL. One appr oac h to t he he lium problem i s to fabr i ­
cate pellets wi t h a hi gh percentage of i nterconnecting vo ids . Cot t r el l
et al . (56 ) state that in the release of f iss ion gases f rom U02, the
r elease rate i s independent of sample size fo r all samples of <95% of
theoretical dens i t y .

Fuel Propert ies

The pr operti es of a radioisotope heat source inevitably change wi t h
time . The source i s, at best , a pure compound only at the instant i t i s
f ormed ; thereafter , due t o r adi oact i ve decay , it is a system of changi ng
composition . In add ition t o the chang es r es ult ing f r om the accumulat i on
of decay pr oduct s, t he effect of self -radiat i on must also be cons idered .
The changes in t he proper t i es pr oduced by self-radiati on are primari ly
t hose which occur as a r esult of cha nges i n t he struct ur e of t he so l id .
Propert ies mos t likely to be affected include dens ity, t he rmal conduc ­
t i v i t y , helium r elease, mechanical strength , and leach rate . Other prop ­
erti es such as vapor pr es sure, melting point , heat capacity, boi l ing
point , heat of vapori zation, and heat of fus ion ar e essent ially unaltered
by radiation damage . As the temperature of a heat source increases ,
anneal ing of de f ects pr oduced by radi ation damage increases, so t ha t at
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a given temperat ure st eady state is est ablished be t ween the effec ts of
annea l i ng and those of r adiat i on damage . At the temperatures a t which
hea t sources wi l l be use d, steady stat e i s estab l ished in a short time
compar ed wi th t he mi ss ion l ife of the source .

Property measurements made on nonradi oacti ve samples (s t r ontium
fuels) or properties inferred from mea surement s made on analogous non­
radioact ive mater ial s (act ini de and rar e-ear t h stand- ins f or curium
f uels ) are valid only if the pr opert y be ing determined i s unaffected by
radiation damage . Property measurements of nonradioactive samples can
be assumed t o represent t he va l ues at t ime zer o when r adiation damage is
nil . To compl et ely descr i be the phYs ical properties of a heat source,
the effects of radiat ion damage-thermal anneal at steady state must be
determined, and the t r an s i ent effects of r adiation damage and composition
changes wi t h time must be established . In t his section of t he paper t he
property measurement s made in the cont inuing ef fo rt to character i ze 90Sr
and 244Cm heat sour ce fuels are revi ewed. Est imat ed val ues f or proper ­
t ies of 90Sr and 244Cm which have not been mea sured are reported by
Rimshaw and Ketchen (47, 57) .

strontium Fuel Properties
Densit y . The theoretical densities of strontium fuels ar e gi ven i n

Tabl e 7 . The table i ncl udes t he theoretical densiti es of the pure com­
pounds and typical strontium f uel products. Measured dens ities of stron ­
t ium fuel products are also gi ven . The den s i ty of stronti um f uel vari es
s l ightly wi th t he compos i t i on of t he fuel . The densities of t he fuel
form (i .e., the fu el , matrix, but excluding the capsule) depend on the
source des i gn (see page 7) .

Thermal Coefficient of Expans ion . The mean l inea r coefficient of
expansion of SrO has been determined t o be 13 .92 x 10-6 / oC from 20 t o
1200°C by Beals and Cook (58 ) us ing X-ray measur ement s of the lattice
parameters . The coeff icient of expans ion (59 ) of SrTiOs i s reported t o
be 11 .2 x 10-S/oC over the r ange of 100-7 00°C.

The coeff i c i ent of expans ion (60 ) of t wo nonradioactive stront ium
fuel s , SrO an d SrTiOs , has been determined t o 1400°c with a Brinkman
Model 5440 dilatometer (Tabl e 8 ) . To simulate a t ypical radioactive
s t r ontium fuel , samples wer e pr epared with a composition of 92 .3 wt %
Sr , 3 .7 wt % Ca, 3 . 7 wt % Ea, and 0 .3 wt % Mg . The SrT iOs sampl e was
1 in. in length and conta ined 5% excess Ti 02 over the stoichiometric
ratio of SrO·Ti02 . The Sr O sample wa s 1/2 in . i n length . (Bot h samples
wer e pr epa r ed by hot pressing .)

The mea sured val ue s given a r e the mean coeffic ient of expans ion fo r
t he t emperature intervals shown. The mean coeff ic ient of expansion, Am'
i s defined a s

(2)

where
A ( t , t ) = mea n coeff ic ient of expans ion f r om t o t o tOC,

m 0 6L = change in sample length over 6t ,
L sample length at temperat ure to°C, and

6t temperature interval f r om to°C to t OC .
The dat a f or SrT iOs are i n good agreement with va lues previous ly

reported t o 700°C by Bloom. Above 1400° C, t he SrT i Os sampl e became semi ­
pl astic and distor t ed under t he l i ght load imposed by the dilatometer .

133



This i s probably due t o a small amount of liquid phase of composi t ion
SrT i03 plus Ti02 (due to 5% exces s Ti02) whi ch mel t s at 1440°c (see
phase diagram for the system SrO-Ti0 2, Fi g . 5 ) .

Spec ifi c Power and Power Dens i ty . The specifi c power of elemental
100% 90Sr a s calculated f r om the maximum bet a energi es (max E 90Sr ,
0 . 545 Mev; av E 90Sr , 0 . 20 Mev; max E 9Oy, 2 .27 Mev; av E 9Oy, 0 .94 4 Mev)
and half-life (28. 0 yr ) i s 0 .954 wig . Theoretical and typical val ues for
strontium fuels are given in Table 9 .

Leach Rate . Disso l ution rate studies (61 ) wer e performed using
t hree SrO pellets prepared by hot pressing at 1300°C and 4000 ps i for
1 hr . I n the test , a specimen wei ghing 43 .962 g with a dens ity of 4 .54
g/ cm3 was suspended from an analytical balance beam in a container
t hr ough which a cons tant l i near f l ow rate of 4 .4 cm/mi n of disti lled
wat er was maint a i ned . Per iodic weighings of t he specimen were r ecor ded
for 7 days .

The dissolution rates for SrO calculated f r om the data in the abov e
exper iment ar e gi ven in Tabl e 10 . The values were ca lculated on the
ba s i s of the i nitial surface ar ea of the pellet . The surface area of
the pellet was not mea sur ed after t he star t of t he exp eriment . The
val ues after t he f irst day are low as expect ed but are cons istent wi t h
the assumption that the rate i s l inear wi t h time and i s equa l to the
val ue reported in Table 10 for the time interval 0-1 day .

The l each r at es of several 90Sr t itanate fuels (62) of various com­
pos i t i ons ( see Tabl e 11 ) were det ermi ned in dist i lled water . The fuels
include SNAP-7A sampl es (r ecover ed f rom SNAP-7A fuel capsules after 7
years of ogerat ion ) prepared by s inter ing and samples of aged and f r eshl y
prepar ed 9 Sr t i tanate prepar ed by hot pres s i ng . The t ests using 0 .5 - in . ­
dia by ~3/8- in. -h i gh samples hav e be en in pro gress f or 45 days and are
continuing .

The ap par at us fo r the l eac h- rate expe r iment s can contain 12 samples .
A sample i s pl ac ed in a per f or ated 3- cm-d i a gl as s cyl inde r , which i s
immersed in a 1 .5-li ter gl a ss f l ask containing the t est solvent (di s ­
t i l l ed wat er ) . The solvent i s agitated by puls ing 100 ml of t he solvent
i n and out of t he f lask and into a surge pot - sampler every 30 sec . Sam­
pl ing i s accomplished by valving of f solvent in t he surge pot -sampl er and
by dra ining the sample int o a sample container . All sampl es are f iltered
immediately t hro ugh a Mi l l i por e f ilter pr ior to di l ut i on and as say .

The results of t he lea ch rate expe riments up to 45 days ar e shown
i n Fig . 12 . (Sampl es 11 and 12 disintegrated within a f ew hours , and
no quant i tat i ve mea surement s of l each rate coul d be made . ) Dat a f rom
t he samples have been correlated under t he assumpt i on that t he leach
r ate f ollows the parabolic law . Data shown in Fig . 12 are in ag r eement
wi th data obtained during the f i rst few days of similar experiments (63)
u s ing freshly preEared Sr Ti03 (s int e r ed) containi ng 85Sr tracer and
freshly prepared °SrTi03 ( s int er ed ) . I n the previous work, a large
dev iation from the parabol ic law occurred after 10 days due t o dis inte­
grat i on of t he sampl es . Thi s ef fect has not yet bee n se en in the aged
s intered or f r es hly hot -pressed samples .

Radiat ion and Shi el ding . Shi elding requirements on 90Sr fuels are
necessary due to t he hi gh energy bremsstr ahl ung produced by the i nt er ­
ac t i on of beta parti cl es wi t h mat ter . Arnold (64) ha s ca l culated shield­
i ng t hicknes ses of various s i zes and shielding mater ials for 90Sr fuels .

Thermal Conduc t ivity . The thermal conductivi t ies of nonradioactive
SrO, Sr2Ti04, and SrT i Os have been det ermined up t o 900° C by Ketchen and
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McHenry (65 ) by us ing a comparator -type apparatus on typical samples of
f ission -product 90Sr fuels . The correlated data, the conf i dence limit
on the curves , and the equations for each fu el are shown in Fig . 13 ·
The t hermal conduct i v i t ieS' of several samples of 90SrT i 03 (Table 12) have
been mea sured using an absol ut e met hod in whi ch the self-heat of the
radioacti ve sample provi des the heat f lux (66) . Data on t he thermal
conduct ivi t y of sampl es A, B, an d C did not show any s t at i stically s ig­
nif i cant dif ferences among sampl es even though t hey di ffer in composi ­
t ion, in a ge , and slightly in density . Data were combined and fitted by
l east mean squares to an equa t i on :

The t her mal conduct i v i t y of the SNAP-7A fuel ( sampl e D) differ s s i g­
n i f icantly f rom the other three samples in Table 12 . The derived equa­
tion f or t he SNAP-7A sample i s

(4)

The di f f er ence in the thermal conducti v i ty of the SNAP-7A fuel and the
ot he r samples i s att r ibut ed to the differences in dens ity and age (a ccu­
mulated radiation damage an d Zr02 con t ent ).

Melting Points . The melt ing point (67) of SrO i s reported to be
2457°C. The mel t i ng points of Sr2Ti04 and SrTi03 are shown in the phase
diagram of Fi g . 5 .

Cur ium Fue l Pr operties
Dens i ty . The dens i ty of B-type (monoclinic) Cm~3 as repor t ed by

Mosley (39) is 11. 7 g/ cm3 at room temperature . This value was calculated
from x- r ay data as suming six mol ecul es per unit cell . The densities of
A- and C-t ype Cm203 ar e given in Table 2 .

Thermal Coeffi cient of Expans ion . The thermal coeffici ent of expan ­
s ion (39) of monocl ini c Cm203 i s shown in Fig . 14 for temperatures up t o
l 420°C. The dens ity of monocl i n i c Cm203 a t 1600°c (obt ained by extrapo ­
l ation) i s 10 . 9 g/ cm3 • The density of A-type Cm203 at l650°C ( s ee
Table 2 ) i s 11.4 g/ cm3 • Mos l ey suggests t hat the chan ge in dens i ty
f r om B- t ype to A-type structure at ~1600o c may affect the integrity of
fabr i cated Cm203 '

Spec i f i c Power and Power Densit y. "The spec ific power of elemental
100% 244Cm as calcul ated from decay energies and half-life (18 .1 yr) i s
2.78 wig . The sp ec i f ic power of pr oduc t ion quality 244Cm203 wi l l ap ­
proach 2 .43 wig dep ending on t he level of i onic impurities. The theo ­
retical power dens i ty of pr oduc t ion quality 244Cm203 i s 28 .4 w/c m3 at
room temperature . I f the pellets a re assumed to have 95% of theoretical
density, the dens ity after f abri ca t i on is 27 w/ cm3 •

Radi ation and Shielding. The radiation characteri stics of 244Cm203
product are gi ven in reference 36 . Arno ld (64) has made ca lculati ons on
t he sh i elding r equirement f or cur i um isot ope power fu els .

Helium Rel ease . Data f rom t he he l ium r eleas e experiments (68) using
244Cm203 microsphe r es and pellet s have been cor r elated to obtain t he
"apparent di ffusion coefficients" f or microspher es in the range of 390
to 1200°C and for pel lets in t he range of 1100 to 1400°c. Data wer e
obtained by allowing the lOO-~ -dia microspheres to reach steady-state
helium release at t he des ired temperatu r e , a condition which wa s attained
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i n a few hours at 390°C and in a few minut es at 1200°C . The samples
wer e then de gassed at 1750°C to obtain the steady-state helium inventory .

The apparent diffusion coefficients (Table 13) wer e ca l culat ed from
the average helium conc entration (derived from Fick's Law):

C = R2p/15D
av a (5)

where
Cav aver age helium concentration in microsphere,

P helium production rate,
Da appa r ent diffusion coef f ici ent , and

R radius of mi cr ospher e .
The curi um oxide pellets (cylindrical geomet ry ) were prepared in a

molybdenum crucible by melting a sample and then cooling rapidly (in "'2
min) to the required temperature . The difference in the coefficients of
expansion between curium oxi de and mol ybdenum provided cl ear an ce around
the 0 .2 54- cm- r adi us by 0 .55 -cm-h i gh pellet . Values for helium release
rates were observed as a f unc t ion of time at the trans ient state be gin­
ning at t = ° and approaching the equilibrium value. The apparent helium
diffus ion coefficients (Table 14) were calculated by computer program by
using the relationship

dV/dt = f (t, D )a (6)

wher e
dV/dt = helium release rate, cm3/g of Cm203, and assumin g

dV/dt = °at t = 0 .
As can be seen by compar ison of t he apparent diffusion coeff i ci ent s

in Tables 13 and 14, the values for pellets and mi cr ospheres differ by
three orders of magnitude . I f it is assumed that t he diffusion rate,
dV/dt, is independent of sample geomet r y (as for U02 of <95% density,
see page 7), a correlation of Da/R

2 is constant . The calculated equiva ­
lent superficial radius of the pellets used in these experiments was
0 . 22 cm. The superficial dimensions of the right cyl inder wer e 0 .25-cm
radius by 0 .5 5-cm height, indicating good correlation. This cor r el at i on
of Da/R

2 indicates that the pellets and perhaps the microspheres have
extensive open porosity. Whether the open porosity was due to fabrica ­
tion or wa s poss ibly cau sed by radiation or helium accumulation damage
is not known. Neither is the cause of a decrease i n the apparent diffu­
sion coef f i c i ent at h i gh temperatures known. However, it could pos sibly
result from closing of the porosity by a sintering process . The data in
Table 13 probably represent minimum values for the true di f fus i on coe f fi­
cient .

Thermal Conductivity. The t hermal conductivity ~ 69) of curi um
sesquioxide was estimated f or temperatures up to 1450 C f r om thermal
diffusivity data determined by Pacific Northwest Laboratory (70) on
samples prepared at ORNL and f rom molar heat capacity data for plutonium
sesquioxide (71) . (It is assumed that the molar heat capacity of Cm203
is the same as that of Pu203 . )

The thermal diffusivity (70) was determined on a 4 .40-mm-dia by
1 .17-mm-high pellet wi t h a density of 11 .24 g/ cm3, which wa s prepared on
November 1 , 1967, by hot pressing at 1380°c for 30 min at an atmospheric
pr essur e of 50 ~ . The mat er ial wa s spec trographical ly anal yzed on
March 17, 1967 . The mat er i a l cont a i ned t he f ol lowing i mpurities (ppm
of cur i um OXide) : Zr, <150; B, <10 ; Si , 50 ; Mn, 10; Pb, 10 ; Fe , 1000;
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Sn, 150; Cr , <25; Co, <50 ; Ni , 100; Bi , <10; Al , 100; Mo , <10; Cu, 100;
Cd, <50 ; Zn, <500 ; Li , <50 ; Na, 100; Ca, 400 ; Ag, <10 ; and Mg, 50 . The
sample al so contai ned -4% pl utoni um from decay of curium .

The calculated thermal conduct i vi t y va l ues are gi ven in Fig . 15 and
Table 15 . The thermal conductivity is the product of t hermal di ffus ivi t y
a nd volume hea t capac ity , wher e t he volume heat capacity is the product
of mol ar heat ca pacity and dens i ty divided by mol ecul ar we i ght . Smoothed
values of the thermal di f fu s i v i t y wer e used . The density wa s assumed t o
remain cons t ant at 11 .24 g/ cm3 .

The data indicate that accumulat ed radiation damage and/or retained
helium have no s igni f icant effec t above 400°C. The lower thermal diffu ­
s i vity values initially obtained at <400 °C wer e not observed on heating
a bove 400 °C or subsequently below 400 °C.

The est imat ed t her mal conduc t ivity i s lower t han exp ected . The
t hermal conduct iv i ty (72) of Zr 02, wh i ch i s among the l owest of the oxi de ­
t ype ceramics , is gi ven in Fig . 15 f or compar i son . There is a gener a l
t endency fo r the thermal conduc tivities of oxi des t o decr eas e with in­
creasing at omic we ight . The relatively small change in ther mal conduc ­
t i v i t y of 244Cm203 wi t h temperature is t yp ical of impure materials (the
244Cm203 contained 4% PU02) '

Measur ement s on the t he r mal conductivi ty of 244Cm203 are i n progr es s
a t ORNL using an abs olute met hod (66) .

Melting Point . The mel t i ng point of a sample 244Cm203 of unkn own
purity wa s r eported by McHenry (73) t o be 1950° C. Subsequently, mea sure ­
ment s made on hi ghly purified Cm203 (low pl uton ium cont ent ) gave h i gher
melt i ng points . Smith (74 ) reports 2255 -2277°C f or his mos t pur i fied
mater ial and 2173-2186°c for mat er i al of compos i tion s imilar to produc ­
tion qualit y 244Cm203 ' Ch ikal la (75) made s imi l a r meas urements of pur i ­
f i ed Cm203 and obta ined melt ing t emper at ur es of 2220-2240°c .

Cri t i ca l Mas s . The cr it ical mas s of 244Cm203 has been ca l cul ated (7 6)
at ORNL f rom cro s s - sect i on data . The results (Table 16) indicate an under ­
es t imat ion of the cri t i ca l mass , compared wit h repla cement meas ur ement s
made at Los Alamos (76) .

Vapor Pressure an d Hea ts of Vapor i za t i on and Formation . The vapor i za ­
t i on rat es of 244Cm203 have been measured by Smith (43 ) using a conven­
t i ona l Knudsen ef f us i on technique . From Knuds en effus i on da t a , the vapor
pr essures and hea t s of va por i zat i on can be det ermi ned i f the va por species
a re known. Since t he va por speci es are not known (however , they are in­
f erred by Smi t h from t her modynamic considera t ions to be Cm plus 0 ) , he
arbi trarily expresses his vapor pressur e data (Fig . 16 ) i n t er ms of one
mole of sol i d Cm203 vap or iz i ng to one mol e of gaseous (hypot hetical )
Cm203' He gi ves t he hea ts of vapor i zat ion f or t he hyp ot hetical condit ion
of one mol e of so l id Cm203 vapor iz ing to 5 mol es of ga seous atoms . When
t he vapor ization react i on i s de t ermined , his vaporizat ion ra te da t a can
r eadi l y be adjus ted f or the vapor i za t i on r eaction t o obta in true vapor
pr es sures and heats of vapor i zati on . The equa t ion f or t he va por pres sure
i s

Log P
E

(at m) = 7 .3 2 ( ± 0 . 26 ) - 29050 ~± 590 ) (7 )
T( K) .

The equa t i on was f itted t o the data by least mean squares . Er r ors a r e
standard dev iat ion .
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The heat of vapor izat ion of one mole of Cm20S to 5 moles of gaseous
atoms over the temperature range of 1800-2600oK was calculated to be
665 ± 13 .5 kcal per mol e of Cm20S ' The heats of vaporization were cal­
culated to be 678 .5 ± 8 .0 and 670 ± 10 kcal per mol e of Cm20S at OOK as
de r ived from the Third Law and Second Law of thermodynami cs , respectively .

The heat of fo r mat ion at OOK was est imat ed by Smith (43 ) to be -429
± 14 kcal per mol e.
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Table 1 . I sot opi c Power Fuels Pr opert ies

Operation and Terrest r i a l Safety Analys is Aerospace Safety Anal ys i sa

Density
Coeffi c ient of expans ion
Spec ific power
Power den sity
Radiation and shiel ding
Hel ium r elease
Leach rate
Mechanical strengt h
Ther mal conduct ivi t y
Melting point
Crit ical mass
Vapor pressurt5
Compat ibility

Heat capaci ty
Emiss ivity
Boiling point
Heat of vaporizat ion
Heat of fus ion
Viscos ity
Surf ace tens i on

~In addit i on to pr ope r t ies f or
Compatibi l i ty i s discussed i n

operat iona l analys is .
a separate paper at this symposi um .

Table 2 .

Compositi on : CmO~ . 50 ± O .o~

3 .845 ± 0 .005 A
6 .092 ± 0 . 005 A

of C-type Cm20SJ
14 .276 ± o.ooB A

3 .656 ± 0 .001 A
8 .913 ± 0 .004 A

100 .39 ± 0 .03°
c

a
c

a =

anisotropic

(d epends on crystallinity
a
b

C-type , body-c entered cub ic structure :
Dens i t y: 10 .7 g/ cms

C-B transformati on : 800-1300°C
B- type , monocl i ni c structure :

Dens i t y : 11 .7 g/cms

Six Cm20S mol ecul es per uni t cel l
Spa ce gr oup C~h (C2/ m)
Coefficient of linear thermal expansion

9 .6 x 10-6/oC (25-1000°C)
12 .0 x 10-s /oC (25-1400° C) , s l i ghtly

B-A transformation : 1600°c (r evers i bl e )
A-type , hexagona l structur e (1650°C):

Densit y : 11 .4 g/cmS (1650° C)

aSee r eference 39 .
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Table 3 . Compos i t ion of Stront i um Fuels

Fuel Compound Const i t uent Wei ght , %

SrO SrO 94 .3
CaO 4 .1
BaO 0 ·9
MgO 0 · 7

Sr2Ti04 Sr 2Ti04 93 · 2
Ca2Ti04 5 .0
Ba2Ti04 0 .8
M~Ti04 1. 0

SrTiOs SrTiOs 92 ·5
CaTiOs 5 .6
BaTiOs 0 .8
MgI'iOs 1.1

Tabl e 4 . Descr ipti on of Hot Pres ses

Max Pellet Size , in . Pres sure Press Maximum
Dia Height Applicat i on at m Temp, °c Use

3 2 Uniaxial Ar gon 1800 90Sr fuels
1/ 2 1/ 2 Uni ax ial Vacuum 1800 244Cm fue ls & r esearcha

1 1 Bi axi a l Vacuum 2000 Research
fuels

b1 1 Uniaxial Vacuum 1500 90Sr & 244Cm
4 2 Uniax i al Argon 1400 90Sr fuels

~sed in gl ove box f ac i l it ies .
Used in water -shielded cells .
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Table 6 .

Component

SrO
CaO
BaO
MgO
FeO
Si 02
A12 03

Analysis of St r ont ium Oxi de

Amount , wt %

85 .4
12 .65

0 ·92
0·29
0. 21
0 . 18
0 ·3 1

Table 7. Dens i t i es of Strontium Fuels (25°C)

The or etical Densit y, g/ crn3 Actual Dens ity , a g/cm3

Fuel Pur e Compounds TyPical Product Typica l Produc t

Sr O 4 .98b 4 .8 7c 4. 3 - 4 .7
Sr 2Ti04 4 .9 9 4 ·93 4 .5 - 4 .9
SrT i 03 5 .11 5 .03 4 ·5 - 4 ·9

~ens ities atta inabl e dep end on source des i gn .
Dens i ty calcul ated from l att i ce cons t ant s of Copeland and Swal i n (51 ) .

cDens i ty ca l culat ed using densiti es of CaO , MgO, and BaO f rom LYnch
et a1. ( 52) .

Table 8 . Coef ficient of Expans ion of SrO and SrTi03

Mean Linear Coef ficient of Expansion
Temp Interval, °c SrTi 03 Sr O

0-100 10 .8 x lO-er» 11 .0 x 10-e t c
0-200 10 .7 x 10-e t C 11 .0 x lO-etC
0-300 10 .7 x 10-etC 11.1 x l o-e t c
0-400 10 .8 x 10-e t C 11.1 x lO-etc
0- 500 10. 9 x 10-etC 11 .1 x lO-e t C
0-600 11 . 0 x 10 -e t C 11. 1 x 10-etC
0-700 11.1 x 10 -e t C 11.1 x 10-e t C
0-800 11. 2 x 10 -e tC 11. 2 x l o-e t c
0-900 11. 3 x lO-etC 11. 2 x 10-etc
0-1000 11 .4 x 10 -etC 11.2 x 10-6tC
0-1100 11. 6 x 10-e tc 11. 2 x 10-e tc
0-1200 11. 7 x 10-erC 11. 3 x lO-etc
0-1300 12 . 0 x lO-e tC 11. 3 x 10-e r C
0-1400 12. 1 x 10-e tC 11.3 x 1O-etC
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Table 9 .

Fuel Max

Spec ific Power and Power Densit i es of Strontium Fuels

Specific Power , wig Power Density , w(cm3

Tbeoretical TyPi cal Fuel a Max Theor etical Typical Fuel

SrO
Sr2Ti04
SrT i 03

0 .809
0 ·58 6
0 .460

0 .419
0 .300
0 .232

4 .03
2 ·92
2 ·3 5

1.8 -2. 0
1. 35-1.47
1. 05-1. 15

aBased on compos itions given i n Table 3 and i sot opic compos i t i on on page 4 .

Table 10 . Di s solution Rates fo r Sr'O
in Distilled Water

Time I nt e rv al, Rate,
days g(cm2 .day

0-1 1.485
1-2 1.22
2-3 1.22
3-4 1.24
4 -5 0 ·96
5-6 1.12
6 -7 0 .76

Table 11 . Description of 90Sr Titana te Leach Rate Samples

Sampl e

SNAP-7A fuel
SNAP-7A fu el
Freshly prepared SrTi03
Aged SrT i 03
Fr esh l y pr epared Sr2Ti04

Density,
g(cm3

3 ·13
3 .26
4 .63
4 .47
4 · 51

SrO/T i 02
Mole Ratio

1. 04
0 ·915
1. 0
1. 0
2 .0

Table 12 . Description of 90SrTi03 Therrral Conductivity Sample s

I t em A B C Da

Age of SrTi03, yr 0 ·5 3 . 5 4 .25 "'7
Age of fabr i ca t ed sample, days 23 17 42 "'7 yr
Ti02/al kaline earth oxi de mol e r atio 0 .86 0 ·95 1. 25 0 ·94
Densit y, g/cm3 4 .6 1 4 .84 4 ·57 3 ·15
Power , w 5 .885 5 .167 5 · 244 4 .165
Compos ition , wt %

SrO 53 .70 46 .13 43 ·98 44 . 50
CaO 5 ·06 4 . 18 2 .27 4 .02
Ti02 41. 23 43 ·64 49 ·4 7 42 ·93
Zr02 Tr ace 2 .67 2 .27 8 .43
BaO Trace 3 .44 1.79 0 .22
MgO 0 .22

~uel from dismantled SNAP-7A.
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Table 13 . Apparent Helium Di ffus ion Coeff i c i ents
for 244Cm203 Mi cros pher es

390
600
800

1000
1100

1200

4 . 1
1. 74
2 · 7
4 . 1
2 . 58

{
2.TI
3 ·45

X 10 -~ o

X 10 - 9

X 10 -9

X 10- 9

X 10 - 9

X 10 - 9

X 10- 9

Table 14 . Apparent Helium Di f fus i on Coeffic i ents
fo r 244Cm203 Cylindr ical Pellets

Temp, DC Da , cm2/sec

1100 5 X 10-6

1200 5 ·8 X 10-6

1300 7 X 10-6

1400 5 x 10 - 5

Tab l e 15 . Est imated Ther mal Conduc t i v i t y of Cur ium Sesquioxide

Ther mal Molar Hea t Volume Heat
Temp, Dif fus i vity, Capac i t y , Capa c ity , Ther mal Conductivi t

DC cm2 sec ca l DC.mol e cal cm3 . DC cal cm.n ec . C w cm, C

27 0 .0053 31 .50 0 .654 0 .00347 0 .0145
127 0 . 0052 35 ·00 0. 726 0 .00378 0 .0158
327 0 .0049 38 ·32 0 ·794 0 .00389 0 .0162
527 0 .0047 40 .26 0 .835 0 . 00392 0 .0164
727 0 .0046 41 .80 0 .8 66 0 .00399 0 .0167
927 0 .0044 43 ·06 0 .894 0 .00393 0. 0164

1127 0 . 0043 44 . 02 0 ·913 0 .00393 0 .0164
1327 0 .0042 44 .80 0·929 0 .00388 0.0162
1427 0 .0041 45 · 14 0 · 936 0 . 00384 0 .0160

Tabl e 16. Results of Cr i t i ca l Mas s Ca l culat i ons

Cor e
Densit y ,

Mixturea g/cm3

Ref lect or
Thickn ess,

Mi xt ure cm

Crit i ca l
Mas s ,

kg

Cr i t ica l
Radi us ,

cm

Cm203 10 . 60
Cm203 9 · 01
Cm203 10 . 60
Cm203 10 .60
Cm~O~ 10 . 60

a98 .07 wt %244Cm; 1 . 93

Bar e
Bare
Au-H2 0
Au-H2 0
Au-H20

14 8

4 .0- 15 .0
2 .0- 7 . 5
0 .5 - 2 . 0

21. 1
29 ·2
11. 9
13· 5
16 . 5

7 ·8031
9 ·1803
6 .4540
6 · 7188
7 .1966
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PROPERTIES AND FABRICATI ON

OF PROMETHIUM FUEL FORMS

K. Drumheller

Abstract

Most experience in processing promethium has been with the
Pm 20 3 f ue l form.

Promethium oxide a t 90 % of theoretical density has a spe­
c i f i c power o f 0 . 27 wa t t / gm. The half life is 2 . 62 ye a r s .
Promethium is a soft beta emi t t e r and is f a i r ly easily
shielded.

Prometh ium oxide has been densi fied by conventional press­
ing an d sintering , hot pressing, and pneumatic impaction.
Other processing methods a re be i ng i nvestigated.

Cold press ing, f ol l owe d by sintering in air, is a su itabl e
process for f abr i c a t i on of simple configurations i n pellet
sizes up to approximately one i nch diameter by 1/2 i nch
thick. Wi t h l arger pellets, press ing and sintering may be
suitable but self-heating may introduce thermal stress
problems.

K. Drumheller is As s ocia te Manager , Chemi s t r y and Me t a l ­
lurgy Division, Paci fic Nor t hwes t Laboratory, Battell e
Memor ia l Institute, Rich l and , Wa s h i ngt on .

This paper is partially based on work pe r f or med und er
Uni ted States At omi c Ene r gy Commi ss i on Con t rac t AT(4 5- l)­
1830; other work is re ferenced.
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Pneumatic impaction has been utilized for densification of
encapsulated promethium o xide. This process produces a very
high density fuel form.

Encapsulation materials have included a shielding material
such as tantalum and a supplemental clad to provide compat­
ibility with the environment. Closures have been made by
TIG and electron beam welding .

Most fabrication has been done in lead shielded glove boxes.
The fuel material is handled with tongs and local shielding
i s used where possible.

Heat sources have been fabricated for several e xperimental
programs.
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I NTRODUCTION

One of the most des irable characteristics of promethium­
147 is the relative ease with which its radiation can be
s h i elded. Whi l e it has a ve ry h igh specific activity, the
radiation is primarily soft beta and can b e shielded to make
promethium useful in a v a r i e ty of applications.

Promethium has been fabri cated in oxide form and cermet
form. It is e xpe c t e d that at some time in the not too d is­
tant future, metal wi l l b e ava i labl e for fabri cation d e velop­
ment.

In the o xide form, promethium h a s the desirable char­
a c t e r i s t i c s of being r elatively e asy to fabricate, having a
h i gh degree of stability in a variety of environments, a nd
being capable of fairl y high temperature operation.

I n cermet form t he a dd i t i ona l de si rab l e cha r a cteristics
of higher thermal conductivity and i mproved stability under
some env ironmental condit ions are a chieved.

Experimental sources h a ve been fabricated for t he radio­
isojet program 1 ) and an a i r c raft ine r t i a l guidance heater
program. ( 2) Operation of the sources has been ve ry satisfac­
tory.

In addition to fabrication for specific appl ications,
t here has been process development wor k on four basically
di fferent processes. These are: pneumatic impaction, cold
pressing and sintering, hot isostatic pressing, and cermet
processing. ( 3) Cermet processing includes plasma fusion,
coating, and consolidation.

Wo r k h as been carried out using stand-in ma t e r i a l s to
demonstrate the feasibility of other processes. Wo rk with
stand-in materials includes slip casting, ( 4) c o l d isostatic
pressing a nd sinter i ng, and t hin film depos ition. ( 6)

PROPERTIES

General

Promethium-147 has a half life of 2.62 y e a r s . In the
o xide form the theoretical density is 7.43 gm/cm 3. The spe­
c i f ic power of the o xide in a 90 % TD form i s 0.27 wa tt/gm.

Wo rk is in progress to determine the physical properties
of p romethium metal and promethium o xide. Properties under
study include thermal conductivity, thermal e xpansion,
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electrical co~ductivity, phase relationships, a nd chemica l
properties. ( 7

Typical properties of prometh ium oxide are shown in
Table I.

Thermal Conductivity

Th e thermal conductivity of Pm20 3 is 0.0 2 wa t t/c m. -oC
and is nearly independent of temperature. This v a l ue wa s
calculated from the thermal diffusivity data obtained b y a
laser pulse technique using an estimated heat capacity.

Thermal Expansion

Th e thermal e xpansion of Pm20 3-Sm20 3 mi x tures h a s b e en
measured from 20°C to 1700°C i n vacuum using a tungsten
pushrod dilatometer. The a verage linear e xpansion coefficient
increases with Sm20 3 in-growth. A t ypical value found for
Pm20 3 - 12 % Sm20 3 is 9.8 x 10- 6 in. /in.- oC.

Electrical Resistivity

The electrical resistivity of Pm20 3 has been measured
and found to vary from 3 x 10 8 ohm-em at room temperature
to 100 ohm-em at 1000oK. The r esults indicate that prome­
thium oxide is a semiconductor in t he temperature interva l
studied wi th a calculated intrinsic band gap wi d t h of 2 . 0 e v .

Melting Point

Me l t i n g point data we r e obtained on n e a r ly pure Pm20 3
using a resistance heat f ilament technique. The melting
point obtained was 2320°C on a rhenium filament.

FABRICATION DEVELOPMENT

General

Combinations of open faced hoods, lead shielded glov e
boxes and shielded remote fabricati on facilities have been
used for promethium fuel fabrication.

Mo s t fabrication operations are carried out in lead
shielded glove boxes using leaded g loves (Fig. 1). Tongs
a re used wher e po s s i b l e to mai n t a i n as muc h distance betwe en
t h e operator's h a nd s a nd t he source as practical. No d i rec t
hand contact is allowed wi t h multi-curie sources of 147 pm.
Local shielding within the glove box i s used as mu ch as
practical.
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Severe ozone rotting has occurred with regular rubber
gloves. A life of only one to two weeks may be experienced.
This problem has been controlled by the use of polyester
coated rubber gloves which have a life of several months.

Precautions are necessary during transfer operations to
prevent overheating of the source or components which it con­
tacts. Transfers are usually made in a chill block with an
area large enough to maintain suitable temperatures.

Special care is necessary in bagging operations. The
heat from the source can very well melt plastic bags and
release contamination.

Care may also be necessary in testing operations which
may involve placing the source in cold water. The tempera­
ture is usually lowered gradually to minimize thermal shock.

The soft beta characteristics of promethium provide
unique requirements for radiation protection. A conventional
beta-gamma survey meter will not detect small amounts of
promethium. It is necessary to use a thin window type detec­
tor, and the detector must be within a few inches of the
source to detect small amounts of contamination.

The actual radiation measurements from a 60 watt prome­
thium oxide source encapsulated in 0.060 inch thick tantalum
and 0.200 inch thick cobalt alloy are shown in Fig. 2. The
radiation from this source at 18 inches is only 35 mR/hr.

Pressing and Sintering

Conventional cold pressing and sintering has been used
most extensively and at the present time is felt to be a
practical process for most applications. This process can
be used to produce pellets with good mechanical strength and
good dimensional control. Pellet densities of 93% of theo­
retical are readily achieved.

The pressing and sintering process is illustrated by the
fabricati?n of two sources mentioned above; the rad~otsojet

source, 1 and the inertial guidance heater source. 2
These sources represent two different size ranges.

Size is a peculiarly important feature in the fabrica­
tion of promethium oxide sources because self~heat from the
source material introduces thermal stresses, the magnitude
of which will vary with the source size.

Radioisojet pellets were pressed with a split die system
which was developed to minimize cracking of the cold pressed
pellets. This was necessary partly because, in general, the
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pellets are pressed without binder .

The d ie consists o f a t hin wa l l e d tool stee l c y linder
having a slit running lengthwise over i ts entire length and
a matching restraining die into which the slit c ylinder is
inserted . Both parts are tapered a nd have sufficient inter­
ference so that the slit in t he c y linder is closed up a s the
c ylinder is pressed into the restraining die. After a
pellet is pressed , The slit cylinder is ejected from the
restraining die and springs back to its o r i g i nal d iameters,
thus causing the pellet t o f all free.

Nomi n a l 1/4 inch thick by 1 inch diameter pellets were
pressed at 63 tsi. The density was 73 % of t he o r e t i c a l .
These pellets we r e sintered 45 hours at l355°C. The final
density was approximately 90 % o f theoretical.

A simple grinding process for f inal sizing of pellets
is illustrated in Fig. 3. This process utilizes a simple
belt sander with a special ho l d i n g tool which allows the
pellet to rotate while it is being sanded. Pellets were
readily reduced in diameter b y 20mils.

The guidance s ystem pellet wa s a pellet containing 227
grams o f promethium oxide with a power outpu t of 60 watts .

This pellet was pressed from p re-pres sed powders . The
powder wa s pressed a t approximately 25 t s i t he n crumbled
through a 12 mesh s creen into relat i vely high dens ity parti­
cles. This produces a bulk density of approximate ly 30 %.
This operation results in higher ini tial d e n s i t i e s i n col d
pressed pellets and reduces handling problems with the pow­
der .

The die used for this pellet had dome shaped plugs to
pro duce a radius on t he pellet ends . Difficulty wa s encoun­
tered in obtaining a one-piece pellet .

The be s t pellet wa s obtained b y pouring the powder into
the die and a llowing it to reside i n a pre-pressed c ondition
before pressing . This presumably a llowed t he pellet to reach
nearly t he t hermal gradients it wou ld encounter i n the pressed
condition and hence reduce thermal s t r e s s e s .

The pellet wa s sintered at l45 0°C for 30 h o u r s .

Pne uma t i c I mpaction

Pne umat i c impaction has been used to produce promethium
oxide source s whic h a re ne a r t heoretical density. In general,
i n pne uma t i c impaction the source is consolidated and encap­
s ulated simultaneously or densified a fter encapsulation.
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The encapsulated core material is placed in a mold.
This mold is sealed, heated, and dropped into a cylindrical
die in a pneumatic mechanical high energy-rate forging ma­
chine. The machine is fired and a cylindrical punch strikes
the assembly. Pressures up to 400,000 psi are achieved.

While this process produces a very high density source,
at the present time it does not have the dimensional control
capability of the other processes.

Hot Pressing

Densities of 95-96 % of theoretical density have been
achieved by hot pressing under the conditions of 5100 psi
at 1590°C for 30 minutes. ( 5)

The advantages of hot pressing are the desirable char­
acteristics of higher density and perhaps better dimensional
control. A possible slight disadvantage for some appli­
cations is that the equipment is generally a little more com­
plex.

Cermet Fabrication

Cermets have been made by fusin~ high density spherical
particles utilizing a plasma torch. () These particles were
coated with tungsten by vapor deposition then consolidated
into an encapsulated cermet by pneumatic impaction.

Processing with Stand-in Materials

Processing with stand-in materials has inc1u~ed cold
isostatic pressin~ and sintering, slip casting, 4 and thin
film deposition. ( )

Isostatic pressing experiments have been carried out
using a silastic mold and a conventional hydraulic press.
The mold is placed in a cylindrical die, filled with powder,
and pressed with a cylindrical punch. Because this is not
a completely isostatic system, diameter variations have re­
sulted in most cases. To date basic experiments have been
carried out using samarium oxide as a stand-in material.
The samarium oxide is heated to simulate the self-heating
with promethium oxide b y inserting a heater into the material.

Green slip 1ayt chapes of samarium o xide we r e formed a nd
fired at 1500°C. 4 Densities of 93 % of theoretical density
were achieved. This process does not appear to have dimen­
sional control capability equal to that of the cold pressing
and sintering process.

Several methods have been used to produce thin films of
samarium oxide on metal substrates. ( 6) Thin films of
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promethium o xide may have application to s ystems for the
direct conversion of beta de c ay to electrical energy.

Very uniform fi l ms of approximately 0. 002 i nch t hickness
of s amarium o xide were obtained b y v a c u um va po r deposition.

Enca psulation

Encapsulation of source materials is a c c omp li s hed by
conventional techniques.

One unique problem e ncountered i s t h at t h e ve ry high
specific a c t ivi ty o f p r o me th i um makes de c o n t a mi n a t i on of the
weld zone difficult. However, decontamination h as been
readi l y a c c omp l i shed and techniques have b e en deve l o pe d which
make it possible to decontaminate prior to we l ding in a mat­
ter of a few minutes.

Closures are generally produce d by TIG we l d i n g or elec­
tron beam we ldi n g . The complete process for a t ypical
sourc e is shown in Fig. 4 . The source for wh i c h this pro­
cess is used is shown in Figure 5.

Discussion

Whi le process f e as ibility h a s be e n demonstrated for
several d ifferent p r o ce s s e s , conve n tional pre s sing and sin­
t ering has been most utili zed at pre s e n t .

The desirable charac teristics o f p res sing and sintering
a re l ow equ ipment cost, r elat i ve ease of f a bri c ation, good
mechanical strength a n d good dimens ional control. The pro­
ce s s does not yie l d t h e h ighes t dens ity.

The desirable f eatures of hot pr e s s i n g a re higher de n ­
sity, po s s ib ly better d imen s i o na l con t r o l , a nd ultimate l y
perhaps mo re mechanical s t ren g t h . Th e process req ui re s
sl i ghtly more comple x equipmen t a nd is not a s r e adily a dapt ­
able t o a va r ie ty of s izes a nd high production r ates.

Pneumat i c i mpac t i on p r oduces a ve ry h igh density ma te ­
r ial ; d i men s i onal c ontrol i s not a s good .

Isostatic pressing , fol lowed by sintering , ma y produce
better mecha nical str e ngth by r e ducin g potentia l f or lamina­
t ion s i n l arge pel le t s . Dimen s i o na l control i s no t likely
to be as good .

Cermet s wi th t h e fuel d i sper sed in a continuo us meta l
matrix can be read i l y p r o d uc e d.
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Significant improvements can be made in all of t h e pro­
ce s s es d i scus s ed a bove through deta i led investigat ion of
i nd ivi d ua l variables .
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Table I

PROMETHIUM OXIDE PROPERTIES( 7, 8)

147pm

Half Life

Specific Power, Pm20 3

Density

Coefficient of Linear Thermal
Expansion (With 12 % Sm, average
over the range 70 oC- I OOO°C)

Melting Point

Thermal Conductivity

Oxide

Electrical Resistivity

Type of Radiation, Major

Biological Hazard

165

2.62 yr.

0.27 watt/gm

7.43 gms/cm 3

0.02 watt/cm-oC

3 x 10 8 ohm-em, 300 0K
100 ohm-em, 10000K

0.23 MeV a
2 x 10-8 MPC, Ci/cm3
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View
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34. 3

I nne r Nu mb er s are 12" f ro m Center of Capsule, in mr/ hr
Outer Num be r s are 18" from Center of Capsule

Fig. 2 . Radiation Measurements f o r a 60-watt Promethium
Oxide Source Encap~ulated i n 0 .0 60 i nc h Thick Tantalum a nd
0 .200 i nc h thick cobalt al loy .
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Figure 3. Bel t Grinder for Final Si zing of Pr ome th i um Oxide
Pellets .
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AMSA RADIOISOTOPE ENCAPSULATION PROCESS
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Fig . 4 . Pr ocess Flow Shee t fo r Typical Prometh ium Ox i d e
Hea t Source .
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AMSA THERMAL POWER CAPSULE

Fig . 5 . Se c t i on of Promethium Oxide Heat Source
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PROPERTIES AND FABRI CATION OF THULI UM- 170 OXI DE TARGETS

J. R. Ke s ki and P. K. Smi t h

Abstrac t

Na t ur a l thulium sesquioxide is a candidate
t arget mat er i a l to produce 17°Tm fuel f orms
f or direct application in short-lived
r a dio isotopic heat sources . Physical an d
chemi ca l properties of Tm203 are reviewed.
Fabrication of oxide wafers t o 97 % o f
theore t ica l density and characteristi cs of
waf e r s irradiated to an a ctivi t y of about
2 w/gm are des cri be d .

J . R. Ke s ki , a ceram i s t , and P. K. Smi t h , a physical
ch emi st , are a t the Savannah River Laboratory , E. I . du Pont
de Nemour s & Co . , Aiken, S. C. 29801 .
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Introduction

Thulium-17 0 , a b e t a - emitting r adioisot ope wi th a 1 28­
day half- life , may be a u s eful heat s ource in shor t -term
app licat ions where i t s penetrating radiation ca n be t o ler­
at e d . As par t o f a p rogr am t o develop te chno l ogy for large­
s cale p r odu c t i on of a number of radioisotopes including
170Tm (1) , natura l thulium meta l and s e s qu i ox i de targets
have been irradiated i n Sa va nn ah Rive r production r e a cto rs
to power densities ov e r 2 w/gm.

The properties of thulium me t a l and sesquioxide were
e valuated by Smi t h , Kes k i , a n d Ang erman (2) and by Smith (3) .
Thulium s e s qu ioxi d e is especially we ll suited a s a fuel c om­
pound f or use in hi gh-temperature heat sources . Becaus e of
i t s v e r y high s t ab i l ity , i t has a good p o t e n t i a l f or meet ing
nuclear s a f e ty c r i t e r ia g over n i n g b o th a ccident s i t uati ons
and normal operating conditions .

On e advantage of 1 70Tm is that pos t i r r a d i a t i on p roc e s s ­
ing may be eliminated by irradiating a fab ricated oxide f ue l
form of natural thulium t o produce a 1 70Tm product that c a n
be used direct l y in heat s ources. Un t i l recent l y, li t t l e
t e chnology has b een rep orted on fabricati on techniques fo r
thulium sesquioxide ( Tm20 3). A fabrication procedure wa s
developed a n d the properti e s of fabr icated wafers we r e d e ­
sc r ib e d by Ke s k i and Smi t h ( 4 ) . A s i mi l a r effort was
p e r f or me d by East l y and Ma t son , but their results are a va i l ­
ab le only i n abstract form (5) .

This paper reviews the p r op e r t i es and fabrication o f
Tm203 and des cribes its irradiation behavior . Some app l i ­
cations and the development s tatus o f 1 70Tm heat s ources are
discussed .

Propert ies o f Thulium Ox i d e

Ma ny factors must be cons i dered in the selection of an
i s o t op e for use i n a heat source s ystem. So me of the more
i mportant factors are: half- life , t ype of act i v ity , s hie ld­
i n g requirements , power d e n s i ty , cost , availability, safety ,
and stability of the fuel f orm.

Half-Life

Us e o f 17 °Tm as a heat source i s limited t o s h or t -term
app lications because of i ts 1 28- d ay half- l ife (6) . The
~rincipal decay mechanism i s beta emission to f or m s t a b le

70Yb as shown in Fig . 1 . This decay o c cu r s by emi ss ion o f
0 .967 Mev ( a pp r o xi ma t e l y 76 %) and 0 . 88 2 Me v ( 24%) beta
par t i c l e s .
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Radiation and Sh i e l d i ng

Bremmsstrahlung associated with the beta emission is
the primary co nt r ibutor to r adiation doses (7) . Arno ld has
calcu lated t h e gamma and Bremms trahl ung dose rates that
would be expe cted from an unshie lded l - kw 17 0Tm power
source (8) . A dose r a t e o f abou t 1500 rads per hr wa s
c a l cu l a t e d at 100 cm from the center o f the unshielded l -kw
s ource . A l-cm l e a d s h i e l d wou ld r e du c e the dose r a t e t o
about 25 rads per hr , whi le a l - cm uranium shie ld wou ld
reduce the rate to approximate l y 3 rads per hr .

Sa nd e r s , Ke r r i g a n , and Albenesius ( 9) have e xp eri ­
me n t a l l y verified shielding calcul ations f or 1 70Tm power
s ources . Thermolumi nescent dos ime ters were us ed to measure
radiat i on fr om a s ource containing 3 kCi of 1 70Tm (6 .8 0 w)
and 1 . 7 k Ci o f 1 71Tm (0 .06 w) . Us ing t antalum shie lds of
varying t h ic kn e s s e s , t h e y f ound the ratio of calculated t o
me a s u r e d dose rates to be about 1 . 2/ 1 . With , for examp le ,
a s h i e ld thickness o f 1. 549 cm, the calculated and measured
rates were 54 .1 a nd 45 . 0 rem per hr, respec tively . Thus the
me t hod o f c a l cu l a t i n g shielding requi rements was subs tanti ­
ated . I n g e n e r a l , s ome we i gh t p e na l t y may be incurred in
manned space app lications because of s h ie ld ing r equirements .

Powe r Den s i ty

The s pecific p ower o f pure 1 7°Tm is 13.5 ± 0 .6 w per gm
o f me t a l , c orresponding t o an act ivity of 6, 020 Ci per gm,
whi ch was calculated us ing the measured half-life of 128
days ( 6) and a me a s u red v a l ue of 445 ± 20 Ci /w ( 2) . For
Tm203 ( t h e best f u e l compound) t h e cor r esponding spec i fi c
power is 11 . 8 ± 0 .5 w per gm o f Tm20 3 . By irradiating
Tm203 i n t h e Sa v a nn a h Ri ver reactors at a fairly high f lux ,
p ower densit ies o f 2 to 3 w p e r gm of Tm203 (17 t o 26 w p er
cc o f Tm20 3) can be obtained . He n ce , the a vailab le power
d ensit y i s sufficient f or app lications i n thermionic con­
ver t e r s .

Cos t

Th u l i um oxi d e is presently produced as a by -produc t of
t h e produc tion o f y t trium and other r a r e earth oxi des
prima rily f o r the televis i on indus try . Se v e r a l thou s and
pounds p e r y ear a re a vai labl e and mor e could b e ma de a vail ­
ab le if required b y the marke t . The c os t o f encapsu lated
170Tm i s related i n p a r t t o the p r ic e of thu lium oxide ,
which can vary depending on whe the r thu l i um i s a by- product
or pr i n c ipal p rod uct of mi n i ng op e ra t io n s . A recently
e st i mated f u tur e pri ce i s $10 per t hermal wa t t ( 10) .
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Safety

On e of the mos t vi ta l fac t ors i n t h e u s e of r a di o ­
i s o t op i c powe r s upp l i e s i s t h e assuranc e o f r a d i olog i c al
safety . To meet th is crite r i on , t h e fuel f orm se lected for
a particular app licat i on should have a high melt ing p o int ,
be f u l ly oxid i zed , have a l ow vapor pressure , and have no
deleterious phase transit ions or de c omp os i t ion produc ts
unde r any haza r d condi tion . Thu l i um sesqui oxide , Tm20 3 , has
a high potent i a l f or me e t i ng these d ema nd s , eve n a t the h i gh
tempera tures required fo r thermionic converters . Some o f
the propertie s of Tm203 are g i v e n in Tab le 1 .

St a b i l i t y a nd Phys ical Prope rt ies

Thulium sesquioxide i s the o n l y known s o l id oxide of
thulium. It is an essentially stoichiometri c c ompou nd ,
eXh ibi t ing only a very s mal l range of solid solution at h igh
t empe r a t ur e s . Kesk i and Smi t h (4) found e v idence for oxy gen
l o s s to a c omp o s i t i on of Tm20 2 .90 after heating t he sesqui ­
ox ide in he l ium i n a tantalum container for 24 hr at 1 9 25oC.
Th u l i a maintains a cubic structure to temperatures i n exces s
o f t h o s e for proj ec ted thermionic app lications . F~ex and
Tr a v e r s e ( 1 1) have reported a transition f rom cubic to
hexagonal symmetry (A-type rare earth oxide) at 2280 oc.

The mel t i n g po i nt of Tm203 has been meas ured to b e
237SoC using a V-filament furnace (4) . With a h eat of for ­
mation o f - 4 S1 . 4 kcal per mo l e at 29 8° K (14) , thulia i s on e
of the mos t stable o xi d e s . Because o f this h igh stabi lity,
thulia c anno t readi l y be reduced or oxidized to f or m o t her
oxide phases . Si mi lar ly , i n t e r a c t i on with contai nment
met a l s is un l ikely .

An anal ysi s o f t he the rm a l s tabili t y of t hulium oxide
has been ma d e by Smith ( 3) . He estab l ished t he vaporizat i on
proc e ss a nd va por pre ssure by t h e rm ody n ami c argument s based
on l i mi t e d data on Tm203 and extensive data on related r are
earth ox ide s . Congr u e n t vapor i z a t ion in vac uum occu r s to
form p r e d omi n a n t ly g as e ou s at oms o f t hu l i um and oxygen
(R eac t i o n 1 in Fig . 2) . Compet i ng with this proces s i s
vapo r i z a tio n t o f orm TmO(g) and oxy g e n ( Re a c t i on 2 in Fig . 2) .
Unc e r t a i n t y i n th e d issociation ener gy of TmO( g) precludes
estab l i s hme n t o f t h e relative i mp ortance of TmO ( g) comp ared
to Tm( g) . Panish (IS ) has s hown , h owe ver , b y mass spe ctro­
met ry t h a t Tm(g ) is a fa c t or o f 10 mor e i mportant than TmO( g )
in e qu i l i b r i um with Tm203 (s) .

Below i t s mel t i n g point , t he t otal pressure o f thu l i a
is given by the e xp r e ss ion: 10g l oPT( a t m) = 7 . 37 - 31 ,SOO/ T
(OK) . At 20 0 0 0 K t h e calcu lated vapor pressure i s
4 .2 x 1 0- 9 atm . Tm203 has about the same vapor p r ess ure as
Th0 2 . Ex t rapo lat ion o f the va por pres sure to 1 a t mos phere
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establishes the boi ling point as 41500C. Ca l c u l a t e d curves
f or Log PT versus l i T fo r both vapor i zat ion pro ces s e s are
shown i n Fig . 2 . Although the va p or pressure i s l ow , t he
oxi d e wi l l be significant ly r edi stributed i n thermionic
capsul es if e ven s mal l temperatur e gradients exist . The
ma s s transport rates at various t emp e r a t ur e s a nd in several
temperature gr a d ien t s have been c a l cu l a t ed by Smi t h , Mos l ey ,
a nd Keski ( 1 6) .

The tabulate d va l u e s for linear thermal expans i on
given in Table I are taken from a c urve of l a t ti c e expan­
s i on de termined by h igh-temperature X- r ay techniques (2 , 17) .
Th e behavior is t ypical of that exhibited by ot h e r rare
e a r th sesquioxi des.

East ly a nd Matson (5) r e p o r t t h e thermal conductivity
o f Tm203 to be 0 .125 ( c a l - em) per ( s e c - cm2_ OC ) a t 500° C, a
v a lue comp a r a b l e t o tha t of Be O. However, t h i s appears
h i g h by a factor of 10 when c ompared to Y203 and most other
oxi d e s . A value o f 0 .00 6 to 0 . 019 (cal-em) pe r
( s ec -cm 2_OC) at 100 00 C was estimate d ( 2 ) based upon t he
c ondu ctivit y s hown by othe r oxides . Mc El roy substantiated
thi s est i mate by recent measurements of t he conduc tivi ty
of tw o wafers o f Tm203 that were fabricated at the Sava nnah
River Lab orat ory to app r oximately 95 .5% o f t heoreti cal
d ens ity . A t h e r ma l conductivit y o f ab out 0 .01 (c a l -em) p e r
( s ec - c m2_ OC) was obtained from 3 5° to 1 90° C. Ketchen ( 1 3 )
ob tai ned values o f ab out 0 .012 de creas ing t o 0 .008 (cal- em)
per ( sec - cm2_OC) for Tm20 3 a t 200° and 800°C , resp e ctively ,
on ma te r i a l fabricated at Oa k Ri dge Na t ion a l Laborat ory .
The low therma l c on du c t i v i t y s uggest s cermets might be
required to pre vent h igh center t emperature s i n fuel f orms
f or the rm ionic applicat ions .

The decay product of 170Tm i s 170Yb, another rare e arth
whose ch emi s t ry i s qu i t e similar t o that of thulium.
Ytterb i um f orms in s olid so l ution with Tm20 3 a n d shou ld not
change t he f ue l properties appreciably even f or large per­
cent age s of ytterb ium . In fact , no d imens i ona l ch a nges ,
l a t ti c e p arame t e r c h a n ges , or micros t r u c tura l degradat ion
of fabricated p i ec e s were ob ser ved after irradia t i on and
decay to f orm up t o 1 5 wt % o f ytt e rb i um i n t h e Tm20 3 ( 4) .

Fabri cation o f Thu l i um Oxide

A dis t i n c t advant age of t hu li a is the pot e n t i a l t o be
f ab r i cated into the final f u e l f orm prior t o neut r on
i r r a diation . In v iew of t he short hal f - l ife , va l uab le time
i s saved if chemical separat ion a nd fuel fabri cation are
not requ i re d a f ter irradiation .

As part of a demonstrat ion of product ion feas ib i l ity ,
procedures for f a bri cating h igh-dens i ty thu l i um oxide wafe rs
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were deve loped and described by Keski a nd Smith ( 4) .
Dens it ies up t o 97% of theoret ical we re ob tained by re­
process ing comme rc ial thu l ium oxide powders to obtain a
high-surface -area powder for s interi ng . Densi t ies of only
a b out 75% o f theo r eti c al we r e achieved when a s -re cei v e d
ox i de powders we r e co ld-p ressed a nd s i nt e r e d .

A conventional cold pressing and s inter ing technique ,
out l ined i n Fig . 3 , produced high-dens ity materi a l .
Thu l ium sesquioxide of 99 .9% pur ity wa s r epro c e s sed by
dissolving t h e powde r in 5M nitric ac id at 75° to 80°C .
Af t e r a one - ho ur di g est i on p e riod , the ni trat e s o luti on was
coo l e d to room t empera tur e, and thu lium hydroxide was s ub ­
s equent ly prec ip i tat ed by a ddi t i o n of 5M sodium hy dr oxide .
The hydroxide , calcined in air a t 750°C , decomposed to a n
ox ide ~owder of high surface are a . The surface a rea wa s
22 . 5 m p er gm.

Wa f e r s s uitable fo r d i re c t u s e as heat s ource fu e l
afte r irra di ation we re mad e by co ld-pr ess i ng r epro ce s sed
powder a t 10, 000 ps i , using an organic binde r a s a p r ess ing
aid , and t h e n s inter ing the compact i n air a t 17000 C. The
wafe rs may t hen b e ground t o t he r e quire d dimens ions fo r a
p a r t icu lar app l icat ion . The microstructure o f s intered
wa fe r s i s shown in Fig . 4 . Pre l im i n a ry hot-pressing
e xp e r imen t s with gr a p h i te d ie and rams indicate tha t
densit ies o f about 99% o f t h e oreti cal may be ob t a i ned at
3000 psi a nd 15000 C.

The fab ricat i o n must b e close ly cont r o l led t o avoid
introduction of de l e ter ious i mpuritie s . Th e s e i mpuri ties
may arise f rom a va r i ety o f so urces , s uc h as r ep r ocess i ng
equ ipment or f urnac e r efra ctories. In gene ral , thulia
wa f e r s may b e f abri c a t ed by t he above p roc e du re to pur i t ies
o f ap p r oximately 99 .5% .

A s i l i con i mpuri t y of 2 wt % in t hu lia ( introdu ced into
thulia du r i ng r e p r o c e s s ing i n g lass * labware ) r eac t e d with
tantalum after heating for 24 hr a t 1925° C i n a sealed
tantalum capsule co n t a i n i n g helium, and formed a l a y e r of
Tas Si. Al t h ou gh t h e Tm203 p e r se d id not interact with the
tanta l um i n the s e aled c apsu le , t he t hulia a nd a tant alum
s ub s t rat e did i n t e ra c t in f lowing he l i um. A r eact i o n
product i d e n t i fi e d as TmTa 04 formed a f ter o ne hou r at
19000 C, apparent l y becaus e Tm(g ) o r TmO( g) was sw ep t fr om
t he system , al lowing the react ion to proceed . Wafers
r eact e d with Al z03 " s e t t e r s" dur i n g s i n ter i ng a t 17500 C in
air t o f orm a perovskite c ompound . Introduction of
aluminum i mpurities was pre vented by u s i ng coars e thu l ia
powder beneath t h e wafers .

* Si l i con wa s s Ub s equ e nt ly h e ld at 0 . 1 wt % by us ing
p oly ethylene l a bwa r e i n the p r oces s i ng operations .

176



I r radiation o f Thulium Oxi d e

Thulium s e squiox i de wafers , 0 . 7 i n . i n diameter b y 0 . 1
in . thic k , fabri cated i n t h e ab ove ma nn e r , were i r rad i a ted
i n a l uminum c ont ainers in Savann ah Ri v e r reac t ors t o demon­
stra t e product ion c ap ab i l i ty f or 170Tm203 . Ab out 0 . 6 kw o f
17 0Tm20 3 was pro duced with a p ower level of ab out 2 w per gm
of Tm203 at di scharge . An act ivi ty l e vel of 2.5 w per gm o f
Tm203 wa s ob t a i n ed i n e xp eri men t a l irradiations during an
earlier high flux d emons tra t io n a t Sa v a n na h Rive r (1 ) , and a
l evel o f 3 w p e r gm i s believed at t a inab l e in a specially
designed experiment .

Effects o f reactor i r r ad i a t i on on thulia were assessed
by e x ami n i n g wafers before and after exposure . This exami­
nation indicated that no dimensional changes occurred dur ing
i r r a d i a t i on. So me mi nor change s in weight were noted , but
these were attributed to chipping or to pickup o f surface
contaminat ion f rom the a luminum holders . No evidence o f
micro s t r u c t u r a l changes was noted (Fig . 4) .

The po s s i b i l i t y o f interac tion between Tm203 and
aluminum containers used during irradiation was e valuated
by di fferentia l t hermal analysis of mixed t huli a and
a luminum powders ( 4) . An exothermic react ion b e g a n at
585° C. Si nc e the AI -Tm 20 3 interface is considerab ly b e low
t his temperature during irradiat ion , no interacti on wa s
exp e cted or ob serve d on postirradiat ion examination .

Diametral compress ion te s t s on t h r e e i r r a d i a t e d wafers
showed a tensi le strength of approximately 5000 psi , about
e qu a l to that of unirradiated wafers . No evidence of
microc r a c ki ng was found in irradiated wafers .

About two-thirds o f the i r r a d i a ted wafers were found
broken into two or more pieces when remove d f r om the
aluminum containers . This b reakage i s believed due to
me ch a nica l damage during target assembly and disassembly
operations or to thermal stresses during irradiat ion . In a
more recent irradiation , these procedures were altered to
minimize bre akage during hand l ing o f the brittle materials .
Only on e wafer of twenty s e v e n e xamined was broken as a
re sult of the handling techniques used . With r e a s ona b l e
care , breakage does n ot co nstitute a serious problem.

Status and Applicatio ns o f Thul i um Sesqu ioxide

Thulium sesquioxide has been shown t o be a material
with e xcellent p otential f or mee ting operational and safety
r eq uirements f or high-temperature power sources . A process
h as been deve loped to fabricate high-dens ity oxide wafers
suit ab le for i rradiation and u s e i n a heat source capsule ,
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a nd background technology exi s ts f or t he ma nu f a c t ure o f
other f uel forms ( s uch as microsphe r e s o r cermet s ) that
mi ght b e require d f or s~e cific a pplicat ions . Irradiatio n
p roc e dures to produce 1 °Tm with h igh power densit ies in
Tm20 3 or t hu l ium metal targets hav e b een developed . Th e
majo r deve lopme nt areas remaining are l ong term c omp a t i­
b ility test ing, a lternative fuel form f a b ric a t i on , l ife test
demonstrations of heat s ource c ap s u l e s , and safety e valua­
t i on .

There i s no mission designated to use a 17 0Tm p ower
source at present . Howeve r , Sanders Nuc lear Corp oration
h a s de mon s tra t ed a low temperat ure , 300 -mw ge ne rato r
prototype as part of an in-house projec t ( 1 8 , 19) . Sa n de r s
Nu c l e a r is als o i nv e s t i g a t i n g the use o f 170Tm203 as a fue l
for other isotop ic power d evi c e s under contract t o the
USAEC; in t h i s program, they will be c o n c e r n e d p r im a r i l y
with fuel material properties and fuel capsu le compat i ­
bi l ity ( 19) .

Thu l ium- 170 i s a p ossible substitute fo r 2 10pO , an
alpha emit ter with a h a l f - l i f e of 138 days , i n short-t erm
heat s ource missi ons . Thulium-17 0 is especially well
s uited for fuel ing high t empe r a t ur e s ources, where i t
possess es a number o f unique advantages :

o Tm20 3 i s a tru ly refrac t ory , fu l l -oxidi z ed fuel
ma t e r i a l , which great ly enchances its probability
of meeting nuclear s a f e ty requirements .

o Because 170Tm is a beta emitter , no problems arise
due to he l ium format ion .

o No lar g e and expens ive i nve n t o r y of target
material i s r eq u i r e d t o produce 17 0Tm.

o Fo l lowi n g irradiation , thulium s es quioxide may be
used d i rectly as a heat source fuel .

Th e ma j or di s a dvantag e in the u s e o f 170Tm is t h e
heavy shie ldi ng required bec a use o f the Bremmsstrahlung
assoc iated wi th the beta decay .

Acknowl e dgme n t

The i n f or ma tion contained i n t his a r tic le was deve loped
duri ng t h e cour se o f wor k under Con trac t AT(0 7-2) - 1 with
the Un ited States Atomic Energy Commiss i on.



REFERENCES

1. J . L. Cr anda l l ( compi l e r ) , The Sava nnah Ri ver Hi gh Flux
Demons t r a t ion , USAEC Report DP- 999 , Savannah Rive r
Labora t or y ( 196 5) .

2 . P . K. Smi th , J . R. Keski , and C. L. Angerman ,
Prop e r t i e s of Thu l i um Met a l and Oxi de , US AEC Report
DP- 1114 , Savannah River Lab ora t ory (196 7 ) .

3 . P . K. Smi t h , High Temper a t ur e St ab i l i t y of Thulium
Oxide , US AEC Report DP- 1116 , Sava nnah River Labora t ory
(196 7 ) .

4 . J . R. Keski and P . K. Smi t h , Thu lium Se s quioxide fo r
I s otopi c Heat Sou rce s , present ed a t t he 1 2t h Pacif i c
Coast Regional Mee t i ng of the Amer i can Cer amic Soc i e ty ,
San Franc isco , Ca l i f . , November 1- 4 , 1967.

5 . M. R. East l y and M. W. Mat s on , Eng i neering Propert ies
of Tm 20 3, Amer . Cer am. Soc . Bul l . , 44 , 1965 , p . 389 .

6 . w. J . Ker r igan , Ca l or i me t r i ca lly Measured Hal f -Life of
Thulium- 17 0 , J . Inor g . Nuc l . Chern. , 29 , 1967 , pp . 26 57­
265 8 .

7 . Nuc l e ar Da t a She e t s , 1959- 1965 , Acade mic Press , I nc.,
New Yor k , 1966 , pp . 1867- 68 , 188 7 .

8 . E. D. Ar nol d , Handboo k of Shi e l di ng Requi rem ent s and
Radiat ion Charac t er i st ic s of I s ot opi c Power Sour ce s
fo r Ter r est r ial , Mar i ne , and Spac e App l ica t ions , USAEC
Report ORNL-3576 , Oak Ridge Nat i ona l Lab ora tor y ( 196 4 ) .

9 . S . M. Sanders , W. J . Ker r i gan , a nd E . L. Albenes ius ,
Radia t ion Shi e l di ng f or Sma l l Power Sour ce s of 170Tm,
171Tm, USAEC Report , Sav an nah River Lab or a t ory (to be
i s s ued ) .

10 . Charact er ist ic s of Rad io i so t op ic Hea t Sou rc es ,
Bat te l le Nor thwes t , J an . 22 , 1968 . (F rom
C. A. Rohrmann , Radiois ot opi c Hea t Sour ce s , USAEC
Report HW-76323 , Pac i fi c Northwes t Laborat ory,
Ba t te l le Memo r i a l I ns ti t ut e , Rev . 1 , Tab le VI , p . 52 ,
Oc t . 5 , 1963 . Reissues are made about t wi ce a year
to i nc l ude the most current data ) .

11 . M. Foex and J . P. Traverse , I nves t i gation s About
Crystal l i ne Trans fo rma t ion i n Rare Ear t hs Sesquioxides
a t High Tempera ture s , Rev . I nt . Haut es Temp . Re fract . ,
3 , 19 66 , pp . 429 -45 3 .

179



12. D. L. McElroy , Oak Ridge Nationa l Lab ora t or y, Private
communicat i on, Apri l 1968 .

13. E. E. Ket chen , Oak Ridge Nat io na l Labora t ory, Private
commun ication , May 1968 .

14. E. J. Huber , J r . , E. L. Head , and C. E . Hol ley , Jr . ,
The Hea t of Combus t ion of Thulium , J . Phys. Chern . , 64 ,
1960 , pp. 379-3 80 .

l S. M. B. Panish , Vaporizat i on of the Rare Earth Oxi de s ,
J . Chern . Phys ., 34 , 1961 , pp . 219 7- 2198 .

16 . P . K. Smith , W. C. Mosl ey ~ a nd J. R. Ke s ki , High
Temperature St abi l i ty of 44Cm and 170Tm Oxide ,
Proceedi ngs of The rmionic Conversion Spec i a l i s t s
Conference , Palo Alt o , Ca l i f . , Oct obe r . 30-Nov . 1,
1967 .

17. S . St e cur a an d W. J . Campbell , The rmal Expansion and
Phase Inversion of Rare-Earth Oxi de s , US AEC Rep ort
BM-RI -S847 , Bureau of Mi ne s , Col l ege Park Metallur gy
Research Center , Md . (1 960 ) .

18. Nu cleonics We ek , 9(8 ) , Sep t ember 7 , 1968, p . 6 .

19 . Nuc l eonics We ek , 8(36) , Feb r uary 22 , 196 8 , p . 4 .

180



Tab le 1 . Properties of Thulium Se s quioxide

Power Dens ity , w/gm

St ru ct ur e ,
To 228 0o c : Body-centered cUbic ,

22800c t o mel ting: Hexagona l ,

Dens ity, gm/cc

Me l t i ng Point , °C

Heat of Format ion , kcal/mole , 298°K

2 - 3

°a = 10 .482 A
°a = 3 . 78 A

(es t i mated
f rom
cia 1. 60 1 1 )

°c = 6 .04 A

8 .884

2375 ± 25

-4 51. 4

Vapor Pressure , a tm at 2000 0K (estimated ) 4 .2 x 10- 9

Linear Ther mal Expansion, %
At 500°C

10000C
l500 0C

Thermal Conduct ivity , w/(cm)(deg)
Savannah River Tm203 ( 12 ):
At 34°c

66°c
110 °C
140° C
190°C

ORNL Tm203 (13 ) :
At 200° C

400 °C
600°C
800 °C
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0 . 4
0.8
1.3

0 .0 420
0 .0424
0 .0422
0 . 0413
0 . 0383

0.051 8
0 .0433
0.03 72
0 . 0326
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~UIREHENTS OF RADIOISOTOPE CAPSULE MATERIALS

J . R. Holland

Abstract

The r equirements of capsule materials fo r radioisotope heat sources are
demanding particularly f or space applications where t he r equirements
often exceed current materials capabi lities and knowledge . The capsu les
are generally mult ilayered structur es with each l ayer having a definite
fun ction relative t o the operating conditions and probab l e environments.
One may classi fy the radi oisot ope caps ule mater i a l r equire ment s as
fo llows: those r esulting from (a) t he radi oisotope fuel an d its fo r m,
(b) oper ating conditions such as t emperature and life, (c) antici pated
and potential environment s, e . g ., launch accidents, space vacuum, and
reentry, and (d) mutual compatibi lity and stabi lity cons i de r ations ,
arising from capsule mat erials select ion . Thes e requir ements are dis­
cussed i n this pap er with r egard to current pr actic e, mate r ials
knowledge, and future n eeds. The discussion i s bias ed toward space
applications since the materials probl ems enc oun tered seem more exac t ing
and l ess facile in thos e applications .

J . R. Holland i s supe rv isor of t he Spac e Power Research Division, san dia
Laboratori es, Albuquerque, New Mexico .
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In t roduc t ion

Snap 3B was a signal achiev ement as i t ini t i a t ed t he us e of
radioisot ope elect r i cal power gener a tors i n space . Since the June 29,
1961, launch of SNAP 3B7, which i s st i l l producing power, t he design
concepts of t he gen erators are basically unchan ged . However, t he
mat er ials used fo r t he capsule, t he energy conve rter , and throughout
t he gener ator have changed and are s t ill changing in rather dramat i c
but not surp r isi ng ways . The potential us e of thermionic conversion
units presages even gr eater changes in the ma ter i als technology and
requirements . What has already started i n capsule t echnol ogy i s that
i ncrea si ng temperature and lif e requiren ent s hav e sta r ted a tr end away
from nickel or cobalt based super al loys t o refractory met a ls and noble
metal alloys . In t ime di spersion-strengt hened alloys, f iber eutec t ic
alloys, compos i t e alloys , and ce r amics may prove advantageous f or
cap sule str uct ures . In many ways , the incr ea sing sophistication of the
material s used in capsules is analogous t o j et engine turbine bucket
development ov er t he past t went y years .

The cap sule and t he r adioisotope fuel i t contains i s the heart of
t he sy stem si nc e it i s t he source of energy . The function of the
capsule is to contain t he radioisotope in a usable fo rm dur ing oper ­
ation and to minimize sa fety ha zards associated wit h the radioi sotope
fuel . The lat t er capsule func t ion , and t he design r amifications
thereof , are critically dependent on t he mi s s i on saf et y philosophy ,
i . e ., fuel disp ersal, int ac t r eentry, intact through impact , or post
impact integrity . The cur rent and potent i a l futur e r equirements f or
capsule materials for space applications are r evi ewed he re . The need
t o extend pre sen t mat erials capabilities fo r the rel a t ively long
ser vice life and high r eli ability r equired fo r space us es i s s t ress ed
as vital .

Mater i al s Regui rements

The r equirenent s f or caps ul e mate rials are depend ent to a l arge
extent on the intended us e of the r adioisot op e power gene r ator . Thi s
applies fo r t errestrial and biomedical applications a s wel l as the
space applicat ions considered here . The caps ul e mater ials requirements
may be arbi trar i ly categorized into four ar ea s . Fi rst there are
r equirements t ha t are a direct r esult of t he radioisot ope fu el and i t s
chemical f orm. For example, with a gamma emitt i ng radioiso t ope suc h
as 60Co, shi el ding may be a prime considerat ion; however , fo r an al pha
emitting r adioisot ope such as 238Pu shielding is a very minor con ­
si der at ion except in mult i -kil owatt man rat ed syst ems . Heli um gas
cont ainment or venting may be the dominan t criteria . A second ca t egory
of r equirements i s a consequence of the oper ating condi t ions , in pa r ­
t icular t emperature and s ervi ce l i f e . Thi rdly, t here ar e t he r e­
qui rements i mpos ed by t he oper ating envi r onment s and potential acc ident
environment s . These environments are of such paramount i mpor t ance that
they are discus sed in a s epar a t e session in this volume . In the acci ­
dent envi ronments , the prime concern i s t o insure saf et y and al l ot her
consi de ra t ions such as r el i able power generation ar e di stinctly second­
ary . Fourthly , ther e are r equi r ements that are dependent on the

185



materials s elec ted to meet previous cr i ter i a ; t hese incl ude fabri ­
cabi l ity, mut ua l compati bi l ity, and t hermodynamic stabi lity . In
general the r equirement s fo r ter restri al use diff er f rom those fo r
space i n that the normal and ac cident envi ro nments are much less
sever e f or t he ter rest r i al appl ica t ion f rom a mater i als standpoint .
In addition, since weight i s not a prime consideration fo r terrestr ial
applications , much larger safety factors may be us ed .

Becau se of the difficulties encounter ed i n meet ing the va r ied
mater i als r equirements , presently designed r adioisotope capsu.l.es are
gen er ally mUlti - l aye red structures . The mater i a l f or each layer is
s el ect ed becaus e it pos s es s es one or more of the r equired attributes.
Hence, a capsuLe may r equire fiv e or s ix consecut ive layers of mater i ­
als acros s which good t he rmal conduc t ivity i s r equired . In Fig. 1 i s
a schematic drawing of a hypothet i cal capSUle which illustrat es t he
princ iples i nvol v ed and does not r epresent the capsuLe fo r any SNAP
gene rator . The essenti a l layers r epr esented are : 1 ) capSUle liner,
2) st ructura l shell , 3) diffusion bar r ier, 4) oxidat ion resistant
cladding, and 5) emittance and/or ablat ion coating . Chemical compati­
bi l ity wi t h the f uel i s t he pr i nc i pa l s el ection cr i terion fo r a liner .
The mat erial select ion f or the st ruct ural she l l i s di r ect ed primarily
by t he operat ing conditions and seconda r ily by t he environments . The
select ion also depends, i n t he cas e of alpha emi t t ing f uels , on
whe t her the capsule i s ven ted . The diffusion barri er i s se lected to
l imit the i nterdif fu sion between shel ls and hence i s selected to
improv e t he mut ua l compatibilit y and i nt erface st ability . An oxi ­
dat ion resi stant cladding is oft en r equired bec ause of the ea r th
operating envi ronment and t he oxidation character istics of the
structur al shell , particularly i f the shel l i s a r efract ory metal or
alloy . An outer emittance and/ or ablation l ayer may frequently be
desi red for self-evident r easons .

The situation descr ibed here i s a r a ther exac t i ng mate r i als
pr oblem . I t als o calls f or ingenuit y and extension of current mater i ­
als cap abilities . In recent capsule designs the use of alloys such as
T-lll (Ta -8%W-2%Hf) and TZM (Mo-O.5%Ti -O.08%Zr) r epr esent s the first
us e, t o t he author ' s knOWledge , of r efrac t ory al loys fo r long service
l ife (~lO,OOO hour s ) unde r stress at r ea sonably high temperatures
(>800°C) . Other i nnova t ive uses of materi als wi l l no doubt fol low as
operat ing condi t ions r equire higher service temperatures or longer
service lives, or both. As we focus attention on the various cate­
gories of mater ials requir ements, the n eed to extend cur rent mater i ­
als t echnology becomes more apparent .

Requirements Associat ed with Fuel Form
First, one considers t he r equirement s associated with the r adio­

i s ot ope fuel and its form . The alpha emitting fuels have been favored
f or space applic at ions . How ever, cheaper fuels suc h as 90sr have been
us ed f or ter rest r i al applications. The r elea s e of hel ium from fuels
such as PU02 and the r esul t ing increase in i nt er nal gas pressure impose
t he need f or creep strength on structur al mater i als us ed i n unvent ed
capsules . Thi s r equiremen t will cont inue to exist until it is demon­
str ated t hat he lium can be r eliably vented . Until such time, capsules
fo r alpha fu els probably will cont inue to be pressure vessels . An
except ion might occur if the helium could be retained i n the fuel it self.
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Most of the al loys with high temperature capability were designed
for s er vi c e lives of from 1000 t o 5000 hours or les s . Accordingly,
very little creep data exists beyond thes e anticipated ser vic e life­
times . Capsule mater i als for an alpha emi t t ing i sotope such as 238Pu
(half- l i fe , 87.5 yr . ) us ually must operate f or greater t han 10,000 and
possibly f or longer t han 100, 000 hours . In a rec ent caps ule designed
a s a test veh icle for t he Large Radiois otope Heat Sour ce Caps ul e
Pr ogram (1 ,2 ) , Fig . 2, the r equirement on the st ru ct ural shell was
that it sh ould exhibit a cr eep st r ain of les s than 1 percent in seven
years. Thi s capsule was designed for an operating life of five years
and an operating cap sule sur f ace temperature of approximately 1100°C.
The rationale f or the creep st r ain limitation of 1 pe rc ent i n seven
years was that caps ule integrity coul d be a ssured wi t h some confi dence
over t ha t strai n and time interval. It was also as sumed t hat t he
capsul e would be Launched within a year after encaps ul ation of the
Pu02 fuel . The candi date mat er i als f or this capsu le st ruct ur al shell
were alloys of columbium and mol ybdenum, T-lll, and Ta-lO% W. In thi s
ca se T-lll was pick ed becau s e of its super ior creep st r engt h and
excellent impact re sistance . This particular test capsule was intended
f or use in gene rati ng materials da ta applicable t o the NASA Brayton
Cycle demonstration . I t should be noted, however, tha t caps ul es f or
a new gene ration of t hermoel ectr ics , i.e., Si - Ge and cascaded thermo­
electrics, will r equire simil ar ope rating times and t emperatures .

With beta and gamma emitting radioi sotopes, th e need f or creep
strength in t he structural mate r i al diminishes . In s t ead, the question
of providing gamma shi el ding and impac t st r engt h in the caps ul e aris es .
Tungsten and i t s alloys are candi date materials t hat mee t these c r i ­
t eria and also have high temperature utility.

The chemical activity of radioisotope fu el fo rms r equir es that
chemical compat ibi l ity between the r adioi sot opi c fu el and the capsule
be provi ded . This problem can be parti cularly severe as t he fuel s
often chemically a t t ack potential cap su le mater ial s i n localiz ed ar eas
such as grain boundaries an d weld zones . In general, compatibil i t y
can only be est abl ished by i sot hermal exper iment s pe rformed at the
tempe r a t ures of i nter est . For example, limited r esults are now
available from compatibi l i t y t ests of Pu02, Po, GdPo, Cm203 ' Sr Ti02 '
Pm203, Tm203, and Co; this work i s st i ll i n pr ogr ess at Mound Labo­
ratory, Oak Ridge National Laboratory, Bat telle Northwes t Laboratory,
and Savannah River Laboratory . Mater i als such a s plat inum, Pt-Rh
all oys, tantalum, and Ta- l O%W ar e cur rent candi dates f or l iner mater i ­
als fo r us e with Pu02' Changes in the f uel f orm and its cha r act er ­
i stic s, suc h a s purit y, wi l l modi fY the chemic al interaction with the
container or l iner mater i als . Since the fuels are of t en incompa tible
wi t h t he structur al mat er i al , capsules ar e designed with a liner whose
function i s t o provi de primary conta inment of t he fu el. The liner
mater ial i s selected from compat i bi l i t y cons i derations and i s not
requi red to cont r ibute si gni f i can t l y to t he over al l s t r engt h of the
capsule .

Requirements Associat ed with Normal Operating Conditi ons
The r equir em ent s ar i sing f r om the oper a t ing condi t ions are straight­

f orward . The primary cons i der at ions ar e the ope r a t ing temp erature and
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desired l ifetime . Thes e r equirements basically modi f y those f or ad e­
quat e cr eep strengt h and fu el- capsul e compatibility di scus sed abov e . As
tempe rature and l i fetime i ncrea se, t he demands on capsule materials be ­
come more exac t ing . Hence, as thermoelectric t echnology moves from PbTe
to higher t emperature t hermoelectric mater i als , such a s Si -Ge al loys ,
then the applicability of nickel and cobalt based supe r alloys becomes
margi nal .

Requi rement s Associat ed with Abnormal Ehvironment s
The envi ronmental r equir ement s ar e less wel l def ined . This si mpl y

reflects a lack of knowledge of the s ever i t y of many accident situations
and of the behavior of mat erials i n abnormal or extrater restrial environ­
ments . Even the anticipated envi ronments are diffi cul t to define . The
predictable requirements f ro m anticipated environments fo r spac e use
include pre- launch atmospheric effects (e .g . , oxidation ) , launch abort ,
space va cuum, r eent ry and aerodynamic heating, capsule i mpact, and
oxidation and cor ro sion in pos t impact environments. More detail ed
accounts of t hes e envi ronments are present ed in another section of this
volume . In this pap er , only t he ramifications of thes e envi ronments on
capsule mater i als r equirement s are i ndica t ed .

The prelaunch atmospheri c effects ar e neg l igible when the capsule
st r uct ur e has inherent oxidation r esistanc e . One r ea son fo r this i s
that capsule sur f ac e t emperatures when in air are roughly one-half t o
two-thirds of the equilibrium sur f a c e temperature i n space vac uum.
Thus , f or service temperature s within the capabi l i t y of Haynes - 25 or
Hastel loy-N, prelaunch oxi da t ion effects are i nsignif i cant. Capsule
st ruct ur al shells fabri ca t ed from r ef r a ct ory met al s r equir e protection
prior to l aunch . In many cases i t i s pr ef erable to provide thi s pro­
t ection by cl adding t he capsule wit h a noble met al alloy. This cladding
als o provides oxidation protection fo r r eentry and pos t r eent ry con ­
ditions and select ion i s usual ly ba s ed primar i ly on thes e conditions .

The environment s r elated t o launch abo r t , such as pad fir es
(fi r eba l ls) and explosions , and prema ture r eentry, essenti al l y demand an
ext ension of t he normal envi ro nment r equirements. For example, i n
launch pad f i res and fireballs t he capsule shoul d not release fu el by
melting or s t ru ct urally degrade t o a signi f icant degree . In an ex­
plosion, t he capsule shoul d be capable of withs tanding the explosive
f orce without rupture . In addition , it shoul d be r esist ant t o shrapnel
penetration . The aer odynamic heating i n a premature r eentry has a
different profile than normal r eent ry but the mater ials r equirement s ar e
very s imi lar in that the capsule should be highly r esis tant t o t hermal
degr ada t ion and melting .

Vaporization l oss es an d changes in sur f ac e condition in space
vac uum are causes of concern . Therefore , caps ule mater ials t hat are
exposed to spac e vacuum shoul d hav e ve ry l ow vapor pres sures (less t han
the vacuum pressure of space ) at the ope rat ing temperatures. In gene r al ,
i t i s diffi cult to offs et this requirement by providing a positi v e
pressure of iner t gas wi t hin the generat or becaus e of potential l eaks
and micrometeoroi d penetration . Vapo r ization l os s es of cons t i t uents and
the breakdown of normal surfa c e oxides in space coul d potent i ally have
delet eri ous effec ts on the creep r esist anc e . While t he re i s no di rect
evidence r el a t ed to this , it i s known that su r face active a gent s can

188



drasti cally alt er the def or mation and creep char ac t erist i cs of many
materi als by alt eration and r-enova.l of the sur f ace oxides (J-6) .

The r equir ement s fo r capsule mater ials va r ies depending on the
r eentry condi t ions , such as bal l i sti c coeff ici ent and r eentry an gl e ,
and upon t he sa fe t y philosophy involv ed, i . e . , intact r eent ry, i nt act
impact, or di spe r sal . In a di sper sal capsul e the obj ec t i ve i s t o br ea ch
t he capsule a t very high altitude and effect a wide di spe r sal of the
fuel. The capsule br each may be de si gned t o occur from caps ul e mel t ing
at a l ocali z ed hot spot . For either i ntact r eentry or i ntact impac t ,
t he objective is t o minimize capsule struct ural damage due t o r eent ry
heating . Ther ef or e, the cap sule struc t ural mat er ial must have a melting
point sufficient ly high to preclude weakening both by gene r al melting
and melting of any of the alloy phases . Secondary r ecrystallization and
exag gerated grain gr owth effects may be impor t ant but they hav e not been
a majo r concern .

Capsul e i mpact requirement s seem t o be becoming inc r ea singl y
important . The r ea son fo r t hi s i s r elat ed to r ec ent ef fo r ts t o insure
t ha t capsules r etain their integrity through and after impact . The
r ati ona l e i s that i f the f uel i s cont ained through i mpact , i t i s r ela­
tiv el y saf e . Relea se wel l after impact i s l ikel y t o occur at r elatively
slow r a t es and t here i s a rea sona bly high pr obabi l i ty agains t any gros s
fu el r el eas e . Als o, t he pr obability of atmospher ic r esusp ens i on of t he
fuel i s grea t ly r educed. Thi s di scuss i on i s germain to alpha emitti ng
fU~l that Bre st abM in air and probabl y does not apply to suc h fu els
as °po , 9 Sr , or Co . For these latter i sotope s tot a l cont ainment on
earth i s highly desirable; ther ef ore , cap sule int egr i t y wel l after
impa ct i s a necessi t y unless the capsul e can be effectivel y buried in
acceptable l ocations such as oc ean dept hs .

Impact r esistance i s of great importance, but this cha rac t eris t ic
cannot be r eliably predicted . TYPical impac t v eloci t ies a r e i n t he
r ange of 100 t o 600 feet per second . It is gen erally considered that
t he mos t sev ere condt i on is impact on grani te ; hence mos t capsul es are
impact t ested agains t grani te . The capsule temperat ur e at the time of
i mpact an d t he ef f ects of the thermal and s t ress history of t he caps ule
compl icate t he si t ua t ion . The caps ul e shoul d ab sorb the energy of
impact by defo rming wi t hout fractur ing . The capsule st ruc t ur al mat eri ­
al shoul d exhibit good impact r es i stance in an aged condi t ion, a sit u­
ation that i s illustrated in Figs . 3 , 4, and 5. Lack of no tch
sensitivity and good ductility seem to contribute to t his characteristi c .

Prot ecting t he capsule in post impac t envir onments i s dif f i cult at
best . Cl adding an d coating l aye r s tend t o abr ade or st r i p away during
i mpact . Thi s has been experimentally obser ved f or Pt -Rh claddings up t o
0 .040 in . t hick (7). Greater st r engt h and hardnes s in the cl adding i s
needed, but i t i s di f ficul t t o provide. A caps ul e lying on the gr ound
or t otal ly immer se d in water (either f resh or sea ) will maintai n a
t emperature much reduced from the st eady st a t e opera t ing t empera t ure in
space because of improv ed t hermal transf er . Therefore, in thi s situaticn
a r efractory metal capsule st ruct ural shell might hav e appreci ab l e lif e .
The tantalum all oys containing hafnium may be us eful in t hi s r egard
since th~ have a l imited degree of oxida t ion self pro tect ion i f suf ­
f icient hafnium i s present .

189



stress cor rosion in sea and fresh water are also of concern .
Paucit y of data r egarding these effects makes it di f f icul t to assess t he
mater i al requirements . Capsule bur i al with result ing soi l cor rosion i s
another area i n which it r emains dif fi cult t o determine t he mater i als
needs . (See, fo r example, Fig . 6 .) The capsule t emperatures vary
depending on soi l t ype . A bur i ed caps ule that r eacts with t he soi l t o
fo rm a mol t en s l agl i ke mass may r epr es ent a met hod of safe containment
of radiois ot opes.

One mus t als o cons i der individual mater i al s t abi l i t y, int eraction
of mater i als in va r i ous layers, and the possibility of signi ficant ly
modi f ying the mater ials qy interdiffusion ac ross interfaces . The
sev er i ty wi l l depend on t he mater i als se l ected, but , to the extent
feasible, i nstabilities should be avoided . This i s vital where the
st ruc t ur a l shel l i s concerned . Formation of Lav es pha s es in cobal t bas e
sup eralloys, pick-up of int erstitial contaminants by r efractory met als ,
and f ormati on of new pha ses, particularly embr i t t l i ng i nt ermetallic
compounds , can all have dire consequences during ser vice, r eentry, and
impac t . An exampl e of potent i al probl ems f rom diffusion i s pl at i num
di f fus i ng into a tantalum base alloy. Formation of any of t he sever a l
known Ta-Pt intermetallics coul d potentially deg r ade a tant alum alloy
st ruc t ur al shel l . For problems such as these , an indica t ed sol ut ion i s
to pro vi de diffusion barri ers t o minimiz e pro blems acros s materials
interface s. Stable oxi des such a s A1203 and Th02 are being considered
fo r thi s purpose.

Fabricability
Finally, the probl em of fabricability has t o be taken i nto account.

Formability and wel dabi l ity are vital pr ac t ical requirement s . Capsules
are r elatively compl i cated t o f abricate and this i s further compl icated
by the presen ce of the radioisotopic fuel dur ing assem bly and wel d
closu re . Thus, fo rmabi lity and weldabil i ty assume greater i mportan ce
than us ual .

Summary

In summary, t he mater i als requir ement s are mani fold . High t emp er­
atur e st rengt h, cr eep r esist ance, high st r ai n rat e ductility, oxida tion
r esistance, chemical s tabi l ity, resistanc e to envi ro nmental ef fects ,
high melti ng point, phase st abi lit y at high temper at ure, and i mpact
energy ab sorpti on are vi tal cha rac ter ist ics of materials se l ected fo r
the struc t ur al shel l of radi oisotope capsules f or space use . Sin ce it
i s unusual t o f ind thes e cha racter istics t o an accept able degree i n a
s ingle ma ter ial , caps ules are gene r al ly mult i l aye red . Each l ayer
provides fo r one or more of thes e mater i als needs . Terrestrial cap sules
hav e l ess st r ingent r equirements t han space caps ules bec ause the en­
vironmental ef fec ts are l ess vari ed and are more predictabl e and greater
safet y factors may be employed.
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REFRACTORY METAL ALLOY

OXIDATION RESISTANT COATING

Fig . 1 Schema'td.c of hypothetica l radioisotope f uel capsul e for spac e
applications . The capsule i s for alpha emitting radioi sotope s
and illu strat es a mult i l ayered approach t o capsule design and
mater i als select ion .
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Fig . 2 The Large Radioisotope Heat SOurce Capsule . The cross sect i on
gi v es the mat erial s layers an d dimen sion s. The inner liner i s
0 .020 in. Ta-10% W, the outer liner i s 0 .020 in . Ta-10% W; the
s t ruct ural shell i s 0 . 127 in . t antalum alloy T-l11 ; the diffu ­
si on barri er i s 0 .002 in . alumina; t he oxidation cladding i s
Pt-10%Rh; the emittanc e coating i s 0 .004 in . iron titanate .
The shock mit i gating structure i s a hon eycomb st ruct ure of
Ta-10% W.



r>.
~

Weld Ring -

Fueling Plug,

T a -lOW Powde r

Fuel

Inne r Liner (Ta-l OW)

Out e r Liner (Hay n es- 25 ) -

Fig . 3 Cross sec t ion of a spherical cap sule designed by Rit tman
Associ a tes . The struct ural shell i s Haynes - 25 . The lin er
mater i al i s Ta-lO% W. Capsule assembl y i s al so indicated .
This capsule design has been extensi vel y impact tested .
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A

B

Fig . 4 spher ical capsule shown in Fig . 3 (a ) side view; (b ) bottom
vi ew, af t er impact ont o gr ani t e . The capsule was i n an unaged
condit ion, the nominal capsule temperature at impact was 260 0 C,
and the impact vel oci ty was 452 feet per sec ond . The apparent
capsule intE?grity was confirmed by sub sequent post i mpact
examination .
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Fig . 5 Spherical capsule shown in Fig . 3 after impact onto granite .
The capsule had been aged 1000 hours at 816°C; the nominal
capsule tanperature at impact was 260°C; the impact velocity
was 374 feet per s econd .

Fig . 6 Burial test of the mAP 27 capsule . The capsule temperature
exceeded l 374° C, the total burial time was 48 hours , and the
soil was bento¢te.
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PROPERTIES AND FABRICATION OF REFRACTORY ALLOYS

FOR ISOTOPE CONTAI NMENT

By Robert Lee Davies and Paul E. Moorhead

ABSTRACT

Use of isotopic fuels in a high-temperature heat source requi res the use of
refractaymetal alloys for containment and also for structure in order to hold fuel
capsules in a given geometry. Programs have been conducted to determine
properties of refractory alloys of interest to space power systems including isotope
heat sources. The pertinent properties investigated for the alloys of interest have
included fabricability, elevated temperature stability and long-time creep strength.
Data will be presented on the bend ductility of various refractory alloys in the
wrought, electron-beam welded and tungsten inert gas welded conditions. Long­
time data will be presented on the structural stability of the T-lll (Ta-8W-2Hf)
alloy. Also presented will be creep strength data for various alloys of interest
for application to isotope heat sources. In addition, stronger alloys are of interest
because they would allow a reduction in structural ma te ria l thickness or an increase
in safety without a weight penalty. The study of advanced alloys has resulted in a
fabricable, weldable tantalum alloy having a useful design strength at temperatures
up to 26000F.

Lewis Research Center
National Aeronautics and Space Administration

Cleveland, Ohio
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INTRODUCTION

Space power systems using isotope heat sources are of interest for

future long-duration space missions . One such system is the isotope­

Brayton system under investigation at the NASA Lewis Research Center
(Ref. 1). As a part of this investigation, studies have been conducted
by the AEC and NASA to define an isotope-containment capsule compat­
ible with the design requirements of the isotope -Brayton system . These

studies have indicated the necessity for the development of a refractory­
metal-a loy capsule for operation at 20000 F , utiltz ing plutonium-238

as the fuel. At present, Atomics International under contract to the
AEC is conducting a program to develop the technology of a refractory

alloy isotope fuel capsule capable of operating in a space environment

at a surface temperature of about 20000 F for five years or more
(Ref. 2) .

The use of r efr actor y alloys will require the determination of
alloy properties at the anticipated operating conditions. In this paper,

the properties discussed for refractory alloys of interest were gener­
ated under NASA contract. These properties include long-time creep
strength, and elevated temperature stability and its effect on ductility

and fabr icability . The alloys would be applicable to the isotope­

Brayton, as well as to other isotope-using concepts requtrtng refrac­
tory alloys .

MATERIALS REQUIREMENTS

The r efractory metals used for isotope encapsulation, whenever
total containment is r-equired, mus t possess high strength at elevated
temperatures and for long times , compatibility with isotope fuel, and

sufficient ductility and weldability to permit capsule fabrication. At
the present time, tantalum-base alloys offer the greatest potential for
the containment material . A liner is provided to separate the fuel

from the tantalum-alloy strength member . An OXidation-protection
layer is also requir-ed . Shown in Fig. 1 is a typical capsule config-
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uratio n gene rated to satisfy the aforementioned requirements (Ref . 2).

The capsule consists of a liner , a pr imary-conta inment s trength mem­

ber of tantalum alloy, and a platinum alloy for oxidation protection . A

diffusion-barrier layer is provided between the tan talum and platinum

to prevent interaction and embrittlement of the capsule materials . The

outside is coated with a high-emissivity coati ng since the design heat­

transfer mode is radiation .

The s trength requirement imposed on the containment alloy is a

result of the decay of the fue l. An alpha -emitting isotope , such as

plutonium, relea ses helium during dec ay causing helium pressure in

an unvented capsule . Based on the a s sumption of 100 percent helium

r elease from the fue l matr ix , Fig . 2 shows this characteristic pres­

sur e bu ildup with time and the char a cter istic temperature dec rease .

In iti ally, the gas pressur e in the capsule is low and the temper ature

is a maximum ; however , as the fue l decays , pr e ssur e builds up

while the temper atur e decr eases . At about 2 half- lives , the te mper ­

ature decrease mor e than offsets the additiona l gas generated. and
the pr essure begins to decrease . The temper ature of the capsule has

fallen to 7000 F when the maximum gas pr essur e of about 15 000 ps i

is reached a t 2 half-lives . Subsequently , the gas pressure dec reases

to a value of app ro ximately 10 000 psi and r ema ins essentially constant.

CREEP STRENGTH

The cr eep s trengths of va rious alloys have been investi gated in

test s conducted in ultrahigh vacuums . Shown in Fig . 3 are sever al

of the ion-pumped cr eep-test r igs being utilized for these tests . The
vacuum chambers are capable of conti nuous ope rati on a t 10-9 tor r ,

and the accuracy of specimen-extens ion measurements is ±50 Jl inches .
The high vacuum is r equ ired to prevent contamination of the mate r ials ,

which would otherw ise lead to incorrectly predicted strengths for the
refractory alloys . The creep properties of the a lloys to be discussed

have been gener a te d by TRW Inc. under NASA cont ract (Ref. 3).

In Fig. 4, t he stress to produce 1 percent creep in various alloys
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is relate d to the Larson-Mille r paramete r P where

P = T (15 + log t)

T = temperature, oR

t = time , hr
For 1 per cent creep in 10 000 hours with a st r ess of 2000 ps i , t he

following would be the max imum allowable ope r ati ng temperatures .

Allo y

T-111

ASTAR-811C

W

W-25Re

Tem per a tur e
of

2300

2650

2750

2800

The des ign of an isotope-caps ule s tr ength member predicted upon

any single combinati on of s t ress an d temperature would be erroneous
and coul d lead to an unsafe design or to one that is too conser vative,
thus suffe r ing a weight pe nalty . Therefor e , a procedur e is necessary

for handling the increasing stress wit h decr easing tem perature .

For these condi tions of variable stress an d temper atu re , the fol­

lowing simple but unpr oven theoretical me thod may be used to estimate

creep : For a give n mater ial and a given ope r ating st r ess the value of

the Larson - Miller pa r amete r P cor responding to , say , 1 percent

creep can be dete rmine d fr om a plot such as Fig . 4. For a give n

te mperature T , the ti me t requrred to p ro duce the selected creep

can the n be dete rm ined . The quot ient of the selected cr ee p to the

thereby determined ti me t specifies the aver a ge creep rate ove r the
time t. For this theoretical method such creep r ates are assumed to

be functions of only st r es s and te mperature an d to be indepen dent of
pr evious stress , temper atu r e , or accumul ated creep . For the varying

stress an d te mperatur e of the isotope cap sule , these creep rates are

integr a ted wit h respect to time i-n order to determine the tota l accumu­

la te d creep . A method for accomplishing this is descr ibed in Ref . 4 .
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Typical creep tests conducted to date have been at constant stress
and temper atur e ; however , data are required on the behavior of the

mate r- ial under chan ging stress and te mperature . Progressive-load

creep tests ar e being conducted on T-ll l. In these tests, the str es s
is nominally zero at the start and increases at a given rate (ps f/ hr ) ,

until the desired creep is achieved . A typical curv e from this type
of test is s hown in Fig . 5. Using a me thod similar to the Oak Ridge
National Labo ratory me thod pr evious ly discus sed, Sheffler (Ref. 3),
wor king under a NASA program , developed the follow ing mathematical
expression to determine the cr eep li fe to a given percent cr eep str ain :

In L = rJ nD- - In~ - B J AT
~T AT - 1 AT - C AT - 1

where

L '" creep life, hr
a == stres s rate, ps f/ hr
T =: te mperature, oR

ABC =: empirical constan ts dependent upon material
The cons tants are derived from cons tant-stress tests ca rried out to

the des ired percent creep strain. Predictions made using this for­

mul a for a particular heat of material have shown good a greement

with the experimenta lly determined r esults in var iab l e - str es s tests
up to about 4000 hours with T-ll l.

The pro gressive load-type tests have also shown that as the str ess

appr oac hes approximately three-fourths of the tensile yield s trength
at lowe r temperatures, below about 18000 F , the creep strain devia tes
fr om that predicted by the Larson-Miller plots . This means that the
des ign limits for an isotope capsule would no longer be based on creep ,
but on cr iterion based on yield strength limits, when the stress
approaches thr ee - fourths of the yield strength of the strength member .
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STRUCTURAL STABILITY

The material utilized for encapsulatio n of isotopic fuels is required

to have an extremely long, useful li fe . Therefore , a knowledge of its
long-time stability is necessary . The stability of a material can be

partially determined by its ductility after long-time exposure to eleva ­

ted temperature . Also , the ductility of the containment alloy is very
impor ta nt to allow deformation of fuel capsules on impact, rather than
allow capsule rupture and subsequent fuel r elease occur . The ductility

is also a me asur e of the ability of the material to withstand thermal
s t res ses and r esist thermal fatigue . T-1l1 alloy has been tested for
long times to determine the stability of welds (Ref. 5). Fig. 6 shows
the effect of long-time exposure of T-1l1 welds made by the tungsten­
inert-gas process on the ductile-to-brittle transition temperature . The

pos t-weld anneal of 1 hour at 24000 F was selected to impart alkali­

me tal cor-reston res istance to the T-111. The It-bend-radius test
utilized in this work is very severe , imparting approximately 33 per­

cent s train in the outer fibers of the specimen, and is used for the

ductile alloys since it results in a sharp delineation of transition tem­
pe rature . This sharp delineation makes it possible to detect small
differences in aging behavior of very ductile alloys. It is apparent
from Fig. 6 that after post-weld annealing, the aging reaction is slow .
Although the peak transition temperatur e occurs later when aging at
18000 F than when aging at 21000 F , the effect is more severe. The
transition temperature after 10 OOO-hour aging at 21000 F is _250 F;

and after 10 OOO-hour aging at 18000 F , it is 1250 F. Spec imens that
were aged 5000 hours at 21000 F with no post-weld anneal exhibited
a transition temperature of 800 E. This would be the case for an

isotope capsule where no post-weld annealing can be accomplished.
The effect of aging reaction on ductility, i. e. , total elongation

and r eduction in area, was determined for specimens aged 5000 hours
at 21000 F with no post-weld anneal. At 320 F , smooth tensile spec­
imens exhibited a total elongation of 25 pe rcent and a reduction in area
of 28 percent before failure. This is compared with a total elongation
of 22 percent and a reduction in area of 44 percent in the as-welded
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specimens . Thus, while the transition temperature of the aged mate­

rial , based on the se ver e bend test , had increase d to approxima tely

800 F , the " engineer ing" amount of ductility even below room temper ­
atur e has not bee n affe cted . As a r esu lt of these data , it woul d appear
that even without a pos t-weld annea l, the re would not be s ignificant

loss of engineering ductility after exposure to high te mper atur e for
long ti mes .

NEW ALLOYS

By virtue of good workability , welding characteristics, and
elevated temperature strength, the ta nta lum-base materials appear

to offer the best promise as a structural material for isotope con­
tai nment . The T-111 ta nta lum alloy presently be ing pursued for the

appli cation appears adequate ; however , stronger alloys are of inter­
est . The interest is gr eat s ince stronger alloys would allow a r e ­
ductio n in mate rial thicknes s , or an increase in safety without a
weight penalty . A se r ies of fab r icable , weldable tantalum alloys
have been developed. The most developed advanced alloy has
useful design str en gths at temper atur es up to 26000 F (Ref. 6).

The creep strength of this most highly develop ed advanced

all oy, ASTAR-811C , is compared with T-ll1 in Fi g. 7 . Also
shown in this figu re is a preliminar y plo t of the s trength of mate­
r ia l fr om a developmental ingot containing Ta-13W-1 . 5Re -0. 7Hf-
o.025C . This heat of material is one of a series of var ious com­
posit ional ingot s being investigated at this ti me . ASTAR-811C is

presently commercially available in sheet form . It can be se en
that advanced alloys of this type will offer significant s tr ength
advantages over the T-ll1 although the data shown are for a pilot
plant heat of material and may not represent a final composition

chosen for larger melts and more extensive examination. Ther efore ,
it should be pointed out that the data are shown only to demonstrate
that there is the potential of having signifi cantly stronger , but still
fabrtcable , alloys available in the future .
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FABRICATION

Processing

The selection of the encapsulation materials is the first step in the

construction of test systems . It is then necessary to assure the pro­
duction of materials of high , consistent quality to withstand the service
conditions . Stringent spe cifications have been written for the pruchase
of refractory metal alloys for space power systems (Ref. 7).

Typical processing sequences for the quality r efractor y alloys
norma lly include numerous electron-beam melts to lower the oxygen
level as much as possible , a minimum of two arc melts to min imize
all oy el ement segregation which can lead to subsequent processing

diffic ult ies , encapsulating or otherwise protecting the surface of in­

pr ocess material to minimize oxygen pickup during working at elevated

t emper atur es , heat treati ng in vacuums of 1x10- 5 torr or better , as
well as wrapping the material with a refr actory metal foi l. Other

r equirements during processing include proper su rface condition ing

by machining and /or pickling between processing sequences , as well
as in-proces s chemical analysis checks to insure r etention of starting
mate r ial pur ity . The fina l quality assur ance inspection should include ,

as a minimum , dye pe netr an t and ultr asonic tes ti ng, chemical analys is ,
and elevated- temperature strength testing of samples from each lot

of mate r ial .

The processed material must be final shaped into the desired
product . The T-111 mater ial is r eadily fabr icable and can be sheared,
blanked, spun , drawn, and bent at room temperatur e without cracking.

The r equirements for cold forming a re proper lub rication to prevent
galling, and sufficient power . One example of T -111 fabricability
appli cable to isotope encapsulation is work done by Atomics Inter­
nation for the U.S . Atomic Energy Commission. Their work has
resulted in the production of T-l11 tubes with closed hem ispherical
ends . The finished tubes were 8 inches in length, 1. 68 inches in
outside diamete r , and 0.127 inch in wall thicknes s ; they were for med

by deep dr-awing from a blank 6-1/2 inches in diameter and 0.169 inch
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thick (Ref . 8).

Welding

The tantalum alloys can be welded using either the tungsten-inert­
gas (TIG) or electron-beam (EB) methods. The parts to be joined

must be properly prepared to avoid porosity or contamination during
welding. Methods of preventing weld porosity include machining the
weld joints; pickling the parts with 20 percent HN03, 15 percent HF,
10 percent H2S0 4, balance H20; and removing any pickling residue
or hydrogen formed during pickling by vacuum annealing at 20000 F

for 1 hour (Ref. 9) .
Weld chamber atmospheres must be maintained at a high quality

with acceptable levels of contaminant gases being <5 ppm oxygen,
< 10 ppm water vapor, and < 15 ppm nitrogen. In order to achieve
and maintain this purity , the chamber must be capable of being

evacuated to < lx l 0- 5 torr or less with a maximum leak rate resulting
in a pressure rise of not more than 3Xl0- 5 torr per minute . Out ­

gas s ing during welding can be significantly reduced if the chamber

can be heated for bake-out during evacuation. After evacuation, the
chamber is backfilled with helium or argon having an oxygen plus

water-vapor content of < 1 ppm , and nitrogen content of < 5 ppm . The
most satisfactory gloves checked for use in weld chambers have been

made of neoprene (Ref. 10).

Monitoring the chamber atmosphere to insure maintenance of high
purity is considered necessary; welding should be discontinued when the
oxygen or water-vapor content gets too high. The levels set for dis­
continuation of welding operations are 5 ppm oxygen and 20 ppm water

vapor. The weld chamber atmosphere can be further checked by

making a bead-on-plate weld on stainless steel sheet and noting the
degree or absence of discoloration. This test checks the environment
the weld sees , and can detect oxygen levels in argon as low as 1 to 5
ppm when performed by an experienced operator.
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CONCLUSIONS

The material being extensively investigated for the strength member
of isotope containment capsules is T-11l. Capsules constructed of the

T -Ill alloy include a tungsten liner and r equir e an outer layer of plati­
num alloy for protection against oxidation.

Long-term stability of T-l11 welds has been investigated, and it is

seen that there is an aging reaction . However , subsequent tensile
testing of specimens exposed to elevated temperature has shown that
adequate engineering ductility is retained in the alloy.

Lim ited testing of new tantalum alloys has shown that the ASTAR­

811C is stronger in creep than T-l11 , and that other newer alloys are
even stronger than the ASTAR-811C . The stronger alloys could provide
an advantage for isotope conta inment by either incr eas ing the safety
factor or r educing the weight.

The fabricability of the T-l11 has been demonstrated by con­
struction of pressure vessels in an isotope capsule configurations .

Weld fabr ication studies of T-l11 have been conducted and alkali­

metal test facilities have been built demonstrating the capability of
the alloy as a construction material (Ref. 11).

While there is much experience with the T-111 alloy , there re­

mains the task of insuring metallurgical integr ity of multilayered
capsules . The work necessary to insure this integrity includes eval­

uation of multilayered specimens exposed for long times in the opera­
tio nal environment of the isotope system , refinement of strength data

and methods of handling the data in designi ng capsules for long-time

service under changing conditions, and development of techniques for
constructing fueled capsules and r eliably sealing the capsules .
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Fig. J. - High-temperalure high-vacuumcreep-test equipment. C-69-<16J
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REMCJrE ENCAPSUIATION TECHNIQUES FOR STRONTIUM AND CURIUM FUEL FORMS*

R. G. Donnelly and R. W. Gunkel**

Abstract

The encapsulation of strontium and curium compounds f or isotopic power
sources requires welding by remote mean s in a hot cell. In the past,
strontium-fUeled superalloy containers have been welded by t he gas
t ungsten- arc process. Mor e recently, electron-beam welding has also been
used. Thi s pr ocess gives i ncr eased penetration, melts less material,
provides a mor e inspect able wel d, and is i deal l y suited t o remote opera­
tion because t he beam can be controlled electromagnetically.

Refractory a l loys are t he most likely materials f or containing curium
because of the stress buildup from helium gener at ed by alpha decay and
because of the very high temperatures for possible applications . Since
helium buildup requires the container to be a pressure vessel, full­
penetration welds are neces sary . This presents no particular problem
when t he electron-beam proces s is used be cause a va cuum atmosphere is
maintained, but with the ga s t ungs t en- arc process, a vent is required t o
relieve pressure t hat would be built up by welding heat .

Exampl es of each of the various types of wel ds and i n-cell wel ding equip­
ment are pr esent ed .

*Resear ch sp onsored by the U.S . Atomic Energy Commission under contract
with the Union Carbide Corporation.

**Met al l urgi s t s , Met al s and Ceramics Division, Oak Rid ge Nat i ona l
Laborator y, Oak Ridge , Tennes see .
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Introduct i on

At ORNL t he isot opes of primary i nterest f or power appli cations ar e
90Sr and 244em. Over the past several years 90Sr compounds have been
encap sulated f or various power appl i cations (1-4) , and possibl e encapsu­
l at ing t echni ques f or 244em fuels have been extensively deve loped (5,6 ) .

Encapsulating radioisot ope fuel s provides an operat ionally r eliabl e
heat source and prevent s the f uel' s i nterac tion with and ultimate dis­
per sal into t he surrounding environment . The most convenient and reliable
means of encapsulation i s to s eal t he fuel in a metal container by
weld ing . The type of weld dep ends upon t he fuel, container material,
mission requirements, and safety requirements .

The radiation f r om 90Sr is so intense t hat it must be encapsulated
in a hot cell. This restrict s the wel ding proces ses because the equip­
ment must be oper at ed and at t imes maintained in the hot cell.

The heat sources fo r t he LOG [ Low Cos t Gener ator (7 ) ] and SNAP- 21
gener ator s (8 ) are example s of GTA (ga s t ungsten-arc ) and electron-beam
welding, res~ectively. The LCG is a commerci ally available gener at or
fueled wi t h °Sr Ti OJ in a Hast el loy C container . The particular heat
source des cr i bed here contained 750 w(th) of fuel. The SNAP-21 generator
i s i ntended f or undersea use and the 10 wee ) version is fueled with
200 w(th) of 90Sr Ti OJ . Again Hast elloy C is used as t he cont ainer
mater ial.

Unlike stront i um, curium i s an alpha- emitter , and t herefore hel i um
pressure will build inside a seal ed, curium- fueled capsule. Such pr es­
sure will require a high- strength cont ainer . Because of this and bec ause
operating temper at ures are l ikely to be higher for curium-fueled genera­
tors, by virtue of thei r higher power dens ity (Tabl e 1), the refrac t ory
metals are the most promi sing encapsulating mat erial s . But the f easi bi l ­
i t y of welding such capsules has not been demonstrated. For this r eason
a welding devel opment program was begun .

Equipment

Because of t he complicat i ons caused by f iller wire, GTA fus ion and
electron- beam wel ding are used instead of GMA (ga s-met al arc ) or GTA
weldi ng with filler wire.

Figure 1 shows a typical GTA welding setup . The wel der views t he
process t hrough the cell window wit h a seven-power monocular and r emotely
operates the equipment in t he cell wit h the mast er -slave manipulators .
The program-control l ed wel di ng power supply i s l ocated outside the hot
cell as shown. Progr ammed wel ding permits mor e reliable t rans fer of devel­
oped wel di ng par ameter s t o operation in t he ce ll. Super alloy containers
can be welded by the GTA process in the cell 's normal air atmospher e with
t he very s impl e equipment shown in Fig . 2. A s tandard GTA t orch i s
mounted over a r otating chuck with provisions for ad j ust ment to accommo­
da t e vari ous si zed cap sules . However, if a special atmosphere i s required
i nside the capsule or if mor e reactive met a l s such as t he refrac t ory
metals ar e being welded, a vacuum-purged iner t -atmospher e chamber as shown
i n Fi g . 3 i s us ed . The chamber ha s windows in front and on top and an
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auxiliary light i n the side . The water-cooled electrode holder is adjus t ­
able and is mount ed t hrough the chamber wal l. The chamber cover i s
opened by two pneumatic cylinders which l ift it off its base t o make the
chuck accessible for pos itioning the capsule. The chamber can be
evacuated and back-filled with an i ner t ga s .

Modular 30- kv equipment is used for el ect ron-beam welding. Since
the equipment i s modular t he power supply and controls can be positioned
outside the hot cell as i s done with the GTA welding equipment . Only t he
welding chamber - wi th i ts electron-beam gun , rotating chuck and vacuum
system - is placed in t he cell . Figure 4 shows this equipment set up out
of the cell f or developmental welding . Fi gure 5 shows the chamber i nte­
rior wi t h a capsule in place for wel ding . A mirror mount ed above t he
capsule to the left is us ed t o hel p align the electron beam with t he
joint t o be wel ded . Wat er - cool ed electromagneti c f ocusing coils eliminate
changes that could occur from coil heating .

Procedure

Strontium-Fueled Heat Sources

The encapsulation of st r ont i um f uel f orms has gener ally followed a
five-step pr ocedure :

1 . welding development ,
2 . out - of - cell che ckout,
3 . in-cell checkout,
4 . fueled capsule welding,
5 . quality assurance capsule wel ding .

In step 1, welding development is done in the laboratory usually
with short capsules having the proposed cap-to-capsule joint design. The
capsules are preheated to more closely simulate a fueled capsule. This
can be important since it has an effect on the weld penetration and bead
contour . Metal lographic examination is the primary method of determining
the accept abili t y of welding conditions. A tentative , written welding
procedure is t he product of t his st ep.

In step 2, preheated, full- sized cap sules are welded to check the
equipment and procedures f or subsequent i n-cell use. The welding equip­
ment at t his stage is t he same equipment t o be used in the cell, and any
changes in equipment or procedure requires another full-sized capsule t o
be wel ded and examined.

In step 3, t he weldi ng equipment is transferred to the cells and
tested. Aga in, a full-scale capsule is welded according t o the written
pr ocedure and examined met a l l ographi cally . If chang es are found neces­
sary, they are evaluated in another welding and examinat i on cycle .

If a significant period of time elapses between the end of step 3
and wel di ng the fueled capsule ( st ep 4 ), anot her unfueled capsule is
welded immediately before t he fueled one . If not, the fueled capsule is
welded next .

In step 5, an additional unfueled capsule i s welded . This, t oget her
wit h t he one wel ded immediately before t he fueled cap sule , is then
sectioned and metallographically examined for weld quality and penetration.
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This procedur e i s intended t o gi ve some assurance t hat the f ueled capsule,
welded under ot herwise identical conditions , will have comparable weld
charac teristics. Obviously, this indirect inspe ction has shortcomings .
I t was recent ly augmented by di r ect ultrasonic i nspection of the weld in
the fueled capsule (9 ) .

Refrac t ory Alloy Weld Development

To demonstrate the f easibi l i ty of sealing refractory al l oy capsules ,
weld sp ecimens were f abrica ted from t he mol ybdenum alloy TZM
(Mo-O . 5% Ti-o. 08% ZI--D .02% C) f or the GTA welding studies and from t he
t ungsten al loy W-25% Re fo r the electron- beam st udi es . In anticipation
of t he heat ing effect of a curium fuel , weld development studies were
made with a sp ecimen pr eheat of 550 to 600 °C. All GTA wel ding was
performed in a high-purity argon atmosphere . Fluor es cent penetrant,
hel ium leak t esting, and metallographi c examination of welded sp ecimens
wer e us ed i n the evaluati on.

Results

Strontium-Fueled Heat Sources

Since 90 Sr does not produce helium by i ts decay, containers of thes e
fuel compounds are not pressure ve s sel s and ther ef or e have not required
full-penetration welds . Because of the l ow power dens i t y , corre­
spondingly low app l ication temperatures permit the us e of super alloy
cont ainers. Thus , conventional GTA wel ds can be made in the normal cell
ai r atmospher e with a protect i ve inert ga s supplied only through the
t orch . A wel d was produced i n this manner on an LCG heat source. This
Hastel l oy C capsule fueled with 750 w of 90 Sr Ti C3 is shown in Fig. 6
together with a schemat i c of the j oint design and a cross sect ion of t he
wel d . A weld penetration requirement of 0 . 055 in. minimum was demon­
s t rat ed on dummy capsules preheated t o 250 °C. The welding was done wit h
the automat i cally programmed welding cycle shown i n Fig . 6d .

Ori~inally, the 200-w SNAP- 21 heat source was designed fo r GTA
wel ding (10 ) . The weld penetration requirement was 0 .100 in. minimum.
However, as can be seen in Fig. 7, a weld penetration of only about
0 .085 in. was the best that could be obtained . Later, an additional
requirement made it necessary to avoi d melting the top outside edge of
the capsule because it was t o serve as a reference mark f or ultrasonic
i nspection of t he weld . For t hese rea sons GTA wel ding was discont inued
i n favor of electron- beam wel ding f or t his appl i cat i on . After a series
of weld opt imizat i on studi es, welds of the type shown in Fig . 8 wer e
pr oduced . Because of t he gr eatly improved weld penetration capability,
t he capsule design was modified by eliminating the trepan and by thinning
all members, to take advantage of the weld as a stress-carrying member
and not just a seal. Developmental welding was done at a preheat of
300 °C to simulate the fueled cap sule welding conditions. Six such fueled
capsules have been successfully wel ded .

Refract ory All oy Weld Development

The molybdenum alloy TZM was s el ected f or the GTA wel ded cap sule,
and the tungsten al l oy W-25% Re was selected fo r t he electron-beam
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welded capsul e. Each al loy was cons i der ed t o be t he most weldable in t he
mol ybdenum and tungsten syst ems. Full-penetration welds were desired
b ecause fUel ed capsules would be hel i um pressure ves sel s .

A vent was necessary for the GTA welded capsules to relieve t he
pressure that would build in an enclosed capsule by the heat of welding.
With no vent , the pressure would blowout the weld metal as the final
seal was made. The design that evolved from the weld development program
is pr esent ed in Fig. 9a t ogether with a cross section of a weld . The
small step between the cap and capsule wall (Fig . 9a ) was necessary to
center t he cap , and the relieved area in the cap adjacent to t he joint
was neces sar y to eliminate the notch whi ch tended t o cause root cracking
at the root of the weld . After several t est welds, it was also obvious
that when the material on the outside diameter of the cap was melted, it
slumped t o form a bulge around the capsule. To compensate for this, the
cap diameter was reduced and the out er edge of the cap sule was removed.
The only unusual feature of making this weld was that it was important
not to decrease t he wel d current t oo quickly. A fast initial decay was
found to pr oduce a large lump on the weld bead . This lump resulted from
the highly ag i t at ed and very large weld puddle being allowed to solidify
t oo quickly . Vent s were sealed by plugging and GTA welding with a short
weld cycle.

As with the GTA welded capsules, fUll-penetration welds were desired
for the electron-beam welded tungsten alloy capsules . But, since welding
would be performed in a vacuum, no v ent was necessary. The much simpler
joi nt design is shown in Fig. 9b .

One unusual facet about the welding of t hese capsules was t hat we
found it necessary to defocus the electron beam. A sharply focused beam
passed through the capsule wall and struck the opposite side of the
capsule, causing it t o crack. Despite the defocused beam, full-
penet r ation welds could still be made. Sl umpi ng of the weld metal was
al so observed on these capsules , but it could be limited t o 0 .015 to
0 .020 in., as shown in Fig . 9b .

The W-25'/o Re used on this portion of the program was extruded mate­
rial derived from powder-product stock. As can be seen from Figs. 9b
and l Oa, t her e was severe fusion-line porosity in welds on t hi s material.
To ascertain whether thi s was the result of using powder-derived material,
a cap was machined from arc-melted-and-extruded W-25% Re material and
welded to a powder-derived sleeve . Figure l Ob is a photomicrograph of
this weld. It can be seen that the porosity was obtained only at the
fUsion line of the powder - deri ved sleeve . Thus, f or an actual applica­
t ion, mat er i al f abricated from melted stock would be used.
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Fig . 1. Setup at cell window for ga s tungsten-arc wel di ng .
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Fi g . 2 . In-cell, open-at mospher e equipment f or
gas tungst en- ar c welding .

Fig . 3 . In-cell, i ner t - at mosphere chamber for ga s
tungst en- ar c welding .



ORNL Phot o 3900'/

Fi g . 4 . El ectron-beam equipment set up for deve lopmental
wel di ng .

Fi g. 5 . In t er i or of electron-beam weldi ng chamber wi t h capsule r eady
fo r weldi ng .
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ULTRASONIC TEST SUPPORT FOR
CONTAINER INTEGRITY ASSURANCE

R. W. Steffens

Abstract

Ul t rasoni c nondestructive testing techniques, when properly
integrated into the capsule development program, can be used to
establish the container integrity of fueled isotope capsules. The
ability of ultrasound to detect close fitting cracks, and to obtain
complete inspection of the container volume, advantageously supplements
the information normally acquired through radiographic, dye penetrant,
and metallograph ic analysis.

Ultrasonic test support during an isotope capsule development and
fabrication program is classified into four phases with each phase
having specific quality control and ultrasonic test development
objectives.

The remote ultrasonic verification of the integrity of fueled
SNAP-2l capsules illus trates the effectiveness of applying a cooperative
approach between capsule fabrication and nondes t r uct i ve testing
personnel to assure capsule certification.

R. W. Steffens is an engineer with the Pacific Northwest Laboratory,
Battelle Memorial Institute, Richland, Washington.
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Introduction

Ultrasonic nondestructive testing (NDT) advantageously supplements
the quality control tools of radiography and metallography and enhances
the ability to establish the integrity of t he isotope container
components and closure welds. The use of ultrasound to detect close
fitting cracks and to obtain complete maps of container material
parameters has been particularly useful in the support of closure weld
development and integrity certification.

Integration of ultrasonic testing into the design and development
phases of capsule fabrication provides two quality assurance functions.
First, complete ultrasonic scanning of weld volumes for weld parameter
variations facilitates selective use of radiography and metallography
in possible problem areas. Thus, the probability of detecting and
defining undesirable weld characteristics during the development phase
is enhanced, and optimum welding and testing techniques can be developed
Secondly, the correlation obtained between nondestructive and destruc­
tive data on developmental capsules is necessary to develop confidence
in the ability to nondestructively establish the integrity of a fueled
capsule.

General methods and philosophies of ultrasonic test development and
verification have evolved which provide economical and high confidence
use of ultrasound as a capsule fabrication quality control tool. The
ultrasonic support is conveniently split into the four following phases:

Phase 1:
Phase 2:
Phase 3:
Phase 4:

Preassembled Component Inspection
Developmental Closure Weld Inspection
Ultrasonic Test Standardization and Calibration
Establishment of Fueled Container Integrity

The first three phases provide quality control and design feedback
information to the capsule fabrication organization in add ition to the
ultrasonic test development considerations. Phase 4, the establishment
of fueled container integrity, is the implementation of the test
techniques developed in phases 2 and 3. The following discussion,
through examples of recent activities in this area, illustrates the
ultrasonic test support sequence and test verification techniques.

Discussion

Phase 1 - Preassembled Component Inspection

Efficient inspection of the components is obtained when ultrasonic,
radiographic, dye penetrant, and metallographic analyses are used in a
complementary manner. Specific objectives of the ultrasonic inspection
in this phase are to supplement the radiographic and dye penetrant test
by the detection of intersurface defects and tightly closed surface
cracks.

The supplementary use of ultrasonics and radiography is illustrated
through the results obtained during the inspection of vendor fabricated
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seam welds in the rhenium cylinders procured for a promethium
containment program. Two types of inner-surface weld defects,
insufficient penetration, and crac ks, wh ich are ultrasonically detected
in the seam welds, are shown in Figure 1. Radiographic analysis of the
seam weld detected weld porosity, and, t hus, consideration of both the
ultrasonic and radiographic data was necessary for selecting best
cylinders.

Of particular note were the severe l ami nar defects shown in
Figure 2 which were detected in a 16 ft. long, Hastelloy-C tube
initially procured for the outer clad of the SNAP-23 development
capsules. Removal of the sample from the pipe caused the separation of
the laminations. The high incidence of t he laminations in this pipe
necessitated replacement of the pipe by t he vendor.

Lack of penetration and/or inner-surface crac ks were ultrasonically
indicated in the seam wel d of a 10 ft. l ong section of Hastelloy-C
tubing procured for the inner clad on developmental SNAP-23 capsules.
Subsequent radiographic analysis of the wel d verified the ultrasonic
indications and, additionally, permitted differentiation between the
two d~fect types.

Severe cracking, some entirely th rough the wall, was ultrasonically
detected in the Tungsten-25%rhenium cylindrical cans procured for a
promethium capsule developmental program. The capsule diagram in
Figure 3 shows locations of the cracks. The axial cracks were detected
by both ultrasonics and dye penetrant techniques and appeared to radiate
from chuck marks. Galling of the surfaces during the machining
operation masked the lip and circumferen tial defects, and they were not
detected during the dye penetrant analysis. Fourteen out of 40 capsules
contained defects.

The above examples illustrate the supplementary and complementary
nature of different NDT methods and this interrelationship is
maintained throughout the following test development phases.

Phase 2 - Developmental Closure Weld Inspection

Assurance of fueled capsule closure weld testability is acquired
through test development performed on developmental welds. Quality
control objectives of the ultrasonic inspection are to provide feedback
information to weld development en~ineers concerning (a) areas where
possible cracks or voids exist, (b) variations in, and extent of, weld
penetration, and (c) suggestions for wel d joint design changes, if
necessary, to enhance weld compatability with ultrasonic testing.

The test development objective in this phase is to develop
ultrasonic techniques which can be calibrated, standardized, and then
rel i ably implemented for the inspection of a fueled capsule.

The general compatibility of the capsule design with application of
ultrasonic techniques can be theoretically evaluated by the ultrasonic
engineer by considering such factors as wal l thickness, surface finish,
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and weld joint configuration. Thus, consideration of weld testability
at the initial design stage can decrease the cost of test development.

Ultrasonic indications of variances in weld properties are
generally verified by radiographic and/or me t al l ographi c analysis. When
close communication is mai nt ai ned between the ultrasonic, radiographic,
and metallographic personnel, the weld development personnel are
provided with the most economic and thorough definition of the weld
characteristics.

The weld closures discussed in the following examples were selected
to illustrate the use of ultrasonics to define weld characteristics
during the weld development phase. These examples were obtained duri ng
the early weld design stages of the SNAP-2l and AMSA (Advanced Manned
Strategic Aircraft) program and they should not be construed as
containing any indication whatsoever of ORNL's (Oak Ridge National
Laboratory) or PNL's (Pacific Northwest Laboratory) weld design or weld
performance capabilities.

Through close interlaboratory cooperation between the 3M Company,
ORNL and PNL, the weld parameters of the early design, SNAP-2l
developmental TIG (Tungsten Inert Gas) welds were ultrasonically
evaluated and undesirable weld characteristics were found to exist.
Figure 4 shows two detrimental weld characteristics--weld root cracks
and lack of weld penetration. Through extensive metallographic
evaluation of the ultrasonic defect indications, the weld root cracks
were found to exist primarily in the inner and outer welds of the
three pass weld. Excessive melt down of the outer corner was the pri me
cause of insufficient penetration. Due to the melt down of the outer
corner, highly refined and complicated ultrasonic techniques were
required to monitor the weld parameters on these developmental welds.
Considering these undesirable weld characteristics and the difficult
ultrasonic test procedures required to establish the integrity, the weld
joint was modified and the TIG welding techniques were reevaluated.

Two other developmental welds were subsequently evaluated, a second
design TIG weld and a first design electron beam (e. b.) weld. Although
the redesigned TIG weld showed a significant reduction of weld root
cracks, gross variances of weld penetration at the seam weld in the
cylinder wall produced an area of insufficient penetration"as shown in
Figure 5. The penetration was maximum in the area of the seam weld and
minimum to one side of the seam weld. Melt down of the outer corner
continued to be a problem in the implementation of the ultrasonic tests.
Additionally, variations in the amplitude of the ultrasonic signals
from the unwelded joint were encountered. Metallographic analysis in
the areas of reduced signal amplitude showed tightly closed joints at
the weld root and at intermediate points along the joint. These
variances in signal amplitude further complicated the ultrasonic testing
and calibration procedure.

The photomicrographs in Figure 6 show the ultrasonically detected,
metallographically verified, characteristics of the first e. b.
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developmental welds. Although the .200 inch to .300 i nch penetrat ion
far exceeded the. 100 inch required, three undesirable characteristics-­
porosity, laminar voids and mi sal i gned weld volumes were observed. The
majority of the porosity and laminar defects were located in the weld
root area and thus did not undermine the integrity of the weld. The
end-caps of the sample welds were removed to enhance the radiographic
analysis of the weld, and porosity was readily detected with the
radiographic techniques . Comparison between the radiographic and
ultrasonic results showed porosity to account for approximately 30%of
the defects. Laminar defects accounted for the remaining 70%.

The laminar defects, porosity and unwelded join ts i n t he e. b.
welds , were optimally oriented for detection with an ultrasonic tech­
ni que · which could be reliably performed remotely. Due to their
testability and desirable penetration, t he e. b. welds were selected
over the TIG welds for the fueled SNAP-2l capsules. Subsequent weld
technique development and ultrasonic test optimization resulted in the
establishment of high integrity of the closure weld on the fueled
SNAP-21 capsules.

AMSA Weld Develorment samrles. The developmental weld character­
istics of the e. b. c osure we ds in the L-605 material of the AMSA
capsule closely resembled the characteristics of the SNAP-21 e. b. welds
as shown i n Figure 7. Note the presence of porosity and intervolume
cracks. Insufficient penetration due to a misaligned weld volume was
also detected. Although the weld characteristics paralleled those of
the SNAP-21 welds, development of ultrasonic inspection techniques were
most difficult due to the circumferential location of t he weld, and two
different manual ly performed ultrasonic tests were required to
establish weld integri ty.

The results of the SNAP-2l and AMSA test development programs
illustrate several pertinent points. As demonstrated in the comparison
of ultrasonic signals between the first and second developmental TIG
welds in the SNAP-2l program, changes in wel d joint design and/or the
welding technique can significantly change the character of the
ultrasonic signals. Thus, reevaluation of the test method is recom­
mended when weld design parameters are changed. The mel t down of the
outer corners of the SNAP-2l TIG welds prevented automatic scanning
of t he weld parameters and the refined, manual test procedures would
have been impractical for remotely measuring the penetration of a fueled
capsule. The melt down of the outer corner of a peripheral weld
generally complicates the test methods and should be avoided if remote
and/or automatic inspection of the weld i s desired.

The peripheral location of the SNAP-2l e. b. welds facilitated the
development of test methods which could be performed both remotely and
automatically. In comparison, the circumferentially located AMSA e. b.
welds were not conducive to remote or automatic inspection even though
the undesirable characteristics to be detected were the same as the
SNAP-2l welds. Thus, the test requirements are a function of the
location of the weld on the capsule.
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The weld root cracks in the TIG, and laminar type cracks in the
e. b. weld, were not detectable by radiographic techniques . Ultrasonic
results could not differentiate between the porosity and cracks in the
e. b. weld. Thus, both ult rasonics and radiography were necessary to
completely define the undesirable weld characteristics.

Phase 3 - Ultrasonic Test Standardization and Calibration

Development of real istic weld defect standards for calibration of
ultrasonic techniques and equipment are necessary if hi gh confidence
i s to be obtai ned i n the ultrasonic establishment of the wel d i ntegrity
on fueled capsules. The sta nda rd must be represent at i ve of undes irable
wel d parame ters charac te ri zed duri ng t he development period and must
permit i nterpretation of t he ul t rasonic data in te rms of the wel d
speci ficat ions. Most effecti ve standardization of the ultrasonic test
is obtained whe n the fabrication and nondestructive testing personnel
jointly design the standa rd. The confidence level of the ultrasonic
t est techniques should be established not only by the consideration
of the test performance on the standard, but also by the test perform­
ance on actual developmental weld flaws.

The test standard shown in Figure 8 was jointly developed by ORNL,
t he 3MCompany, and PNL to assist in t he calibration of t he ultrason ic
wel d evaluat ion on fueled SNAP-2l capsules. Test standardization was
based on the ultrasonic refl ecti ons f rom t he bot t oms of eight radi al ly
or ie ntated drill holes. The standard cyli nde r was machi ned to t he same
tol erances as the actual SNAP-2l capsule clad and out of the same
Hastel l oy-C bar stock. The hol es were machi ned to the average radi al
depth of a typical weld volume. The hol es ranged in diameter f rom
.015 inches to .070 inches as shown in Fi gure 9. The ultrason ic
indi cat ions are shown in t he graph. Seven holes, located in a ci rcum­
ferential plane, provided the basic standardization. The eighth hol e ,
0.015" dia., was located within 0.005 i nch of the top and was used to
evaluate the ultrasonic test in that area. The top drill hole was
detectable with a slight modi f i cat i on of the ultrasonic test incident
angle. Ultrasonic defect i ndications were correlated to the standa rd
by noting t he number of ci rcumferen tial passes du ri ng wh ich the
indi cat ion was observed.

The X-V recordings shown in Figure 9 i l l ustrate a read out
technique which was deve loped to display small , randomly l ocated
defect indications such as t hose observed in the SNAP-2l e. b. wel ds.
Each l ine spacing represe nts . 006 i nch of axial t ransducer t ravel, wi t h
one line represent i ng a complete ci rcumferential scan. Thus a map of
the wel d area is obtained.

The X-V recording shown in Figure 10 faci litates data interpreta­
tion when unwelded portions of the weld joint are being moni tored. The
li ne spacing and length represents the axial and circumferential
positions, respectively. The recorder pen is actuated only when a
si gnal indicating the presence of the join t is detected .
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As can be noted by comparing the abo ve examples, the read out
technique depends upon the parameter that is being monitored. When
these recordings are calibrated by the use of a standard, they provide
a convenient data recording method.

Phase 4 - Inspection of Fueled Capsules

Three factors to be considered before applying the ultrasonic
tests developed in Phases 1, 2, and 3 are : (a) radiation protection for
test operators, (b) ultrasonic test equipment, and (c) thermal protec­
tion of the ultrasonic transducer.

Test facil ities which provide the necessary operator radi at ion
protection can vary from the remote, "hot cell" facilities, for
inspection of strontium fueled capsules, to the "controlled area"
facilities, for promethium and plutonium capsules.

The radiological, thermal, and geometrical characteristics are
unique to each individual capsule, and the ultrasonic tests and
equipment required to inspect the capsules are unique to that
particular capsule. The equipment requirements normally increase as
the isolation between the test operator and test tank i ncreases . Thus,
the ultrasonic test station developed for the inspection of the
strontium fueled capsules was fully automated; whereas, standard
laboratory equipment was used for the promethium capsules.

Thermal output of fueled capsules tested to date has ranged from
500 to 1500 watts. In general, the water bath temperature should be
mai ntained below 80°F, and a constant temperature water flow should be
directed on the face of the ultrasonic transducer. Precooling of the
fueled capsule is recommended to prevent addi ng extra heat i nt o the
ultrasonic test water.

SUll111ary

In summary, the successful ultrasoni c inspection of fueled
capsules is usually the result of an ultrasonic test programperformed
in support of the capsule development program. Integration of
ultrasonic test support into the development program has a dual purpose.
First, the preassembled components and development welds are inspected
to assure integrity before the capsules are fueled. Secondly,
certification of the ultrasonic test techniques during the deveiopment
period i nsures the testability of a fuele d capsule.

To obtain the best results from sample weld evaluation, ultrasonic,
radiographic, and metallographic inspection should be closely
coordinated. In parti cular, ultrasoni c and radi ograph ic results often
supplement each other to provide a more complete inspection.
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Fig. 1. Seam weld defects in rhenium
cylinder
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Fig. 2. Laminar voids in Hastelloy- X tubing
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Fig. 3. Cracks in Tungsten­
25%Rhenium cylindrical cans
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B10\'fUp of Porosity and Laminar Voi d Bl owup of Ht sal tqned Weld

"Fi g. 6. Undesi rabl e characteristics in SNAP-2l developmental e. b. weld
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REMOTE ENCAPSULATION TECHNIQUES FOR
21 0pO FUEL FORMS

R. J. Baltisberger and C. O. Brewer

Abstract

Forecasted 2 1 0 p O isotopic heat source requirements are large
enough to necessitate the use of remote manipulator equipped
f a ci l i t i e s . The encapsulation laboratory under construction
consists of a line of alpha boxes approximately 60 ft in
length and shielded by 2 ft of concrete . The cell area is
to be supplied with helium by two separate cryogenic pu­
rification systems. The line will have capabilities for
loading , tungsten-inert gas (TIG) we l di ng in a polonium
contaminated atmosphere, decontamination, leak checking,
assaying and TIG or electron beam welding in uncontaminated
boxes . The facility consists of boxes rather than a single
cell, so that surface radioactivity can be controlled and
progressively lowered as the sources move through the line
to completion. A prime consideration in the encapsulation
of polonium is the method of cooling the sources during the
various operations. Techniques have been developed for
maintaining a surface temperature from 200 to 400 °F.

R. J. Baltisberger is presently at the University of North
Dakota, Grand Forks, N. Dak. C. O. Brewer is Supervisor of
Encapsulation at Monsanto Research Corp ., Mound Laboratory ,
Miamisburg, Ohio. Mound Laboratory is operated by Monsanto
Research Corp. for the Atomic Energy Commission under
Contract No. AT-33-l-GEN-53 .
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Introduction

Mound Laboratory has produced 210pO heat sources for a
number of years. The hazardous nature of 210pO makes it
imperative that the sources be carefully designed and
produced under strict safety regulations. The size of the
source is a critical factor in determining the requirements
for a safe operation. The earliest 210pO source , SNAP-3,
which was fabricated in late 1958, produced 2.5 W of
electrical power (1). In 1964 the Poodle program required
the encapsulation of approximately 300 W (thermal power) of
210 pO in a thruster test application. Presently a compati­
bility testing program is under way at Mound in which 1-5 W
(thermal) of 210pO is sealed in ca psules. The quantities of
radiation emitted from the above described sources permit
operation in inert atmosphere gloveboxes without heavy
shielding, other than shadow shielding. Anticipated require­
ments for larger heat sources, which will produce 400-500 W
(electrical), or 25,000 W (thermal) of 210po, wi l l require
fabrication in remotely operated hot cells.

General Procedure

Polonium-2l0 heat sources consist of four basic elements:
the fuel, a liner, a strength member and an oxidation barrier
if a refractory metal strength member is used (Fig. 1).
The preparation of the fuel is described in a separate paper
by Kershner (2). The liner is fabricated of refractory
metal, which contains the 210pO fuel so that an uncontaminat­
ed we l d can be made on the strength member ; 210 pO cont ami na ­
tion in the weld zone of the strength member causes cracking
of the weld. This effect is eliminated by a primary encap­
sulation in a liner made of material easy to weld in the
presence of 21o Po. The primary liner is decontaminated to a
level between 104 and 106 counts/min. At this level of sur­
face contamination the strength member weld can be made. The
strength member is fabricated from an alloy giving the source
the necessary strength to withstand the pressure buildup due
to temperature and helium release of the 21oPo . An oxidation
barrier protects the refractory metal parts from external
attack.

Cell Design

The overall layout of the 210pO encapsulation facility at
Mound Laboratory is presented in Fig. 2. The facility is not
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complete at this time, but it is under construction and will
be ready for operation early in 1969. In addition to the
facility there is a small cell for loading individual heat
source capsules into the final fuel package. In one of our
programs there will be a number of individual sources loaded
and sealed in Boxes 1 through 9. The completed capsules
will be stored and assembled into a fuel bloCK in the special
cell. The entire facility consists of alpha boxes constructed
behind 24 in. of concrete shielding and operated by manipu­
lators. The use of boxes allows a progressive lowering and
control of the surface activity as the fabrication of a
source is completed. Front-loading master slave manipulators
are used in the facility.

Glove ports are available for repair work only from the
rear of the cell line. The rear is shielded to 25 mrem/hr
with steel doors which allow access to the glove ports. The
line is designed to handle up to 1500 W of 21 0pO per source.
These sources must be removed from a box if hand repair is to
be done. Access pass boxes are located at four points, two
on the rear and one at either end of the line.

Two independent inert atmosphere systems are used for
this facility. The helium purification systems will remove
O2 , N2 and H20 cryogenically. One system will operate the
first two boxes, which will be highly contaminated. The
second system will furnish helium to the boxes for the second
and third welds and for the special fuel block loading cell.

The facility is designed so that weld closures can be
made at three different contamination levels. A tungsten­
inert gas (TIG) we l d can be made at anyone of the three
levels: >106 counts/min in Box 2, 103-104 counts/min in Box
5, and <10 counts/min in Box 9. Boxes 3 and 7 are decontami­
nation areas which reduce the capsules to the necessary levels
before transportation to the ne xt closure step. Decontami­
nation from a high level to a range of 104

- 105 counts/min
is achieved by soaking with a basic permanganate solution,
then ultrasonic cleaning with oxalic acid solution, in Box 3.
In Box 7 oxalic acid solution is used to decontaminate to
less than 10 counts/min. Leak checks of the welds are made
in Boxes 4 and 8. Only the leak check chamber is located in
the line. Helium leak check equipment is connected externally
to the line. In addition to the TIG welding equipment, Box 6
is available for electron beam welding. The electron beam
welders give the line the capability of welding the strength
member either by EB or by TIG techniques.

Fig. 3 presents an outline of the major fabrication steps
in each area of the facility. The final steps in fuel fabri­
cation are completed in Box 2 followed by a gamma assay to
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determine if the fuel content is cor r ec t . A rough neutron
count is made on each source. A va l ue of <200 n/Ci/sec is
required for the fuel. Details of the fuel fabrication are
presented in the paper by Kershner(2).

Temperature control on polonium heat sources is of prime
importance. The heat flux of these sources is between 30
and 50 W/in. 2 of capsule surface. Without external cooling
the sources can rise to temperatures exceeding 300 °C, which
can do considerable oxidation damage to the refractory metal
capsules . Two types of cooling are used. Segmented chill
blocks are used in the weld fixture to reduce the surface
temperature to approximately 100°C. The block can also be
used to chill the sources under vacuum for the electron beam
welding and leak checking. A second block of solid aluminum
can be used to transport the capsules from one work station
to another. The aluminum has a heat capacity adequate for a
2-min transport time. The aluminum block is chilled in a
clam shell block, used as a storage block.

Windows on the box line are f illed with an aqueous zinc
bromide solution; the window thickness is 24 in. A typical
cell cross section is shown in Fig. 4. The boxes are con­
structed of 304 stainless steel a nd are 42 in. in depth.
The height of the boxes is 5 ft. to make room for the manipu­
lators . The lengths of the boxes vary with the function
being performed. The total length of the facility is approx­
imately 60 ft.

Conclusion

The encapsulation facility was built as a development labora­
tory for a number of various sizes of heat sources. For this
reason the line has few permanent fixtures which remain in
the facility from one project to another. The experience at
Mound Laboratory has been that each source project has cap­
sules of a wide variety of shapes, sizes and welding config­
urations. The final thermoelectric generator packages are
quite different from program to program, so the heat sources
are designed to fit the size requirements of the package.
This means with each new development program internal fixtures
are replaced or modified.
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REMOTE ENCAPSULATION TECHNIQUES
FOR 23BpU FUEL FORMS

D. L. Coffey

Abstract

A remotely operated facility with thick radiation shielding
was completed for fabrication of 23 BPU sources above 200 W
thermal output without excessive neutron and gamma radiation
exposure of the operating personnel. Nine interconnected
stainless steel alpha boxes with controlled atmospheres are
shielded by water. The individual operations include fuel
loading, tungsten-inert ga s welding, decontamination, helium
leak checking, calorimetry, dimensional gaging, and alpha
counting. The equipment required to perform these operations
is either automatic or operated by mechanical manipulators
extending through the radiation shielding. Water-cooled
chill blocks control the capsule surface temperature during
welding and helium leak ch ecking .

D. L. Coffey is Group Leader of Source Development at Monsanto
Research Corporation, Mound Labo ratory, Miamisburg , Ohio.
Mound Laboratory is operated by Monsanto Research Corporation
for the U. S. Atomic Energy Commission under Contract No.
AT-33-1-GEN-53.
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Introduction

A remotely operated facility for fabricating 23 BPu

fueled heat sources was recently completed at Mound Labora­
tory. This heat source fabrication line consists of nine
interconnected type 304L stainless steel alpha boxes which
are shielded by a nominal 18 in. of water. The water acts
as a radiation shield which precludes excessive exposure of
the operating personnel to neutron and gamma radiation from
the 2 3B p U fuel. All operations are performed automatically
or with commercially available, front-mounting master-slave
manipulators.

Fabrication Line

Figure 1 is a pictorial cross section of the heat source
fabrication line. The typical stainless steel alpha boxes
are covered on the top, back, and partially on the front
with welded carbon steel tanks which contain water and a
rust inhibitor. The viewing windows in the shielding con­
sist of stainless steel framed, tempered glass boxes, which
contain distilled water and a copper sulfate solution to
inhibit algae growth. All interior metal surfaces of the
window housings have seven coats of an epoxy protective
paint.

The steel tanks in back of the alpha boxes can be drained
through a line having a quick-disconnect joint; the tanks
can be moved from the boxes with a fork-lift truck. The
tempered glass windows in the rear of the boxes have stan­
dard 8.5 in. glove ports fitted with lead-filled Neoprene
gloves. Routine maintenance and cleaning can be performed
as a normal glovebox operation when the rear shielding is
removed.

Control consoles (not shown) are mounted outside the
front shielding below the viewing windows on each of the
boxes and contain all the necessary switches, controls, and
readouts required to operate the fixtures in each box.

The enclosed mechanism shown above the fabrication line
is a conveyor system which transports radioactive materials
to the various processing and analytical operations in the
building. Access to the conveyor is provided by a chain
driven elevator in one of the boxes as shown in Fig. 2. A
water-cooled incoming storage area for individual containers
can be seen in front of the elevator.

Figure 3 is a layout of the encapsulation line. The
stainless steel alpha boxes, exclusive of shielding, are
42 in. deep by 40 in. high and are mounted on steel legs,
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which are 36 in. long. The varying l engths of t he boxes are
shown, with the except ion of bo xes 1 through 4 . Boxes 1
through 4 are used f or fuel form preparation and are not the
subject of this paper.

The alpha boxes are designed t o operate with either a
dynamic air atmosphere or a recirculated dry inert ga s atmo­
sphere. The atmospher e used in a pa r t i c u l a r bo x is dependent
upon the r eactivity of the fuel fo rm and t he capsule material
with t he bo x atmosphere at tempera tures enc ountered dur ing
fabr ication. The t hermal conductivity of the ga s in t he
interfaces between capsule components is also tak en i nto
cons i deration . The boxes norma lly operate at a ne gative
pressure of 1 to 3 in. of wa t er .

The f ab r i ca t i on line is design ed so t hat t he fuel and
the unassemb1ed capsule har dwa r e a re passed i n t o one end of
the line; a complete, doubly encapsulated heat source is
removed from the other end of the l i ne .

The primary funct ions performed in bo x 5 are: 1) cal­
orimetry and/or weighing of the fuel, 2) fuel storage,
3) loading of the f ue l into the primary capsule , 4) tung­
sten-inert ga s (TIG) welding of the closure joint of t he
primar y capsule , and 5) disassemb l y of a co mpl eted heat
source, when r equired.

Box 6 contains t he e leva t or used to receive a nd insert
containers into the co nveyor s ystem as shown in Fig. 2 .

Box 7 contains f aci l i t i es for r emoving alpha contamina­
tion from the outside surfaces of the welded primary con­
tainer. The contamination is reduced to a l evel at which it
will not be transferred to fixtures or secondary capsule
components in subsequent operations.

The primary funct ions performed in bo x 8 are: 1) loading
the primar y capsule into the secondary capsule, 2) TIG
welding of t he closure joi nts of t he secondary capsule,
3) helium leak c hec k i ng t he h ea t sour c e , and 4) det ermin­
ing t he t hermal power ou t pu t of t he hea t s ource by calorim­
etry. This bo x is provi ded with an i nt er na l ly mount ed ,
electrically driven ov erhead hoi s t which is used to move the
sourc e f r om one operat ion station t o another inside t he bo x.

The functions performed in bo x 9 are: 1) alpha counting
wipes of the external surfaces of the heat source to assure
that no contamination i s present, 2) ga ging the external
dimensions of the source, and 3) transferring the completed
s ource f r om the fabrication line. The heat source is trans­
f er r ed f r om bo x 9 t hrough a sealed door and a plug in the
shielding into a shielded transpor t er,which is mated to a
flange around the plug opening . The transporter is used to
move t he co mpleted he a t source to t he shippi ng cask or to
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other areas for additional tests or inspection.
The details of the fixturing and procedures used to

fabricate a heat source are highly dependent upon the design
features of a specific heat source. However, this discussion
is limited to general considerations which apply to all the
t ypes of heat sources which can be fabricated in this line.

All TIG welding is fully automatic and is usually per­
formed with a programmed welding machine. One of the most
critical aspects of the welding fixturing is the chill block
used to maintain a given capsule temperature during welding.
A rule of thumb, based upon past metallurgical experience,
has been to maintain the surface temperature in the weld
zone at less than 220°F before and after welding to insure
that the fuel capsule welds are adequately represented by
unheated example and test welds. Figure 4 shows a t ypical
TIG welding fixture. This fixture consists of a series of
water-cooled, clam shell chill blocks. A rotary tube weld­
ing head is used with this particular fixture. A water­
cooled , clam shell, capsule storage chill block and one of
the vacuum pass boxes can also be seen in this photo graph.

Alpha contamination is normally removed from the surface
of the primary capsule by ultrasonic cleaning with an acidic
solution or by mechanical scrubbing with a slightly abrasive
cleanser. Also of prime concern is the removal of all clean­
ing material from the surface of the capsule after decontam­
ination. This is normally done by thoroughly rinsing in
distilled water. Figure 5 shows the decontamination bo x.
The ultrasonic cleaner tank can be seen as a well in the
floor of box. Primary capsule storage chill blocks can be
seen also. The alpha counting equipment cons ists of a solid­
state detector and preamplifier mounted in the box and a
scaler-timer readout outside the line. The detector and
preamplifier can be seen mounted on the rear wall of this
box.

The calorimeters used to verify the thermal power output
of the completed heat sources are either of the water bath
type or the inert gas (usually helium) bath type which give
results to within 1% at the 95% confidence level when the
source output is in excess of about 500 thermal watts.

All leak checking of the capsules is performed with a
commercially available helium mass spectrometer type detector
with the test chamber mounted in the bo x line. A major
feature of the test chamber is the chill block which must
maintain the capsule at low enough temperatures to preclude
excessive creep, pressure buildup, and oxidation while in a
vacuum and during pump-down of the chamber.
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Fig. 1. Pictorial cross section of encapsulation line

Fig. 2. Box 6 - conveyor system elevator
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Fig . 3 . Encapsulation line l ayout

Fig. 4 . Box 8 - t ypical TIG welding fixture
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Fig . 5. Box 7 - decontamination fixtures
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EVAPORATION OF RADIOISOTOPE CAPSULE MATERIALS IN VACUUM*-

D. T. Bour get t e**

Abstract

Thi s paper is bas ed on a study of evap or at i on behav i ors of stainl ess
steels, superal loys, and ref r actory al loys . Haynes-25 and t ype 316 stai n­
l es s steel were tes t ed at temp eratur e s of 760 to 1150 °C and pr essures of
10- 1 0 to 10-7 tor r f or times to 3500 hr. The r ole of composition was
de t er mine d by comparing the evaporat ion r esults and microstructures of
these al loys with 700-hr t ests conduct ed at 870 and 980°C on Has t ell oy N,
I nconel, and t ypes 304 and 446 s tainl ess steel . Evap orat i on rates
inc r ea s ed with incr easing chromium and manganese concentrat i on and tem­
perature , but dec r eased wi t h time at cons t ant temperature .

Evap oration resulted in surface enrichment of t he l ow vap or pr essure
elements and bulk change s in al loy composition. Thi s evaporation mode
resulted i n subsur face void f or mat i on , concentration gradients , and
change s i n t he mi cros t r uctur e of ea ch al loy .

The creep-rupt ur e properties of type 316 stainl ess steel were
deter mined in argon af t er exposure to vacuums of 10- 7 to 10- 9 torr for
times to 5000 hr at 870°C . Haynes -25 is being evaporation tested at
800°C and 10-8 torr while unde r creep stresses of 2,500 to 15,000 psi to
ascertain t he ef fec t of st r ess on evaporat i on behavior .

Resul t s of evaporat i on t ests on tantal um- and niobium-base al loys i n
high vacuum at temperat ures of 1200 to 1500 °C showed t hat no serious
evaporat ion problems exist bel ow 1300 °C.

*Resea r ch sponsor ed by the U.S. Atomic Ener gy Commissi on under
contract wi t h the Uni on Ca r bi de Corporation .

**Staf f metal lurgist , Met als and Ceramics Di v i s i on, Oak Ridge
Nat i onal Labor a t ory, Oak Ridge, Tennes see .
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Introducti on

Becaus e of the import ance of super al l oys and refrac tory al loys f or
spa ce appl ications , we have conducted experimental programs des i gned t o
de termine compositional and microstructural stab i lity of t hese al loys
in vacuum . Thi s paper emphas i ze s the more i mportant results of f our
principal areas of r esearch :

1 . evaporation behavi or of superal l oys conta i ni ng chromium wit h
emphas is on composit i onal and micros tructural stability i n type 316
stainless steel and Hayne s -25,

2 . ef f ect of evap oration l os ses on t he cr eep behav i or of superalloys,

3. ef f ect of parent oxide coatings on evaporation ki neti cs of super­
a l loys ,

4 . ev aporation behavior and composit i onal stability of r efract ory
al loys .

Met al l os s through ev apo rat i on is a potential problem f or many
space appl i cat i ons since temperatur es are of ten enc ount ered at whi ch
some al loy i ng components have significant vap or pres sures . The evapor ­
at i on r at es (w) of pure metals or simp le compounds evaporating as mono­
mol ecular sp ecies are adequately described by the Knudsen -langmuir
equat i on

1

W = ap/ (21tRT/M)2

I n t h is expression , a i s the evaporat i on coefficient (u sually taken as
uni ty), p is the vapor pressure , M is t he gr am mol ecular weight of the
vapor species, and t he ot her symbols hav e t he i r usual meaning . This
e quat i on, however , requires assumptions whi ch are not val id f or r ela ­
t ively complex structural al l oys . Selective evapor a t i on of the more
vol ati le element s i s quite likely , wit h the r esult t ha t the sur face
composition may cont i nually change with t ime ; hence it i s i mposs i ble by
prese nt methods to calculat e t he evap or at i on l os s es of compl ex
structur al al loys using t he vapor pressure of t he co mponents . Therefore ,
such data must be derived experimental ly . The sel ective l os ses of
certain elements may fur t her caus e the f or mat i on or so lution of phases
in t he al loy whi ch could result in vari at i ons in the strength and
duct i li ty of the al l oy . I t is also possible that an appl i ed stress may
enhance the evaporat i on r ate or result i n appreciable materials l os s at
temperatures l ower t ha n t ho se de s i red for service , espec ially i n t h i n
members . Di r ect exp er imentat i on is ne cessary t o dete rmi ne the exist ­
ence and severity of t hese vacuum ef fects .

Expe r i mental Procedure

The test material , the preparation of spe cimens, the high va cuum
evaporation equipment , and the cr eep test equipment used in these
studies have been described elsewhere (1-4) .

249



Results and Di sc us s i on

Validity of the Exper i ment al Techni que

To ver i fy the acc uracy of our experi mental t echnique , we f i r st
de termined the va po r pres sure of pu r e i ron and ni ckel by t he Knudsen­
Langmuir equat i on assuming a va porizat ion coefficient e qual to unit y .
Our measured vapor pr essures ag r eed wel l wi th t he pub l ished values .
The exper imental va l ue of 2.25 x 10-7 t orr f or nickel compar es with t he
published value (5) of 3 . 00 x 10- 7 tor r at 1038 °C, whil e an experimen t a l
value of 1. 54 x 10-7 torr f or iron compares t o a pub lished value (6) of
1 .77 x 10- 7 t orr at 872 °C.

Evapor at i on of Pol ished Surfac es

Evap oration l os se s from t ypes 304, 316, an d 446 stainl ess steels ,
I nconel , Hastel l oy N, and Hayne s -25 were measured at 872 and 982 °C and
from 5 X 10-7 to 5 X 10-8 t orr to evaluate compos itional effect s ,
especial l y wi t h regard to high va po r pressure al loying elements such as
chromi um and manganese . Results of 700-hr t est s , summar i zed in Table 1,
sh owed that evaporation r ates a t both temperatures increased with
i ncr eas i ng chromium and mangane s e co ncentrat ions . For a l l al loys except
Ha s t ell oy N, the evap or a t i on rat e at a given temper ature de creased with
time, the decrease being great e r at the l ower t emperatur e .

Fi gur e 1 compares t he continuous evaporation l os s e s of t he s e al l oys
at 872 an d 982 °C. The evap oration r ates appear nearly cons t ant aft er
about 50 hr, although, a s shown l ater, l onger term t ests with t ype 316
stainless st eel and Hayn es -25 sh owed t hat t he evaporat i on r ates actual l y
continue to de crease s l owly with time .

The initial evaporat i on l os s es , mainl y from t he surf aces, s ever ely
changed surface conce ntrati ons of t he hi gh vapor pressure elements . For
example, micr opr obe anal ys es sh owed t hat at 872 °C severe mangan ese and
chromium concentration gr a di ent s exi sted at t he conclusi on of many
600-hr tests, al t hough a t 982° C wher e diffus i on r at e s were gr ea t er , t he
concentration gr adi ents wer e l es s .

Dur i ng the l at er sta ges of ev aporation when l os s rates approached
linearity, the gr a i n boundaries beneath the surface exhibited voids,
precipitates ne ar the sur face disappeared , and grain growth r e sulted ­
probab ly from l os s of carb on .

Chemical ana l ysis of posttest a l l oy specimens r evealed substantial
l os s es of chromium, manganese, and carbon. The result s of 600-hr test s
of several al loys are compared i n Table 2. Losses of manganese and
chromium increa sed wi t h increas ing concentration of t he s e element s;
however, carbon l oss es appea r ed t o be independent of chromi um and man­
ganese l os se s . This behavior and the f act that meta l l ographi c ex am­
i na t i on sh owed a dep letion of precipitates be l ow the specimen surface
suggested a decomposition of carb ides .
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Evaporat i on of Haynes -25 and Type 316 St ainless Steel

The evapor at i on behavior of t wo potential capsule materials,
Haynes -25 and t ype 316 stainl ess steel , was studi ed in more detai l f r om
760 to 1150 °C f or t imes to 3500 hr . Thi s study provided data on t he
ch emica l compos ition of vaporized met a l depos i t s as a f unct i on of time ,
on t he kinetics of t he ev aporati on process , and on the r esultant effects
of evaporation l os ses on microstructure , creep behav i or, and original
al l oy compos ition .

I dent ifi cation of Evaporated Element s

Chemical a nal ys es of vapor deposits from 500-hr test s of Haynes -25
are summarized in Tabl e 3. Al t hough the t otal amount of dep os i t ed met al
i ncreased with t emperatur e , relative concentrat i ons of the deposits
va r ied s i gnificantly, but sys tematically . As the test t emperature was
increased from 872 t o 1093 °C, t he conce ntration of higher vapor pr essure
element s , such as chromium, manganese, and i ron, decreased relat i ve t o
t he l owe r vapor pressure elements, cobal t, nickel, and silicon . I n
t est s conduct ed for 5 to 500 hr at 982°C the concentrations of mangane se
and i ron in t he dep os i ted vapor de cr ea sed wit h i ncreas i ng t ime, whi l e
conc ent r ations of the r emaini ng el ement s incr eas ed . The conce ntrations
of chr omium and coba l t incr eased at a s i gnificantly gr eater rate than
did nickel and s i licon, indi cat i ng a select i ve l oss of al loying el ements
that resulted in continuall y changing surface compositions.

El ect r on probe microanalysis of spec imens tested at t emperat ur es
f r om 872 to 1150°C f or times to 3000 hr sh owed concentration gradi ents
that vari ed wi t h time and temperature . Typical results, as illustra ted
in Fig . 2 f or a 1040 °C t est , confirmed t he chemical anal ys is and i ndi ­
cated a depl etion of Fe , Cr, Ni, and Mh at t he speci men surfaces . The
sur fac e concentrat i ons of tungsten and silicon increased signi ficant ly
whi l e the cobalt concentration i ncr eased onl y slightly . Further,
l os ses of the higher vapor pressure elements, chromium and manganese,
from t he int er ior regions of t he spec imen resulted in i ncreased cobal t ,
tungst en , and i ron concentrations i n these regions. Thi s behav i or
i ndi cated t hat l ater l os ses of t he highe r vapor pres sure element s were
diffus i on- rat e dependent .

Simil ar results were obtained f or t ype 316 stainless steel .
Results from variable t ime-constant temperature t est s sh owed that man­
ganese was t he major contr i butor to the t otal evaporation l os s f r om
t h i s al loy . However, the manganese concentration in the vapo r deposit
decr eased markedly with t i me . The chromium content, on t he other ha nd,
incr eased with t i me in t he vapor dep osit. Conce nt r ations of the
remai ni ng al l oy i ng elements in the vapor depos i t s wer e consistent with
their vap or pressures and concentrations i n the ori ginal al l oy .
Chemical anal yses of the deposited metal vap ors from test s conduc ted at
7.0 X 10- 9 t orr and 872°C ar e s ummari zed i n Tabl e 4 .

Met allogr aphy

The microst ruct ur e of Haynes-25 ove r t he temper ature r ange studied
exhi bited f our major changes as a result of evapor ati on l osses :
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1. Microscopic subsurf ace voi ds f or med f r om t he coalescence of
vac ancies (Kirkendall effect).

2 . A "honeyc omb" s tructure f ormed at spec imen su r faces abov e
1000 °C.

3. Lave s phase (Co,Ni ) 2(W, Cr ) f ormed at specimen surfaces .

4 . Laves prec i pit at e dissol ved in the subsurfac e regi ons of t he
specimens due to bulk compos i tional cha nges.

These micros tructur al changes are illustrated i n Fi g. 3 .

Wlodek (7) r eported t hat Haynes -25 , on pr olonged exposure at 650 to
1100 °C, wil l pr ec i pitate a Laves phase, whi ch can lead t o a l l oy
ernbri ttlement . Thi s aging react i on produce d maximum precip i t at i on i n
the vicinity of 870°C after about 1000 hr. Aging treatments at higher
temperatures r es ulted in l ess Laves phase in t he microstructure . Wlodek
further stat ed t hat silicon stabilized t he Lave s phase and al so t he
hexagonal - cl ose-packed modi f i cat ion of the cobalt matrix. Othe r con­
st i t uent s such as iron and nickel t end to stabil i ze the f ace - ce ntered
cubic high-temperature structure of the cobalt matrix . Nickel al so
t ends t o decrease the st ab ility of the Laves phase.

Sl i ght composit i onal changes invol v ing the eli mi nat i on of s i licon,
a dec r ease i n the tungsten l evel, and an i ncrease in the i ron and nickel
contents may suppress the Lave s phase preci pi t at i on in t he t emper atur e
r ange 850 to l OOO°C (7). This study has shown, however, t hat in
addi t i on to chromium and manganes e , s igni f icant amounts of iron and
nickel wit h lesser amount s of silicon wer e evaporated from the specimen
su r f aces . Los s of these e l ements f r om t he surf aces of thin specimens
ess ent i ally incr eased the conc ent ration of tungst en and cobalt . Thi s
evaporation behavior could t herefore pr omote the f ormat i on of t he Laves
phase above 850°C . Wlodek (7) al so repor t ed t hat Laves phase f or ms
wit hi n 64 hr at 760 to 980°C. But evaporation t ests have sho wn t hat
f ar l onger times ar e r equired t o apprec i ably change the bulk composition
of the al loy at these t emperatures . Ther efore the Laves phase i n the
microstruct ures shown i n Fi g. 3 r esulted f r om t he r mal effect s and not
f r om evaporation .

X- ray diffr ac t i on a nal ys i s sh owed that t he surfaces of al l
Hayne s -25 specimens exposed t o vacuum at 930 to 1150 °C cont a i ned Laves
phase . Metal l ogr aph ic exami nat i on f urther showed t hat t he amount of
Laves phase at t he specimen surfac es inc reased wit h t emper atur e or wi t h
inc r eased evaporat i on l os s es, as illustrated i n Fi g . 3 . The Laves
phase dissol ved i n the subsur face r eg ions whi l e it was f ormi ng on the
surfa ce . Thi s anomalous behavior i s attributed to the substantia l
differences i n composit i on bet ween these regions caused by selective
evaporat i on .

The higher evaporati on l osse s from regions nea r t he sur f ace and
t he coal escenc e of voids di r ectl y beneath t he su r fac e r es ult ed in a
honeycomb structure at the specimen surfaces . Voids wer e l es s extens ive
in t he subsurface r egions but wer e pr ese nt t h r oughout t he mi cro structur e
of the 0 . 015- cm- t hi ck spe ci mens that l ost 2 mg/ cm2 or greater . The
f or mat i on of t hese voids is at t r i buted t o the coal escence of vaca ncies
by the Kirkendall effect .
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I n t he ca se of type 316 st a inless st eel , grain boundary grooving
be came appa r ent after 1 hr at 1000°C and 4 hr at 800°C. After 500 hr
at 872° C t he mi c rostruct ure exh ibited subsurface void f ormat i on, grai n
growth , disappearance of pr ecipitates, f errite f or mat i on at t he spec i ­
men s urfaces , and wi de ning of the grain boundaries . These phenomena
a r e metal lographical ly i l l ust rated i n Figs. 4 and 5 . After 1000 hr ,
chi phase be gan to precipitate and l ar ge grain bounda ry voi ds be gan to
appear .

For mat i on of a ferrite surface l ayer was ver i f i ed by x- r ay ana lysis
and was appa r ent l y caused by t he r apid l oss of aus t enite stab i lizer s
(e. g., carbon and manganese) . At 872 and 982 °C, ferr i t e precipitat i on
beg an j ust prior t o the appear ance of grain boundary voi ds; as ev apor a­
tion l osses cont i nued and t he specimen th i ckne s s decreased, t he fer rite
precipitate disappeared . Apparently the l ow nickel l os ses coupled with
high l oss of chromi um at l onger times caused the fe rri te t o retransf orm
to aust enit e . For example, Fi g. 5 shows that t he 892-hr t est resulted
in surface ferrite whil e the 3453-hr t est showed no i ndi cation of
fer r i t e . Further, Fig . 4 shows t hat t he evaporated surface of the
3453 -hr t est contains annealing t wins, whi ch a r e usually associated with
the f ace - cent ered cubic structure r ather than the body - centered cubic
f erri te . In addi tion , al l short-term t est spec i mens wer e ferromagne t ic,
while the l ong- ter m t ests (> 1000 hr) wer e not . Als o ferr i t e was not
det ected by x- ray di f fract ion ana l ys is i n speci mens t ested l onger than
1000 hr .

When the surfaces of t ype 316 stai nl ess steel spec imens t r ans formed
to f er r ite, the evaporation rate approached that f or pure iron. For
example , at 982 °C t he evaporation ra te of pure i ron was constant and
equal to 6 . 2 x 10- 3 mg cm- 2 hr - 1 , whil e t he r ate f or type 316 stai nles s
steel at t he end of a 650- hr t est was 6.64 X 10- 3 mg cm- 2 hr- 1 .

Evaporation Kinetics of Polished Surfaces

Eviden ce of preferent i al depletion of hi gher vap or p ressure element s
was manif est ed by t he existence of co nce ntration gradient s and t i me­
dependent changes i n the composi t i on of vapor deposit s . Theref ore ,
l os ses of t hes e element s ar e diffusion-rate controlled and t heir evapo­
ration rate at anyone t emperatur e sh ould decrease with time . Evapora ­
tion r ates f or Haynes -25 ar e plot ted in Fi g . 6 as a f unc tion of temp era­
t ure for times to 1000 hr . Note t hat t he curves ar e near ly parallel,
indicating t ha t t he evaporat i on mecha ni sms or the activat ion energy
for t he evaporat i on process doe s not cha nge s igni ficantl y be t ween 2 and
1000 hr. It i s pos tulated t hat this cha nge may be due to the f ormat i on
of Laves phase on the specimen surfac es of the Haynes -25 . Fbr type 316
stainless steel, curves of thi s t ype wer e also pa r allel over the time
r ange investigated, 2000 hr .

We shoul d emphas ize t hat t he test sp ec imens wer e onl y 0.015 t o
0 . 020 cm in t hi ckn ess and that greater t hicknesses might yiel d quit e
different exp erimental r esults . The major difference s woul d probably
be an increas e in the s lope of t he concentration profi l es of t he evapo­
r ating elements near the surfaces an d a d~crease in the seve r ity of
void f or mat i on wi t h in the bulk of the sampl e . The evaporation r ates
would remain r elatively high , however , as l ong as the temperature was
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sufficient for the higher vapor pressure elements to diffuse t o the
specimen surfaces. Gr eater thi cknesses in effect make mor e material
ava i labl e for sel ective evap oration.

Oxidi zed Surfaces . I t has been demonstrated t hat surface oxides
can ret ard evaporation of pure metals (8 ) . To ascer t ai n how effectively
oxide films retard evaporation of the alloys listed in Table 1, several
specimens wer e oxidized i n air and i n wet hydrogen and subsequently
evaporation tested under high vacuum at 982, 927, 872, and 760°C. The
results for all of the alloys tested wer e nearly the same; t herefore,
only the results for type 316 stainless steel will be discussed.

Oxidation of specimens in air resulted in a layer of mixed oxides
including a Fe20:3 , NiO ·Fe203, and Fe203· Cr203 ' After the evap oration
tests, Cr20:3 was the only oxide still remaining on t he specimen surfaces .
Therefore, all subsequent oxidat ion tests were conducted in wet hydrogen
so t ha t only Cr20:3 was f ormed on t he specimens surfaces.

The Cr20:3 layer f ormed on t he specimen surfaces retarded evapora­
t ion for different periods of time, depending on evaporation temperature.
At 760 °C, the Cr203 film was fully protective aga i ns t evaporation l os ses
of the base met al, at least t o 1142 hr . At t he t hree higher t empera­
t ures, 982, 927, and 872 °C, the Cr 20:3 f ilms det er iorated initially at
inter sect ions of t he surf ace with grai n boundaries. Thi s behavior
resulted in a semicont i nuous networ k of voi ds within the Cr20:3 film.
The remaining Cr20:3 film became pr ogr essivel y thinner due to evaporation
and to a reaction of oxygen with carbon i n the metal . As in t he case of
specimens without oxide f ilms, subsurface voids appeared i n the base
met al and increased in s i ze and number wit h increasing t emper ature .
Simultaneous los s of aust eni t e stabilizers resulted in the formation of
surface ferrite at 982 and 927 °C f or shor t -term t es ts , whil e at 872 °C
no ferr i te was detected in a 1456-hr t est . Thes e evaporation effects
are metallographi cally i llus t rated in Fig . 7 . Res ults of the l OOO-hr
evaporation test s fo r both pol ished and oxidi zed surfaces are compared
in Fig. 8 and show t hat a Cr203 l ayer does af fo r d a sl ight degree of
prot ection aga inst base metal evaporation. The importan t f eature of
Fi g . 8, however, i s the parallel behavior of the curves which indicate
t hat t he evaporation mechanisms f or both pol ished and oxidized surfaces
ar e t he same.

We postulate that t he Cr203 f i lm is i nitially r educed by carbon
from t he sub strate metal pr incipally in the grain boundary areas . Then
evapor ation of t he Cr20:3 f ilm further reduces i t s thi cknes s, and
eventually smal l holes appear i n t he oxide layer and expose the metal at
the gr ai n boundaries. Metals evaporation undermines t he oxi de layer ,
and spallation expose s l arger areas of t he substrate . This behavior
would r esult in greater evapor at i on l os se s, but be cause of the adherent
Cr2 03 f i lm over t he remainder of t he surface grains, t he t ot al evapor a­
tion rate is less t han f or the polished condition. The photomicrograph
of an as- evaporat ed sampl e i n Fig. 9 illustrates this behavior.

Ef f ect of Evaporation on Cr eep

Type 316 Stai nles s St eel. Severa l tests wer e run to evaluate the
influence of exposure t o hi gh vacuum on t he creep-rupt ure properti es of
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t ype 316 stai nless st ee l at 870 °C. Flat cr eep sp ecimens , 0 .102 cm thi ck ,
were exposed to a vacuum of 10-8 tor r fo r times t o 5000 hr, whil e con­
t rol sp ecimens were heated i n high-purity argon . In addition, sp ecimens
were oxidized i n wet hydrogen, followed by a high vacuum evaporat i on
treatment at 870 °C. All specimens were subsequently creep t es t ed in
argon at 870 °C.

Thes e studies have shown that type 316 stainless steel undergoes
considerabl e change i n i t s creep properties when exposed fo r long
per i ods of t ime at 870 °C. Material initially cold worked becomes
st ronger when heat ed at 870 °C prior to creep t es t i ng . I f t he al loy is
initiall y heated fo r 1 hr at 1040°C in vacuum it gr ows weaker when
ann ealed at 870 °C for long t imes. The precipitates in the photomicro­
graphs pres ented ear lier have been identified as chi phase, carbides of
the M:!3C6 type, and traces of sigma phase, and are believed to be
responsi ble for the obs erved creep behavior. For example, t he as­
r ec eived mater ial contained some residual col d work that provided
nucleation sites fo r carbi de pr ecipitation whi ch would improve the
st r ength with holding t ime at 870 °C. At some point, t he carbides would
all precipi t ate or a steady state would be reached between preci pitation
and agg l omer at i on so that no fur t her strengthening would occ ur . When
the steel is annealed at 1040°C, the r es idual cold work is r emoved,
carbides are dissolved, and grain growth occurs , but the creep strength
is gr eat er than in the as-received condi t i on. The reason for thi s
behavior is not known. The precipitates t hat are formed when the mate ­
rial solution annealed at 1040 °C is held at 870 °C during the evaporation
t ests may not be of the proper morphology to str engthen the alloy. This
behavior may acco unt f or the l ower str engt h va l ues after the 870 °C treat­
ment . Furt her, the l oss of al loying element s by evaporation would
reduce the strength .

The formation of a thin surface oxide does not obs ervably change
the creep properties at 870 °C. This behavior was expected, since other
investigations (9 ) have shown that surface f ilms on a polycrystalline
specimen are not effective at el evat ed temperatures due to the numerous
i nter nal surf aces present.

Haynes-25 . Haynes - 25 was cr eep t ested in high vacuum at 785 °C and
stress l evels of 2,500 to 15, 000 ps i to correlat e evap orati on losses and
microstruct ure with the obs erved creep behavior and stress . The result s ,
tabulated in Table 5, indi cate that evaporat i on l osses increase with
str ess . Microstructural examinations showed that the amount of Laves
phase precipitated in 1000 hr also increased with stress, but we think
this behavior is due to the compositional change and is not directly
r elated t o stres s .

Evaporation also affected the cr eep proper t i es of Haynes - 25 . For
example, a specimen t ested at 10- 8 t orr and 14, 500 ps i ruptured i n
246 hr at 785 °C, but a cont rol specimen t ested in argon at 1 at m
r upt ured in 540 hr . These r es ults ar e compar ed wit h those of other
investigators (10 ) who found a rupture life of 2500 hr at 816° C f or air­
tested specimens . Also, the time to 1% plastic strain as a function of
stress varied from 8 to 15 t imes less fo r the va cuum-tested sampl es
when compared to r esults from air t ests.
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Evaporat i on and St abi l i t y of Ref r ac t ory Alloys

Evaporat i on l os ses of T- l l l (Ta-8% W- 2% Hf) and f i ve niobium-base
alloys , Nb- l% Zr , FS-85 (Nb- 27% Ta-10% W-l% Zr ) , B- 66 (Nb-5% fu-5 % V-l% Zr ) ,
C-129Y (Nb- 10% Hf- 10%W-{). Ol% Y), and D-43 (Nb- 10% W-l% Zr-O . l% C) were
determined f or var ious times at t emperat ures between 1200 and 1500°C and
pressures f r om 7 X 10- 7 to 6 X 10- 1 0 tor r . The det ails of t hi s wor k hav e
been reported elsewhere (11) .

I n general , the re were no serious evap or ation problems associated
with t hese al loys , espec i al ly at temperatures of 1200 to 1300 °C. The
al loys exhibi t ing t he gr eatest evaporat i on l osses cont a i ned the higher
vapor pressure elements such as V, Zr, Y, and Hf . For example , B- 66
(t he most volatil e alloy studied ) l os t 1 . 70 mg/ cm2 at 1500°C and
7 X 10- 9 tor r i n 316 hr, while at 1200 °C and 6 X 10- 1 0 tor r a weight
l oss of 0 .077 mg/cm2 was meas ured in 513 hr; vanadium and zirconium
l os ses contributed 95% of the total weight l os s . Met all ographic examina ­
tion showed that evaporat i on occurr ed only at the surfac es ; no sub ­
surfac e voids wer e detected , nor di d evaporat i on seem to occur at any
preferential sites, such as gr ain bound aries or i mpur ity incl us i ons at
or near t he sur f aces .

Tot al weight change appear ed to be pres sure and compos it i on depen­
dent . At 1200 to 1300 °C and 10- 7 tor r , t he niobium-base al loys FS-80
and D-43 , cont a i ni ng only zirconi um as t he evap orating element, gained
we i ght , while at t he same t emper ature and 10- 9 torr weight was l ost.
We att r i bute thi s behavi or to inter stitial contaminat ion at 10- 7 t orr
and purification at 10- 9 t orr . For t hose al loys with more than one
evapor at ing species, such as B- 66 and C-129Y, weight was l os t at bot h
t he high and l ow t est pressures at 1500 °C. The evap or at i on l osses i n
t hese cases over shadowed t he cha nges in the inter stitial contents .

Cha nges in t he interstitial con cent rations depe nded upon pressure .
At 1500 °C and 10- 9 tor r or l ower, carbon was r et ained whil e oxygen,
nitrogen, and hyd r ogen wer e evolved . At a higher pres sure of 10-7 tor r
and 1500 °C, ca r bon was l os t whil e oxygen and nitrogen content s increased .
I t is believed t hat t he r eaction of carbon an d oxygen r esulted in t he
loss of carbon at the highe r pr essures , whil e at 10- 9 t orr not enough
oxygen was present t o appr eciabl y reduce t he carbon concentrat ions .
These r esult s ar e i l lust r ated in Fi gs . 10 and 11.

Conclusions

Hi gh vapor pressure elements such as Cr, Mh, Fe , Ni, Cu, and Si
are pref er ential ly l os t when super all oys a re exposed t o a vacuum of
10- 7 torr or greater at t emper atur es of 760 to 1150 °C. Thi s evaporation
i s charact er ized by an i ni t ial l y high rate due t o t he presence of the
more volat i l e el ement s , chromium and manga nese, at the su r f ace . Whe n
the surface becomes depleted of t hese el ement s , f urthe r l os s depends
on their di f f us ion r at es in the al loy . Compos i t i onal changes occur at
every t emper at ur e i nvest i gated ; in the case of t ype 316 st ainl es s steel
af t er 1000 hr , the l os s of aus t eni t e stabi l izers pr omotes f er r i t e pre­
cipitat i on, whi l e in Haynes -25 the l os s of chromi um, manganese, and
nick el promotes Laves phase f or mation at t he surfaces .
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Type 316 stainl ess steel coated with Cr203 does not initially
evaporate as r ap idl y as when polished , but t he f i nal rates of evaporation
at 870 , 925, and 980·C ar e great enough to rul e out adequate protection
of t he ba se a l l oy by t his technique . At 760 ·C, however, Cr203 fully
r etards evapor ation at l eas t f or 115 0 hr .

Exposure t o va cuum appar ent l y has no s igni fi cant ef fe ct on the
mechanical behavior of 0 . 102- cm- t hi ck sp ecimens of t ype 316 stainless
steel . In the case of t hinner cross sections or l onger vacuum expos ures
wher e t he compos i t i on of t he st ressed sect i on woul d be s er iously al ter ed ,
strength properties wi l l undoubtedl y be af f ect ed .

Si mul taneous st ressing and evaporat i on result in quite a di fferent
behavior in Haynes -25 . Preli minary studi es show that evaporat ion from
the gra in boundaries of t hi n sp eci mens (0.0305 em) r esult s in easier
grain boundary motion wi t h r educed creep strength and rupture lif e .
Increased stress al so produces i nc r ea s ed evaporat ion l os ses .

Evaporat i on of al l oy i ng el ements from tantalum- and niobium-base
r ef r act ory al loys i s l ow at t emperatur es of 1000 t o 1300·C f or shor t ­
t erm t est s at 300 to 700 hr. We conclude that wit h i n this temperature
r an ge no serious evaporat ion problem exists under high vacuum condi t i ons.
However, exp osure f or severa l thousand hour s at 1300 to 1500 ·C woul d
r esult in severe l os ses of volati l e al loying elements such as ha fnium
and va nad i um.

The inter stitial instab i l ity of these r efr ac t ory al loys is con­
s i der ed a seri ous pr oblem i f the cont r ol of int erstitial s i s essential
to t he mechanical behav i or of the al loy . At 10- 9 to 10-~o t or r , the
inst ability results in a l os s of oxygen, ni trogen, and hydrogen, while
at 10- 6 to 10- 8 tor r , the concentration of oxygen and nit r ogen increases ,
a nd the carbon content decreases over an extended period of t i me . A
carbon-oxygen react i on results i n the l oss of carbon, pr obably as CO .
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Table 1. Evaporation Rates from 700- hr Tests of Iron- , Nickel-, and
Cobalt-Base Alloys at 5 x 10- 7 to 5 X 10- 8 torr

Alloy Composition, a wt %
Alloy Fe Ni Mo Co C W Mn Si Cr

Hastelloy N 4.10 69 . 76 17 .81 0 . 15 0 .04 0 . 29 0 .58 6 .78
Inconel 5 . 84 79 .62 0 . 04 0 .54 14. 29
Type 316 64 .03 13 .28 2 .25 0 .05 1. 67 0 .74 17. 05
stainless steel
Type 304 68 .84 10. 68 0 .07 1. 61 0 . 84 18 .04

~ stainless steel<:n

'" Haynes - 25 1.41 10 .5 0 49. 81 0 .02 15 .72 1.58 0. 76 19.46
Type 446 73. 91 0 .71 0 .02 1.20 0 .14 24 .71
st a i nless steel

aImpur ity elements not listed.

bMaximum rate during first 50 hr of test.

CRate during last 50 hr of t est .

Evaporation Rate
(mg cm-2 hr- 1 X 10- 4 )

872 °C 982° C

Initial b Finalc Initial Final

1.54 1.54 30 .8 30. 8
7 .57 2 . 89 59 .7 33 .5

30. 0 6 .59 ll4. 0 66 .4

53 .7 6 .71

58.5 5. 66 140. 0 69 . 2
73.8 25 .7 156 .0 69 .0



Tabl e 2 . El ement al Losses of Iron-, Nickel-, and
Cobalt-Base Alloys Evaporated at 872 °C

Length Percent Decr ease in
Alloya of Tes t Original Concentration

(hr) Mn Cr C

Hastelloy N 598 13. 9 1.61 29.7
Inconel 618 3. 86 28.5
Type 316 stainless steel 604 21. 6 5.21 27.4
Type 304 stainless steel 608 29.4 5 .9 6 27 .1
Haynes-25 557 44. 9 3.01 28.4
Type 446 stainless steel 613 54.1 4. 85 12. 1

aSee Table 1 for original composi t i ons .
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Table 3. Chemical Analys es of Vapor Deposits Evaporated from Haynes -25

Actual Analyses of Vapor Depos i t s Tot a l Weight
Tes t Weight of Vapoe:;

Cond itionsa Los sb Cr Mn Co Fe Ni 8i W Depos i, t
(mg) (mg) (wt 'f,) (mg) (wt 'f,) (mg) (wt 'f,) (mg) (wt 'f,) (mg) (wt 'f,l (mg) (wt 'f,) (mg) (wt 'f,l (mg)

872° C f or 3. 40 2. 11 66.88 0 . 56 17. 75 0 .26 8 .27 0 . 18 5 . 70 0 .03 1.01 0 . 001 0 .03 0 . 01 0 .35 3 . 155
504 hr

927 °C f or 4.70 3.08 66 . 31 0 .68 14. 64 0 . 48 10 . 33 0 . 17 3 . 66 0. 21 4 .5 2 0 .001 0 .02 D.024 0 . 52 4 . 645
507 hr

982°C f or 11. 80 7 .63 66 .58 1. 24 10 . 82 1. 75 15. 27 0 .38 3 .32 0 . 28 2. 41 0 . 15 1. 31 0.03 0 .29 11. 46
l<l 509 hr'"...

1038°C fo r 23. 6 14 . 90 64 . 50 2.18 9 . 44 4 . 43 19 .18 0 . 79 3 . 42 0.65 2.81 0 . 08 0 . 35 0 .07 0 . 30 23 . 10
505 hr

1093°C f or 303 . 90 146 . 50 47 . 79 17. 10 5. 58 106 . 0 34 . 58 9 . 00 2.94 26.60 8 . 68 0 .94 0 .30 0 . 41 0 . 13 306 . 55
503 hr
---

aAt 1 X 10- 9 torr.

blnitial sampl e weight minus final sampl e weight .

~eight of deposit det ermined by analytical chemis try met hods.



Table 4 . Chemical Analyses of Deposits Evapora ted from
Type 316 Stainless Steel at 872° C and 7 x 10- 9 torr

Analyses in Weight Percent of Vapor Deposit
at Var ious Times in Hours

t<l
C'l
t<l

Element

Mn
Cr
Si
Fe
Ni
C
Mo

Vapor Pressure
of Element

( t or r)

8 X 10-4

2.5 X 10- 6

7 X 10-7

1. 5 X 10-8

4 X 10- 9

5 X 10- 1 9

3 X 10- 14

Analyses a of
Original Alloy

(wt 'fa)

1. 67
17. 05
0 . 74

64 .03
13. 28

0 .05
2 .25

6

77 .72
3 .18
0 .7U
1. 29
1. 01
7. 53

b

U ~ ~ ~O

71 . 24 70 . 2 68 .1 59 . 85
3. 84 4.40 7 .9 1 19. 95
0 .9 71 1 .31 1.45 1 . 51
1 .33 2 .39 4 .86 9 .03
1. 4 1. 62 1 .71 1. 83
4 .32 3 .93 2 .11 1. 70

b b b b

480

50 .88
29 .4
1. 70

12. 27
1. 95
1.41

b

aSee Table 1 for original composition.

bNot detected .



Table 5 . Ef f ect of Stress on t he Evaporation Losses
of Hayne s- 25 at 785 °C after 1000 hr

s tress
(ps i )

Weight Loss
(mg/ cm2 )

o
2,100
4,500
6,900
9, 500

14,500

0 .06
0 . 1477
0 . 1864
0 .2014
0 . 2236
O.04a

aSpe cilllen ruptured in 246 hr .

Fi g . 2. Compos i t i on pr ofi le of a
Hayne s -2 5 spec imen evaporation tested
at 1040°C f or 2672 hr .
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Fi g . 3. The ef fect of evapo ration l os ses on t he micr ostruct ure of
Haynes -25. Original magnification , 50Ox. Etchant : electrolyt i cally
poli shed and et ched using a platinum cathode in a solut i on of
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+ 25 g FeC13'
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LAUNCH-PAD ACCIDENT ENVIRONMENTS*

S. L . Jeffers and F . D. Kite

Abstract

A determination of the effects of a launch-pad accident requires that the
principal environments be well characterized. This paper discusses the
environments of e xplosion and fire resulting fr om a missile abort on or
near the launch pad.

Sandia Laboratories, Albuquerque, New Mexico

* Thi s work was supported by the U. S. Atomic Energy Commission.
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Introduction

The Aerospace Nuclear Safety Department, which has been in
existence at the Sandia Laboratories for the past six years, is vitally
concerned with all aspects of the safety of space nuclear systems.

All space nuclear systems are launched on chemical rockets
which contain a tremendous inventory of highly combustible and e xplo­
sive propellants. There is easily enough stored energy on board to
completely disintegrate the nuclear system and its radioactive fuel if
a mishap occurs on or near the launch pad. Our job is to determine if
there is any way in which the destructive forces of a missile abort can
be directed toward the nuclear system with sufficient energy to release
the radioactive fuel to the biosphere. If such an event can happen, then
we must determine its probability and the subsequent hazard.

The first step in assessing the overall hazard from a launch pad
accident is to describe the environment to which the nuclear system
would be exposed if a launch pad accident occurred. Since these acci­
dents are all random events that vary from one e xtreme to another it
is very difficult to arrive at an exact definition. We will describe here
the environmental models which we have developed or are developing.
Although they are not exact they are indispensable for a hazards analy­
sis.

Our considerations of the hazards problems indicate that the on­
pad abort of a space vehicle is a prime event for the potential release
of radioactive material. The hostile environment of the on-pad acci­
dent is a compound of mechanical, thermal, and thermo-chemical
forces. They may either independently or in combination rupture the
primary fuel container of a radioisotopic generator.

Discussion

Safety analyses require quantitative definition of the launch-abort
environment. Because very little quantitative information was available
when we started this work, we had to learn about the environment of a
launch-abort. Our present knowledge of the launch-abort environment
has been gained through four principal activities: (1) Review of the
literature; (2) review of launch accident reports ; (3) monitoring of
launches ; and (4) testing programs.

Relatively straightforward analytical techniques are used once
environment parameters associated with stress analysis for blast load­
ing and heat-transfer analysis for fireball are defined. Experience has
been that engineering judgment must be relied on heavily because of
the uncertainty of some of the values assigned to the near-field on-pad
accident environment.
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Literature Review
The literature review for information concerning the blast and

fire hazards of propellant systems was not very productive. The
small amount of work that had been done was principally concerned
with facilities siting problems. It had little or no relation to near­
field environments such as a nuclear power supply would experience in
the event of a catastrophic accident.

Review of Launch Accident Reports
Through the cooperation of the Office of Range Safety at Eastern

Test Range we had the opportunity to review accident reports and
motion picture films of aborts that had occurred on the Cape Kennedy
launch sites . These reviews furnished some appreciation for the
severity of a launch-abort as well as some quantitative data of explo­
sive strength based on post-accident evaluations.

Monitoring of Launches
In order to improve the data from on-pad accidents, a system

(Fig. 1) was designed and built to monitor launches from Eastern Test
Range. This Pad-Abort Measuring System (PAMS) is designed to
record twelve channels each of explosion and fire data. The Office of
Range Safety at Eastern Test Range has been monitoring launches with
PAMS since July, 1964 and has retrieved data from one accident in
that time, the Atlas-Centaur abort of March 2, 1965. 1

Testing Programs
The greatest single source of data concerning the hazards poten­

tial of an on-pad abort has been Project PYRO. We have participated
in this program along with the USAF and NASA during the past four
years. The overall objective of the study was to develop a reliable
philosophy for predicting the credible damage potential which may be
experienced from the accidental explosion of liquid propellants during
launch or test operation of military missiles or space vehicles.

Three propellant combinations were chosen for this test program.
The combination of nitrogen tetroxide (N204)/50% unsymmetrical di­
methyl hydrazine (UDMH) plus 50% hydrazine (N2H4) was selected as
representative of hypergolic propellants. (Hypergolic propellants are
self-igniting when the fuel and oxidizer make contact.) The other two
propellant combinations are the commonly used liquid oxygen (L02)/
kerosene (RP-l) and the liquid hydrogen (LH2)/liquid oxygen systems.
The propellant combinations of N204/50% UDMH - 50% N2H4, L02/
RP-l, and L02/LH2 were tested in tanks of 200, 1000, and 25,000
pounds total propellant weight. We have taken advantage of the testing
programs of others through the previously mentioned literature review.

The purpose of all these activities i s and has been to develop an
accurate description of the composite ho stile environment of an on-pad
accident including the mechanical forces from an explosion and the
thermal forces from the fireball and residual fire .
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The most fr equently used measure for the e xplosive yield fr om
liquid rocket propellants is percent TNT weight equivalence. This is
a re la tive ly easy wa y of characterizing the propellant's e xplosive yie ld
because a large amount of work has been documented concerning the
blast ph enomena from TNT. Th e principal shortcoming of this m et hod
of characterizing liquid propellant explosions lies in the fact that , at
short radii, different values for percent TNT weight equivalence are
found between the peak overpressure and the pressure impulse data .

Essentia lly all aborts of liquid fue le d missiles on or near the
launch pad result in e xplosions. The seve rity (or yield) of the e xplo ­
sion i s principally controlled by the amount of fuel and oxidize r that
become mixed before detonation takes place. The a m ount mixed is
definitely a random event and must be treated probabilistically. The
explosive yield is also a fun ction of the total propellant weight. In
or der to account for these two variables we define a yield -probability
curve for a nominal weight and then ratio that curve up or down de ­
pending on the specific s ystem under c onsideration.

To date we have de fined a yield -probability curve for the LOX/
LH2 combination only. The yield-weight relation in this case is given
approximately by

where YI and Y2 are explosive yields in percent TNT, and WI a nd W2
are total propellant weights .

Fig. 2 shows a frequency vs yield plot of the 25 ,000 pound LH 2/
L02 P YRO test data and a yield-probability cur ve scaled to 250,000
pounds . It should be pointed out that the data we used came fr om a co n­
trolled t e s t program and not fr om a s eries of random aborts . As a
cons e quence , the precise shape of the yie l d - proba bility cur ve s and the
s caling fr om one weight to another cannot be fully substantiated. We
do fe e l , however, that as more abort data become available the refine d
cur ves will not be substantially different from the ones presented in
Fig. 2.

Test results from the propellant co m bina t i on of L02/RP-I di d
not follow a smooth curve as did the LH2/L02 but will still serve as
an index of the e xpected frequen cy of a given yie ld. Yields are e x ­
pe cted to be greater fo r liquid propellants in this as cending or de r: the
hyper-golfe propellants, LH2/ L02, and L02/RP-1. The application of
these y ie ld values in the analysis of a specifi c launch vehicle r e quires
the carefu l e xe rcise of engine e r ing judgm ent since we have virtually no
data fr om tests of m ore than one pr ope lla nt c ombina tion .

Solid rocket propellant vehicles or launch vehicles with solid
co m pone nts are not expecte d to cont r ibut e significa ntly to the probabil­
ity of a ccidents or to in crease the magnitude of the over a ll ha zard.
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The m ost fr e quent a bor t of solid vehicles has been loss of guidance
after launch, with co mma nd destruct initiated by the range safety
officer. Command destruct of a solid propellant ve hi cle does not gen ­
erate a large homogeneous fireball like the liquid but separates into
relatively small chunks of fr e e - bur ning prope lla nt s .

Tests have shown that it takes a ver y high-order e xplosion (of
the or de r of 150 ,000 pounds per s qua re inch) to in itiate detonation of
most solid rocket propellants. E xplosions of this strength are not
available from the liquid propellants so we do not e xpect detonation of
the solids.

The thermal environment fr om liquid propellants does not seem
to va r y as wi de ly as the e xplosion environment. The thermal energy
from a n abort will be instantaneous ly very high as the initial explosion
occurs, diminishing as the fire ball grows and lifts off t o the lower
energy level of the residual fire fr om at m os phe r ic combus t ion of the
remaining fue l. We have de veloped a m odel of the thermal environ­
ment (Fig . 3) which can be applied to any liquid-propellant launch
vehicle. The abscissa , time, has been normalized to the cube root of
total propellant weight.

F ollowing fir eball liftoff, a stem de velops conne cting the rising
fi r eball t o the pad surfa ce (Fig. 4). From observation of pad aborts,
the duration of this "hot" stem i s a bout 50 percent of liftoff t ime. The
sharp break shown on the thermal m odel gr a ph represents the transi­
tion fr om t he payload being engulfed in the stem combustion zone to
the pa yload receiving radiant energy fr om the rising fireball, whi ch
by the end of the stem duration a lready is a c ons ider a bl e distance
above the pad surface.

The heat flux, shown as the left -hand ordinate in Figure 3, is the
flux inci dent on the surface of an ob ject enveloped by t he fi r eba l l. The
right-hand ordinate is the cor r es po nding effective black body radiating
temperature of the fi r e ba ll. After the fireball has lifted and no longer
provides significant radiation to the pad surface, the residual fire will
provide a heat flux of about 13 BTU/sec -ft2. Residual fire duration can
easily be as long as an hour.

The mode l is considered to be applicable to all liquid propellant
combinations. Theory indicates that fireball temperatures should not
vary appreciably for liquid hydrocarbon fuel s , and measurements of
fireba lls fr om both cryogenic and hypergolic propellants have consis ­
tently in dica t e d surface temperatures of 4400 to 4600 0 F .

The high thermal energies in t he fi r eb a ll environment of an abort
may have the po te ntia l to start significant cor ros ive or er os ive re ­
actions to conta inm e nt materials. To evaluate potentially hazardous
rea ction s , TRW Systems investigated for us the chemical integrity of
radioisotop e co nta inm ent materials in launch-abort environments . 3, 4
The duration of the thermal pulse is too short in most cases t o initiate
thermochemical reactions which would be co ns ide r e d hazardous - - i. e. ,
cause s ignificant loss of containment material. There are four
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situations which may be hazardous under certain conditions: beryllium
burns with a "breakaway" reaction at 2400° F in a water vapor environ­
ment, the cobalt-based super-alloy Haynes 25 forms a eutectic with
carbon at 2l00°F, tantalum-tungsten alloys will not survive long in an
oxidizer-rich combustion environment, and graphitic materials burn
rapidly in oxygen-rich environments.

Future Plans
Our efforts will continue to be directed toward gaining more

knowledge and increased confidence in our description and modeling of
the on-pad accident environment. The explosive yields of the propel­
lants will be modeled so they can be used as inputs to existing computer
codes for stress analysis to determine the survivability of a radio­
isotope power source. The thermal environment model will also be
used for inputs to heat transfer codes to determine if melt of the vari­
ous engineering materials will occur. Thermochemical effects will
probably continue to be evaluated on a "by hand" basis from examina­
tion of the outputs from thermal analysis.

Summary

Blast modeling is currently done on a system-to-system basis
and considers the type and weight of propellants aboard the launch
vehicle. Percent TNT weight equivalents of the propellants are used
as a basis for blast modeling and these are used in conjunction with
classical explosion shock-wave formulae to analyze the effect on sys­
tem components.

A model of the on-pad abort thermal environment from liquid
rocket propellants has been developed. This model considers the heat
flux to which the payload from an aborted vehicle would be exposed as
that payload falls through a growing fireball and comes to rest near the
center of the launch area. Tests have shown that the intensity of the
heat flux from different propellant combinations is approximately the
same for all with the fireball duration dependent on a cube root function
of propellant weight.

The magnitude of the effects of these environments varies from
negligible to catastrophic and the compound analysis of a specific sys­
tern requires careful consideration of the possible sequences of the
hostile environments.
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EFFECTS OF THE REE NTRY ENVIRONMENT
ON RADIOISOTOPE HEA T SOURCES*

S. McAlees, Jr .

Abstract

Use of radioisotope heat sources in space missions requires that
adequate safety be provided in the event that mission aborts lead to
reentry of the nuclear s ystem. The initial reentry conditions, along
with the spacecraft confi gur a t ion resulting from t he abort, define the
environment to which the nuclear system is exposed.

A typical program conducte d jointly by the s ys t e m contractor, govern­
ment agencies, and Sandia Laboratories to define the envi r onm ent and
s ystem response is discussed. Mat er ia ls and de sign c once pt s selected
to provide intact reentry for a particular s ys t e m are presented.

Ac1m owledgment

The author is indebted to General Electric Company for Table IV a nd
Figs. 8, 9, and 14 th rough 19, and for s ome ideas e xpressed in
Reference 1.

Reentry & Spa ce Sciences Divis ion, Sandia Laboratories,
Albuquerque , New Me xico.

*This work was supported by the United States At omic Energy
Commission.
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Introduction

Safe reentry of radioactive power s ources is of prime concern
for spacecraft missions. A nuclear fuel ca ps ule produces power con­
tinuously for long periods of time, so that, normally, reentry and fue l
release sooner than 10 times the isotope ha lf- life may present a radia­
tion hazard to the populace. 1 The major hazard is the introduction of
the isotopes into the bodies of persons inhaling or ingesting the re­
leased material, either directly or at the end of an ecological chain.
Early SNAP (Systems for Nuclear Auxiliary Power) systems employing
system burn-up and high altitude fue l relea se have been accepted as
nonhazardous. However, the probability of aborts which could prevent
attainment of high altitude orbits and the e xpected increase in number
of flights and quantities of radioactive fue l restrict the early approach
and emphasize the desirability of intact reentry.

Abort s ituations that produce the reentry environments whi ch
impose problems for intact reentry stem from three conditions: (1)
Malfunction of the system at high velocity but prior to achieving orbit ;
(Z) natural decay from either short- or long-lived orbit; and (3) super­
orbital return from lunar or planetary missions. Other environments
that cha llenge fuel capsule integrity include : pad abort fireballs and
after-fire, booster explosion and fl ying de bris. These challenge s must
be considered in addition to the natural reentry environment.

Evaluation of the Reentry E nvironment

Perhaps the single most important parameter which determines

the reentry environment is the ballistic coefficient (cW
A).

The in­

fluence of the ballistic coefficient on various trajectozPy parameters is
shown in the simplified equattonsf of Table I. The relation between
the ballistic coefficient and reference convective heating rate (q VR)*
is shown graphically in Fig. 1. For a fixed reentry velocity and angle,
an increase in ballistic coefficient produces higher heating rates and
increased total integrated heat.

Typical mission requirements and potential abort situations for
current SNAP system~ produce the trajectory velocity and altitude
versus time histories shown in Figs. Z,3, and 4. The reference cold
wall convective heating rates for selected pre-orbital abort, earth
orbital decay and lunar return trajectories are shown in Figs . 5, 6,
and 7. In addition to the reentry heating environment, deceleration
and pressure loads pose specific problems to intact heat source design .
Reentry environmental parameters are summarized in Table II.

*.q -
R

conve ct ive heating rate, Btu/ftZ-sec
spherical radius, ft.
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Reentry Vehicle Concepts

The problems of intact reentry of radioactive heat sources are
significantly different from those of the typical ICBM reentry : (1) The
orbital decay reentry can be several orders of magnitude longer in
time duration. (2) The shallow reentry angle provides little aid to
vehicle aerodynamic stability through rapidly increasing dynamic
pressure . (3) Since provision must be made for rejection of internally
generated heat, intact reentry cannot be assured by the mere addition
of insulation and ablation materials . (4) Planned SNAP missions re­
quire consideration of orbital de cay and high angle lunar return tra­
jectories so that either high heating rates or high total integrated heat
may be e xpected. (5) The reentry vehicle which protects the fuel
source may be attached to or contained in other spacecraft components.
(6) In an abort situation, the R/V (reentry vehicle) may be constrained
by or separated from the parent vehicle in an adverse manner, leading
to stagnation heating conditions or high angular vehicle rates at low
altitudes.

To meet the problems of intact reentry of radioactive heat
sources, two vehicle design concepts have been applied in recent SNAP
programs. Aerodynamically oriented vehicle and omnidirectional
vehicle designs are shown in Figs 8 and 9, respectively. The aero­
dynamic vehicle uses a low-density ablation material, ESM (elasto­
meric shield material), heat protection system on the nose and flare.
The radioisotope capsule, located within a beryllium cylindrical sec­
tion, transfers heat to the cylinder by radiation. The cylinde r is
located in a separated flow region where, for low angles of attack, a
minimum of aerodynamic heating is experienced. Vehicle stability is
provided by the flare . The reentry cask design is predicated on free
flight prior to onset of aerodynamic heating in an orbital decay
trajectory.

Based on the orbital decay trajectory and reference heating rates
previously discussed, an aerothermodynamic analysis was conducted
to determine the temperature response of the beryllium cylindrical
section and the Haynes 25 fuel capsule. Vehicle angle-of-attack decay3
is shown in Fig. 10. The average heating rate ratios, 4 which relate
local heating rates on the rotating cylinde r t o the trajectory reference
rates, are shown for angles-of-attack from 0 to 20 degrees in Fig. 11.
These inputs, when applied to the thermal model shown in Fig. 12 and
Table III, generated the temperatures reached on the beryllium
cylinder and capsule wall. If a particular node on the beryllium
cylinder reached the melt temperature (solidus - 2345°F), that loca­
tion on the cylinder was assumed to fa il and the node was removed,
allowing the aerodynamic heating to be applied directly to the Haynes
25 on the fuel capsule wall. Results of this analysis, revealing maxi­
mum cylinder and fuel capsule temperatures of near 1740°F and ade­
quate earth orbital decay reentry capabilities, are shown in F ig . 13.
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The omnidirectional ve hicle concept, applied to both s up e ror bita l
and earth orbital reentries, is an outgrowth of the or igina l aerodynamic
design. The reinforced graphitic material around the ca sk provides
thermal protection by reradiation and a blation fo r any ve hicl e attitude
during reentry. This conce pt, using a columbium/silver/sili con­
dioxide s e condary heat shield thermal s witch system, was studied fo r
reentries involving vehicle spin, tumble and stable or ie nta t ions. The
silver conductors ca r ry away the internal heat generated prior t o re­
entry; during reentry the conductors melt and t hus prevent the e xternal
aerodynamic heating from being conducted inward and raising the tem­
perature of the fuel capsule. Later analyses indicated that capsule
temperature could be im pr ov e d (300°F lower) by replacing t he
columbium/silver/silicon-dioxide s ystem wit h a beryllium heat sink.
Results of the thermal ana.lys isf for the lat eral spin and planar tumble
cases are summarized in Figs 14, 15, a nd 16, a nd Table IV. Res ults
of the or ient e d r eentry analyses for the orbital de cay ca s e are shown
in Figs . 17, 18, and 19.

F or the oriented reentry a t high-angle superorbital condi tions ,
cask s urfa c e temperatures of 5000°F may be expected.

Conclusions

Ma ny vehicle configuration s, materials and heat protection sys­
tems ha ve been used to successfully reenter nonradioactive pa yloads.
But uniqu e pr oble m s associated wit h use of radioactive payloads lim its
use of this pr ov en reentry technolog y. Several heat protection sys­
tems, involving combinations of ablation, separated fl ow, reradiation,
thermal s witch and heat sink concepts have been demonstrated theoret­
ica lly to provide fue l capsule pr ote ction a gainst SNAP reentry environ ­
ments . These con cepts have been applied to aerodynamic and omni­
dire ctiona l vehicle design s . Of these, systems that combine the
omnidirectional vehicle with ablation/reradiation/heat sink concepts to
protect the fue l dire ctly appear most attractive in view of today's te ch­
nology.

Ad dit ional safety may be a fforded futur e SNAP s ystems through
active or pa ssive transpiration cooling, de velopment of new fuel for m s
(matrix, solid s olution, etc.) and aerodynamic shaping of fue l for m s .
Safe ty m ay als o be enhanced by providing system redundancy through
seque ntial packaging of "inta ct" or "safe" co mponents. F or example,
one co uld contain an inta ct fue l for m in an intact ca psule, in turn con­
ta ined in an intact reentry ve hicle.

Ultim a te ly , for economic and "a bs olute" safety con siderations,
controlled-intact vehicles a llowing fue l r ecove ry and re-use at end of
spa ce li fe would be desirable.
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TABLE I

INFLUENCE OF BALLISTIC COEFFICIENT ON VARIOUS TRAJECTORY PARAMETERS

EQUATIONS
OF

MOTION
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MAXIMUM
DECELERATION
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E
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TABLEII

REENTRY ENVIRONMENTAL PARAMETERS FOR SNAP VEHICLES
ENTERING THE EARTH 'S ATMOSPHERE

SYSTEM

SNAP 38° Lunar Return

QVRmax

1672

f q JR IPT2 (Atml

9108 I 5.4

DECELERATI ON
( 9 I

206.0

""00
0'>

SNAP 200Lunar Return

SNAP 6.25° Lunar Return

SNAP EARTH
ORBITAL DECAY

SNAP PRE-QRBITAL
ABORT

1350

454

90

303

13500

25091

42070

8487

3.0

0.37

0.17

I.43

115. a

14. 2

6.98

25.2

q :: Convective heating rate , Btu!rt2-sec

R :: Spherical radius , ft

q JR :: Reference convect ive heating rate, Btu/ft3/2-sec

P T :: Vehicle total pressure, ATM
2

g :' Ac ce le r a t io n due to gravity (Note : De celeration is measured in g's. )



Node Rad i a 1
We i gh t Lo c a t i on

Node Mate r i a l ~ ~
I Ber y l l ium 0 . 103 1. 9
2 Ber y l l ium 0 .1 62 1. 9
3 Ber y llium 0 . 162 1. 9
4 Ber yllium 0 . 162 1. 9

TABLE ill 5 Beryllium 0 . 162 1. 9
6 Beryll i um 0 . 162 1. 9
7 Ber y l lium 0 . 140 1. 9

FUEL CASK THERMAL MODEL 8 Haynes 25 0 .0 91 1. 17
9 Hayn es foam 0 .103 0. 981

10 Hayn e s f oam 0 . 103 0 . 711
11 Hayn es f oam 0 .10 3 0 . 516
12 Haynes 25 0 .394 1.17
13 Fuel -- 0 . 976
14 Fuel -- 0 . 7325
15 Haynes 25 0 . 394 1.17
16 Fue l -- 0 . 976
17 Fue l -- 0 .7325

""
18 Hayn e s 25 0 .394 1. 17

00 19 Fuel -- 0. 976
-:J 20 Fuel -- 0 . 7325

21 Fuel -- 0 . 976
22 Fuel -- 0 . 7325
23 Haynes 25 0 . 394 1. 17
24 Hayn es fo am 0. 1128 0 . 981
25 Hayn es foam 0 .1128 0 .711
26 Haynes f oam 0.1128 0 . 516
27 Fuel -- 0 .976
28 Fuel -- 0.7325
29 Haynes 25 0 .394 1. 17
30 Fuel -- 0 . 976
31 Fuel -- 0 . 7325
32 Hayn es 25 0 . 394 1.17
33 Fuel -- 0. 976
34 Fuel -- 0 . 7325
35 Haynes 25 0. 394 1.17
36 Fuel -- 0. 976
37 Fue l -- 0 . 732 5
38 Haynes 25 0 . 098 1.17
39 Haynes f oam 0 .103 0 .981
40 Hayne s foam 0 .103 0. 711
41 Haynes foam 0.103 0 .516



TAB LE TIl

OMNIDIRECTIONAL FUEL CASK PEAK TEMPERATURES
FOR ORBITAL DECAY AND LUNAR RETURN TRAJECTORI ES

EARTH ORBITAL 6. 25° S. O. PL.* 38 0 S. O.PL.*
LATE RAL SPIN TtMBLE SIDE HEAT TlMBLE SIDE HEAT

GRAPHITE 0.0. 25430F 37000F 47500F
@ 6260 sec . @ 82 sec. @ 12 sec.

GRAPHITE 1. O. 24510F 30040F 27940F
@ 6260 sec . @ 90 sec . @ 18 sec .

Be 0 .0. 20270F lS220F 13490F
@ 6300 sec. @ 160 sec. @ lS5 sec .

Be 1. O. 20210F lS160F 1351 0F
@ 6310 sec . @ 170 sec . @ l S5 sec.

CA PSln..E O. O. 200SoF 17840F 149SoF
@ 6370 se c . @ 284 sec. @ 201 sec .

LI NE R 1. O. 21580F l Y3 70f 16800F
@ 6560 sec . @ 404 sec . @ 201 sec .

MAX . ~ T 2SoF 52°F 30°F
from Be 0. 0. @ 6270 se c . @ 100 sec . @ 20 sec .
t o 1. 0.

'"S. o. P L. _ Superorbital plana r

2S8

Figu re 1. Reference c onve ctive he atin g rates for earth orbital
de cay - co ns tant ballis tic coefficient
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INITIAL CONDITIONS
400 VELOCITY - 36, 700 It/sec
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INITIAL CONDITIONS
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Figure 10. Maximum ang le of attack as a functi on of al titude for the
SNAP fuel cask - orbital decay reentry

Figure 11. Av erage heatin g ra tios for a ro tating SNAP fuel cask
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F igure 12. Thermal model of fuel cas k - ce nterbody
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Figure 15. Om ni directional fuel c ask te mpe r ature re sp ons e fo r s hallow
angle lunar re tur n trajectory
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ang le lunar re tur n tr aject or y
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Figure 17. Fue l cask te mpe r atur e r e sp ons e fo r or ie nte d e arth or bit a l
de ca y - ma ximum radial gr adie nt
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MAXIMUM CASK WALL TEMPERATURE
MAXIMUM CASK WALL CIRCUMFERENTIAL GRADIENT

EARTH ORB IT DECAY
ORIENTED CASK
LM SHIELD REMOVED AT 300< FT (5900 SEC)

Figure 18. Fuel c as k te mpe rature re s ponse for orie nted eart h or bita l
decay - max imum circumfe re nti al gradient
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EARTH ORBIT DECAY
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F igure 19. Fu el cask te mpe ratur e respons e for or i e nted eart h or bit al
decay - maximum capsul e temperature
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EFFECTS OF EARTH BURIAL
OF RADIOISOTOPE HEAT SOURCES*

S. L . Jeffers and F. L . Baker

Abstract

Earth burial of radioisotope heat s ources has be en of interest be cause
increased emphasis has been pla ced on disposal by intact reentry. With
an intact system, the heat source may penetrate the earth during initia l
impact, or be buried by blowing sand or shifting soil over a period of
time. Once buried, the heat sou r c e ' s temperatur e will rise, ca us ing
several reactions occurring singly or in com binat io n : co r ros io n or
che m i ca l attac k by the s oil ; melting of the co ntainer ; melting of the soil;
or fue l property degradation .

Our studies have been directed toward a better definition of high ­
temperature soil properties and t he inclus ion of these properties in
ou r heat transfer m odels. We als o have under way a series of act ua l
burial tests using e le ctrical heaters both in the laboratory and in the
fi eld. It may be possible to dispose of radioisotope heat sources byad­
justing their ge ometry s o that they will melt their way deep into the
earth.

Sandia Laboratories, Albuque r que, New Me xi co.

*Thi s wor k wa s s uppor t e d by the United States Ato m ic Energy
Commission .
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Introduction

F or t he past six years the Aerospace Nuclear Sa fety Department
at Sandia has been vitally co nce r ne d with all aspects of the safety of
space nu clear systems. For the past t wo and a half years we have
been investigating the proble m s of earth burial of radioisotopes . This
is the result of an in creased interest in disposal by intact reentry.

With a n intact s yste m it is quite possible that the radioisot op e
heat s ource will penetrate the surfa ce of the earth during the in itia l
i m pact. If not, it is s till qui te possible that blowing sand or shifting
s oil will gradually cover t he heat s ource over a period of time.

Once the heat source is buried, its temperature will rise becaus e
of the insulating properties of the surrounding s oi l. As the tempera­
ture incr ease s, co r rosive a ction or che mical attack by the soil wi ll be
a ccele r a t e d and the co ntaine r may melt. These rea ctions working
singly or in co m bina tion ca n result in loss of ca ps ule int egr ity. In
addition the s oil may melt and the fue l may degrade . If ca ps u le integ ­
r ity is lost a nd the radioisotope is released, a formerly safe situation
must now be evaluated fo r its possible haza r do us bio lo gica l co ns e ­
quences.

Our a pproach to understanding t he proble m ha s been t o co nduc t
bur ia l e xperiments in the laboratory and the fi e ld, to m e a s ur e high
tempe r a t ur e the r m a l properties of soils , and t o analytically co r r ela t e
t he infor mation a vailable s o that predict ions of buria l results can be
ma de . We want now to di scus s and evaluate our a pp r oach in s ome
detail.

Theory

When a heat s ource is buried in s oil the steady state heat trans­
fe r ca n be expressed by the fa milia r equation

q = - KA dT/dx (1)

whe r e

q heat flow

K co nductivity

A area

T temperature

x = distance .

As a co m plica t i on in this case , K is not a cons t a nt but is s ome unknown
funct io n of T.

We can s i mplify the dis cussion by solving the equation for a
sphe r ical heat source . In t hi s ca s e A = 41Tr2 and the equation is :

q = - K(T) 41T r 2 dT/dr (2 )
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or

(3)

where

r 1 radius of t he s pher e

r Z dis tance from ce nte r of sphere

T 1 s urfa ce t e mpe r atu r e of sphere

T
Z

ambient s oil temperature .

Integratin g from r 1 to infinity , we obtain

TZ
-q- = -{ K(T) dT.
411" r 1

T
l

(4)

The ke y then is to evaluate K(T) s o that the equations ca n be s olved
manually for spheres or long cy linde r s, or by co mpute r fo r m ore
complica ted s hapes. A lit e r atur e survey early in t he s tudy r evealed
tha t lo w temperature thermal co nduct ivity data e xisted fo r s ome soils
but that essentially no high temperature (above 500°F) co nductivity
data e xisted. Since the high temperature conductivity i s the co nt rol­
ling element in the prob lem, we set out to ge ne rate our own da ta .

Results and Dis cu ssion

One of the fi r st diffi culties encountere d was s oil se le ction . Since
there is an infinit e va r ie ty of s oils, which one or ones should be
selected for testing? Although the answer to this question is not at all
simple, it is extremely important. We s olicited help in the area from
Dr . J. L . P ost, * a research ge ologist working for t he Univers ity of
Ne w Me xi co. Through use of a USGS document-i and ot he r s our ces he
selected nine test s oils to represent the predominant and extreme s oil
types of the world. In Table I the soils are tabulated and reason s a re
given for selection.

We are cu r r ently us ing tw o a pproache s to determine cond ucta nc es
of soils--obtaining data from both laboratory tests and in s itu tests .
The National Bureau of Standards, unde r co nt r a ct to Sandia, is deter­
m inin g fr om laboratory generated data the steady s tate e ffective c ondu c ­
tances of these s oils up to the ir melt temperature . Th e NBS Laboratory

*See Refe rence 1.
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set-up i s shown in Figures 1 and 2.
3

Preliminary data are shown in
Figure 3.

We are gathering data for determining conducta nce s from field
testing both in relatively undisturbed soils and in reconstituted soils .
The re constituted s oils used were selected to represent these e xtreme
conditions :

1. Ottawa Sand - high thermal conductivity
2. Bentonite - low thermal conduct ivity
3. Mixture (1/3 bentonite, 1/3 Ottawa sand, 1/3 cr us he d feld­

spar) - low melt point

Table 1. Representative Soils

Soil Type Reason for Selection

1. Calcareous

2. Coastal Clayey

3. Magnesian

4. Granitic Detrital

5. Lateritic

6. Podzol

7. Dune Sand

8. Playa Salt

9. Ottawa Sand

Common to arid a nd semi-arid regions of world.
CaO, one of 12 m os t plentiful oxides of the
earth's cr us t , t ends to have a very high melt­
ing range.

Typical of well-weathered s oils, representative
of about 15% of total land area of world.

Representative of soils derived from gabbros,
basalts, and dolomites.

These s oils with a high alkali feldspar content
have a low melting range. They are typical of
many detrital soils, which com pr is e about a
quarter of total land area of world.

Representative of tropical humid regions ,
compr is ing m ore than 10% of total land area of
world. FeO and Fe203 are two of most plenti­
ful oxides of the earth's cr us t.

Leached or ga ni c soils of woodland regions of
temperate z ones , which co m pr is e about a
quarter of total land area of world.

Typical of barchan sand dunes of world, repre ­
sentative of about 7% of total land area of world.
Consists largely of Si02 which co m pr i s e s near­
ly 60 % of the oxi des in the earth I s cr ust .

Typical of very sa line bolson playas of the
world; m ost ext r e me che mica l cor ros ive action
up on heating.

A standard material that has been previously
investigated.
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One method we us e i s to bury an e lectrically heated ca ps ule and
cont r ol the power input so t he temperature of the ca ps ule surfa ce is
near 2500°F. During t he exper i m e nt we monitor a nd re cord t he
ca ps ule surfa ce temperature and the s oil temperature at several lo ca ­
tions near the ca ps ule . Using a three dimensional heat transfer pro ­
g ram (Herman) with a detailed m odel of the s ystem, we fe e d the neces­
s ary inp ut s (i. e. , power, burial depth, heater dimensions, etc.) , and
a n a ssumed conducta nce into the co mpute r . We compa r e t he co m pute r
t e m pe ratur e output t o the me a s ured temperature data and then m od ify
the a s sumed co nd ucta nc e unt il the com pute d and measured data closely
match . Preliminary co nductance cur ve s de r ive d in this manner are
s ho wn in Figure 4. Further wor k is required to refine t he s e cur ves.

We also make m ore dire ct measurements by burying a l ong
sle nde r heater, aga in making te mpe r a t ur e measurement s a t s eve r al
lo cat ions near the heater.

Again using the basic steady sta t e co nduc tion equation

q = - KA dT/dx

a nd s olving for a cy linde r whe r e

A = 2lT r L

we obta i n

_ _ q_ 1
K = 2lTrL d T/dr .

(1 )

( 5)

The s cheme the n is to measure the slope (dT/dr) of the tempera ture­
di sta nce da ta , plu g it into the equation and solv e fo r K a s a fu nction of
dis ta nce . A s imple cross plot give s us K as a func tion of T, whi ch is
the fo r m we wa nt . Th is m ethod i s co nve nie nt and s t r a ightfor wa r d .
Preliminary data de velop ed with this te chnique a r e shown in Fig. 5.

Kno wi ng the e ffe ctive thermal co nductanc e of s oils gives us a
partial but by no means the total answer to what happens in a bu rial
s ituation. One of ou r fi rst dis cove r ies was that th e s oil doe s no t r e­
m ain in c los e conta ct wit h t he capsule a s the capsule gets ho t . Th e
soil gradually s ta r ts t o melt and shrink a wa y fr om the ca psule (Fig. 6) .
This cha ng e in co nfigur a tion caus e s a cha nge in the hea t transfe r a nd
ma kes it much m ore difficult to calcula te . Other interesting rea ctions
such as s interin g of th e soil (F ig. 7) add to t he com plexity of the prob­
lem.

One of our major pr oblems, which is not yet s olved, ha s be e n to
find an electrical heater that would oper a t e co ntinuo us ly at high tem­
pe r at ure s in a burial situation . The on ly resistance e le ment we ha ve
fou nd that wi ll perform s a tisfactor ily is s e lf - bo nd ed s ilicon car bi de .
We ha ve bee n usin g a mullit e or alumina tube to represent a capsule
with a ba yonet type globa r element (manufa ctured by Carborundum)
inse r ted fo r th e heater e lement. This t e chnique works reason a bl y we ll
but it is restricted t o cylindr i ca l s ha pe s .
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We feel that under ce r ta in c ondition s the fuel ca ps u le or its
inventory of fuel will a ctually melt its way do wnwa r d into the soi l. If
true , this co uld hold out the promi se of being a safe disposal technique .
In any event we need t o know what will happen t o a buried radiois otop e
heat s ource .

In or de r t o melt m ost s oils we have t o rea ch ca psule s urface
temperatures of approximately 3000 ° F. Our diffi culty has been in
developing a heat e d ca ps ule that will r ea ch 3000 ° F ov e r its entire sur­
face . Any "col d" spots will cau s e the ca ps ule t o hang up and not s in k.
We now believe we have a spherical caps ule with a cy lin dr ica l globa r
heater that will do the job (Fig. 8 ). To date we have checke d out the
hardware only at low temperatures (l5 00°F) , but it looks very promis­
ing . Anothe r pr oble m a r e a which we r e cogniz e but have not e xplored
is the r ate of hi gh temperature cor r os io n of the capsule s ur face ; knowl ­
edge in this area would, of co urse , help us estimate the burial life of
a ca ps ule .

Future Work

We fee l we have only scratched the s ur face of this proble m and
now must dig deeper . We e xpect t o do m ore te sting in situ rather than
in r e constituted s oils; we expect t o pursue the phenomenon of melting
soils and sinking ca ps ules ; and, we e xpe ct t o study wha t happens t o an
uncontained radioisot ope buried in the s oil. It may be that the fue l
wi ll provide its own prote ctive cocoo n of m olten and s inte red s oil a nd
thus remove itself from the biological cha in of effects .

Conclusion

T o us, a fu ll understanding of what happens t o a buried radioiso­
t ope heat source is e xtremely important. We must be able t o e stablish
t he de gree of hazard. Right now that ha zard could range from s eve r e
fo r a s oluble radioisotope fue l released in ground wa t e r t o zero if pro­
t e cte d by its own cocoon or sunk t o great depths in the soil by its own
me lting a ction.
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Figure 1. Verti cal cross s ection of NBS a ppara t u s fo r measuring
t he rmal co nductance of soil
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Figure 6. Me lt e d soil l'lhrinking from capsule bu rie d in benton ite fo r
sever-at davs

Figure 7. Sintered soil a round a capaule bu ried in a mixtu re of 1/3 bentonite.
1/ 3 Ottawa sand. a nd 1/3 c r ushed feldspar (or several days
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CASE

Figure 8 . Spherica l heate r co nfi gu r a tio n
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HEATING TESTS OF ENCAPS ULATED COBALT HEAT SOURCES

C. L. Ange r man and J. P. Faraci

Abstrac t

Capsules of nickel - and cobalt -based alloys that
contained unirradiated or irradiated cobalt metal wafers
performed satisfactorily during heating tests at t ypical
heat source conditions, 10,000 hr i n air a t 850° to 1000°C .
Typical capsules are 1 to 3 in . long and 0.94 in. in
diameter wi th 0 .0 5- to O.lO-in . - t hi ck walls. Coba lt wafers ,
0 .040 i n . thick, a r e cleaned, meas ured, and stacked i n
capsules t ha t are sealed by TIG wel ding .

The bes t caps ule materials, Haynes-2 5, Has telloy- X,
Hastelloy-C, and Inconel -600 , were s e l ec t ed f r om screening
tests that we r e desi gned to meas ur e the kinetics of the
thre e most important factors affecting the integrity of th e
hea t source capsule. The r esults are listed below.

(1) Reaction be tween t he cobal t and t he ca psule.

Interdiffus i on at the cobal t -capsule interface f ormed
a solid -solu tion zone that termina t ed in a band of
Kirkendall voids in the capsule material.

C. L. Ange rman , a Seni or Research Metallurgist, and J. P.
Faraci , a metallurgical enginee r, a r e a t t he Savannah
River Labora t ory, E. I. du Pont de Nemours and Co., Aiken,
S . C. 29801
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(2) Diffusion of 60Co through the capsule wall.

Radiotracer measurements of diffusion showed that 60 Co
penetrated significantly along the grain boundaries of
the capsule mat erials.

(3) Oxidation of the exterior capsule surface .

Inter?ranular p enetration and depletion o f alloy
const~tuents underneath the continuous oxide s cal e
contributed signi ficantly to the total depth a ffected
by oxidation.

Extrapol ation of results from these short-term t ests
indicates that capsule performance would be satisfactory up
t o l ?OO°C f o r service times out to 50,000 hr . Capsul e
heat~ng t ests are c on t i nu i n g to confirm predicted perform­
ance to 5 yr .

Introduction

Irradiated cob alt met a l ( 6 0Co) has properti es that
make it attractive for use with thermoelectric converters
or Rankine and Brayton eng ines in applications requiring
pow ers of 2 kw(th) (1-3 ) . Cobalt-60, wi t h a half -life o f
5-1 / 4 yr, is readily av a i lab l e (hu n d re ds of megacurie s per
y ear) an d at a low cost «2 5¢ / Ci or $16/w) . It is produc e d
by the direct irradiation of commercially avail abl e cobalt
metal with littl e change in propert i es e xcept for an
expected increase in hardness . High specific activiti e s,
up to 450 Ci / g (62 w/ cm3

) , c an b e achieved by irradiat ion
in Sava nn a h Rive r Plant r e a ctors.

Cobal t -6 0 must b e e n capsulat ed prior to us e in a h e at
source to prevent the spread o f contamination and to pro­
v i de a conveni ent me ans for handl ing. Th e nickel- a n d
cob alt -bas ed superalloys are promising e n c a p s u l a t i on mat e ­
rials since the capsul e temperature in many heat s ou r ces
wil l not e xceed 1 000°C (4) . The i mpo rtance and pre l i mina r y
as s essment of the co mpatibility of the capsul e mat erial s
wi th cobalt and th e ox i dat i on res i s tan c e of the c apsul e
materi als have be en di scuss ed pre vi ously ( 5) . Thi s p aper
des crib es additional scre en ing t e sts th at led t o the s elec ­
tion of Hayne s- 25, Has te l l oy -X , Has te l loy -C, and Inconel­
600 a s the most promisi ng caps u le materials, a nd the
r e sults of he ating t est s to d emons tra te capsule p er f ormanc e
a t t ypical h e at source conditions ( t h r ough 10,0 00 hr a t
850°C and 5000 hr a t 1000 °C). Demonstration t est s are c on ­
tinuing to the 5-yr exp osu re time s e xpec ted o f heat sou rces .
Screening tests to s el ect s ui tab l e r efractory metal s a nd
heat i ng t e sts o f c apsul e s a t 1 200° C , o r above, wi l l be
init i ated in th e near future.
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Res ults and Dis cussio n

Properties of Supe ralloy Capsule Materials

The four performance requirements of a capsule materi~

are compatibility wi t h the cobalt, r e l a t i ve ly low diffusi v­
i t y of the coba l t, resis tance to co rrosion by heat transfer
media , and adequa te s t r e ngt h . The reac ti ons i nvolved in
compatibi lity and corrosion mus t be s low enough so th a t the
una f f ecte d capsu l e wal l provides s uf fic i ent s treng t h to
preven t excess ive creep or rup t u re . To se lec t th e mos t
promising capsu le materials, each r eacti on was eva l uated
using appropriate labora tory-scale t es t s with unirradia ted
cobal t.

Compatibi lity

During servi ce, t he capsu le must not r e act wi th the
cobalt t o cause eute c tic mel ti ng or rap id grow th of inter­
metal lic co mpounds . Pub l ished bi na ry ph as e diagrams were
r ev i ewed t o estab lish tha t no eutec tics that mel t below
l300 °C f or m be tween coba l t and t h e pr i nc i p a l components of
the supera l loys ( 6) . Coba lt does fo rm interme tallic com­
pounds wi t h chromium, molybdenum, and tungsten, wh i ch a re
present in s evera l of the superall oys. To inves tiga te
possible forma tio n of t hes e compounds and any h igher order
r eac tions wi th cob al t , mu l tilaye r diffus ion coup les were
heat ed fo r 1 week a t 800 ° t o l 200° C a nd then exam i ne d
metal log raphica l ly .

Of fourte en superal l oy candidates t ested , t he six
most compatible wi th cobal t were TD Ni cke l , Inconel-600,
Haynes deve lopmen tal alloy No . 188, Hastelloy -C, TD Nickel
Chromium, and Haynes-25 (5). None of t h e couples melted.
Me t a l l ogr aph i c examina tions and mic r oprobe analyses of the
diffusion co upl e s s howed that the caps ule a lloys reac ted
wi t h coba l t t o f orm a so l id s o l u t i on that termina ted i n the
s upe ra l loy wi t h a b and of Ki rkendall vo ids . Based on
ex trapo lati on of the l68 -h r da ta , compat i bi li ty ( coba l t ­
superalloy r eact ion) zones up to 0.060-in. wide would be
expec ted af ter 5 y r ( one 60Co half-life) a t 1000° C.

A similar review of t h e pub lished phase diagrams
between cobal t and the refrac t ory meta ls indi c ated t hat
on ly tungs ten and rhen i um are sui tab le f or encaps u lat i ng
cobalt meta l . Pre liminary di ff us i on-coup le t ests s howed
that the t wo i nte r met a l l i c compounds that f orm betwee n
cobalt and tungs t en grow a t an a c cep tab ly s l ow r ate. A
solid-s ol ution zo ne formed wi th rhen ium; no Kirkenda l l
voids we r e obs e r ved in ei ther t un gs t en or r he ni um.
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Diffusion of 60Co

Diffusion of 60Co through the capsule wall is a po ten­
tial mechanism for releasing 60Co in heat sources where the
capsule is exposed directly to the heat transfer media.
Significant amounts of radioactivity could be introduced
into the corrosion product on the capsule surface and trans­
ported outside the shielding by t he primary coolant. This
consideration leads to an estimate of 1 ppm as the maximum
allowable concentration of 60Co at the capsule surface ( 4) .

Both volume and gra in boundary diffus ion coefficients
wer e calcula ted from the measured 60Co concentrations in
samples tha t were pla ted with cobalt containing 60Co and
heated for 100 hr at 800° to l200°C. The 60Co concentra­
tion in the samples was meas ur ed by the residual activity
technique (7) . The diffusion coefficients were calculated
using both instant-source and constant-source models for
di ffus ion (8) . The instant-source model assumes that a
s ma l l , finite amount of the diffusing species is present
initially and is conserved during diffusion; the constant­
source model assumes that an infinite supply of th e di f f us ­
ing species is available at all times. Extrapolations of
short-term data from both models are being compared with
long-term data to determine which model provides the best
extrapolation. These two techniques were selected to
meas ur e grain boundary diffusion because it accounts for
the deepest penetrations.

Results from the shor t- term tests were extrapol ated to
predict the depth at which the 60Co concentration would be
1 ppm after 1 and 5 yr at 800° to 1000°C. Predicted depths
f or the three alloys wi t h the least di ffusion, Hastelloy- X,
Haynes-25, and Hastelloy -C, are shown in Table 1 along with
predicted depths in Inconel-600 . Diffusion was assumed to
occur in a wall of infinite thickness . This assumption
leads to predicted penetrations of 60Co t ha t are slightly
lower than for capsule wa l l s of finite thickness, but wh i ch
are satisfactory for ranking the candidate alloys. Typ ical
predict ions of concentration profiles after 5 yr of s ervice
are shown in Fig . 1 .

Hastelloy-X was heated for 5000 hr at 1000°C to con ­
firm the extrapolation of the short-term data to giv e data
for typical operat ing times . As shown in Fig. 2 , the
measured penetration with Hastelloy-X was less than that
predicted by either the ins tan t- or constant-source models
for diffusion, but greater than that predicted on the basi s
of vol ume diffusion alone.
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Oxidat ion Resistance

Oxi da t io n by air is the most l i kely t ype of cor r os i on
for many he at sources be cause the capsules wou l d be exposed
to a i r dur i ng fabrication and loadi ng. Ot he r ga ses used as
heat t r ansfe r medi a might contain en ough oxygen i mpurity to
produce oxi dation during t he life of the source. Al t hough
liquid - met al corros ion was not considered specif ically, one
of the alloys selected on th e bas i s of ox idat ion r esistance,
Haynes- 25, is a l s o r esistant to attack by mercury (9 ) .

Of t wenty alloys t ested, the f i ve most res istant to
oxidation wer e TD Ni ck e l Chromium, Has t e l l oy -X , Haynes - 25,
Hastelloy -C, and Inconel-600. Coupons of the candidate
alloys were exposed t o still ai r at 1000°C for 1000, 5000 ,
and 10,000 hr . The total depth aff ected by ox i da t ion was
measured metal l ographical ly . This dep t h inc luded the
t hickness of the oxi de scale and the dep t hs of in tergranular
penetration, internal ox i da t i on , and alloy dep le tio n
(caus ed by a l l oy cons ti tuents diffusing to the ox i de scale,
which acted as a sink), as shown in Fig . 3 . The s cale
spalled some during tes ting. Extrapola t ion of t hes e
laboratory scre ening t es t s indica te s tha t less than 0.030
in . of the four best alloys would be affected by ox i da t i on
during s e r v i ce f or 5 y r at 1000°C . The variation in
oxidat ion with temperature was meas ured by 500-hr tests i n
still a i r at 850° to l150 °C .

Stren gth

Since no gas is generat ed during the decay of cob alt,
the maj or source of pressure i n a he a t source capsule
f ue l ed wi t h 60Co is the exp an sion of the fill gas and the
rel ease of sorbed gas inside the capsule. Wi t h proper
capsul e design, the stress in the capsule wall from di f fer­
ences i n the thermal expans i on between capsule and cobalt
is negl igible . The estimated stres s in the wall of a
t ypical capsule ( l . O- i n . - diam. by O. l - i n . wa l l) is less
than 300 psi at 1000 ° C. Because of this low stress, 60Co
can be encapsula ted in nickel- and coba l t - bas ed superalloys
at temperatures above those normally considered appropriat e

· f or these alloys.

Ext rapol a t i ons of literature data indicate that cap ­
sul es made wi th TD Ni cke l , TD Nickel Chr omium, or Haynes-25
wi l l require wal l t h i cknes s es less than 0 .020 i n . to p r e ­
ven t 0.5 % creep i n 5 yr a t 1000°C ; ot her a l l oys, s uch as
Hastell oy -X and Incone l - 600 wi l l r equ ire greate r than 0 .050
in. (1 , 10) . These ex trapolati ons will be co nfirmed by
capsule heating t ests at typical heat source condi tions and
by cr eep t es ts of pressuri zed capsules. Changes in strengili
and duc t i l i ty of the a l l oys dur i ng he a ti ng t es t s will be
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assessed by mechanical burst tests of ring sec tions cut
from capsules after test.

Selection of Best Caps ule Alloys

Based on the above t ests, Haynes- 25, Hastelloy- X,
Hastelloy-C, and Inconel-600 were selected for f ur t he r
testing in capsul e heating tests . Fig. 4 shows the parts
of an assumed O.lOO-in.-thick wall affected by each
r eac tion after 50,000 hr a t 1000 °C. The sum of the th i ck ­
ness e s affected by the compatib ility and oxidation r eactions
in each of these f our alloys was less than tha t in any of
the other alloys t ested; the dep th of 60Co pene tration was
a l s o small er. Hastelloy - X wa s included because the small
dep t h affected by oxida tion compensated f or its moderately
wi de c ompa t i b i l i ty zon e . Conv e r se l y, Haynes-188 , which had
a r elatively small compatibility reaction zon e , was not
included b ec aus e of the large depth affected by oxidation.
Al t hough the t wo TD-s er ies alloys we r e among th e strongest
and most compatibl e, they were not included for further
t est ing becaus e of t h e large depth of 60Co penetrati on.
With compatibility, oxidation, and dif fusion reacti ons
minimi zed, t h e four alloys selected woul d be expe cted to
have th e longest possible s ervice lives, perhaps up to 5 yr,
and would be l e ast a ffe cted by an y temp erature excrusion
re sulting from abnormal operat ion of the heat source .

Ultimate s election of caps ul e mater ial and wa l l thick­
nes s dep ends on the design of the parti cular h eat source
and its expected op erating conditions. Al l of th e factors
considered above may not be of equ a l importance. The con­
trolling f actors will depend, for ex ampl e, on the de s i r ed
capsul e li f e and th e locati on of the capsule relat ive to
the shielding and heat transfer media . For ex ample,
Inconel-600 or Hastelloy- C wou l d b e s el ected i f compati­
bil ity was the major r equirement of the capsul e; Has telloy ­
X would be s elect ed if oxidation resistance was most
important. Haynes- 25 would be selected under the r equire ­
ment that the sum of the increment al thickness es of capsul e
wall r equired f or compatibility, oxidation, and strength b e
mi nimi ze d and yet b e suff ici ent to prevent 60Co rel eas e by
dif fusion ( Fi g . 4) . Thi s r equirement is conservative be ­
cause the fracti ons of the wa l l affected by the compati­
b i l i ty a nd ox idation r eact ions are a s s umed to have no
stren gth .

Caps u le Heat ing Tes t s

Expe r imen t a l capsules con ta i ni ng e i t he r unirr ad i at ed
or irradiat ed coba l t ( i na c ti ve and active capsules , r espec ­
ti vely), are being heat ed for up to 10,000 hr i n st ill a i r
at 850° to 1000 °C to demonstrat e caps u le performan ce and t o
me as ur e th e e ff ects of the radiati on f i eld. The ope ra t i ng
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limits f or capsu les will be defined by othe r tests ex tending
beyond 10,000 hr. The effects of abnormal operating condi­
tions on capsule performance will be measured by tests of
shorter duration. Sa tisfactory pe r f ormance of severa l
caps ules t hr ough 1000 hr a t 850° to 100 0 °C was r epo r t ed
previous ly (4) .

The experimental capsules, 1 t o 3 in. long and 0.94 in.
in diameter wi th 0 .0 5- to O.lO-in .-thick walls, Fig . 5,
were fabricated from t he f our selected al loys f or hea ting
t es t s at t yp i cal hea t source conditi ons. The capsules were
filled wi t h cobalt wafe rs 0 .745 i n. i n diame ter and 0 .0 4-i n .
th i ck , wh i ch ha d bee n nickel plated pr ior to irr adiatio n to
min imize t he spread of co ntaminati on; t he capsu les were then
sealed by TIG welding (1 1). A void vo lume equ i val ent to
about 5% of the wafer volume was left a t the t op of each
capsule to accommoda te release of ads orbed gas from the
cobal t and diffe ren tial thermal expansion be tween t he com­
pone nts . The ac tive capsul es being t ested contain ~ O O O t o
40,000 Ci of 60Co, de pendi ng on t he caps ule l en gth and th e
specific ac tivi ty of t he cobalt (100 to 300 Ci /g) .

Demonstration Tes ts

At 850°C . Incone l 600 has perfo rmed satisfac t orily
throug h 10, 000 h r a t 850° C with i na ct i v e c aps ules and
t hr ou gh 10, 000 hr a t abou t 900°C wi t h act i ve capsu les .
Dimensional measurements indica t ed neg l igib le changes , and
helium leak tests indicated no loss of integrity. The
compatibility and oxidation zones in t he capsule were about
as wide as expe c ted . During the test, the cobalt wafers
bonded to each ot he r and t o the caps ul e walls. Haynes -2 5,
Has telloy -X, and Has te l l oy-C , th e other three mos t pr omis­
ing al loys, are a lso ex pec te d to perfor m sa tisfac t ori ly a t
these t emper atur es , based on t he relative rates of t he
compa tibili ty, oxidation, and diffusi on reac t ions f ound in
screening tests . Represen tative structures in the Inconel­
600 capsule hea ted for 10,000 hr a r e s hown in Fig . 6 .

The radia tion field f rom t he 60Co appar en t ly di d not
affect t he pe r fo r manc e of t he capsu le . The co mp at i b i l ity
and oxidati on observed in t he capsule t ests fi t the
expected parabolic relationship wi th t i me , as shown in
Fig . 7 . Curves with s l opes of 1/ 2 were dr awn through the
data poin ts . The wid ths of the compa tibi li ty and ox i dat i on
r eac tion zones predic ted for 900°C from Ar rhenius p l ot s of
data from th e sc reeni ng tests wi t h inact i ve co balt agre e
wi t h the widths fo und wi th active caps u les. This ag reement
s uggests that the effect of t he radiation field on capsule
oxidation and capsule -cobal t interaction is negl i gi b l e .
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At 1000°C . Inacti ve capsules of Haynes-2s, Hastelloy­
C, Hastelloy -X, and Inconel- 600 have performed s atis facto­
rily through 5000 hr at 1000°C. The thicknesses of the
capsule walls affected by compatibility and oxidation
generally agreed wi t h the values predicted from the labo­
ratory screening tests, as shown in Fig. 8. In s ome
instances th e compatibility zone in the capsules was
thinner than expected, probably becaus e of the less inti­
mate contact between the capsule wall and the cobalt
wafers.

Safety Tests

Two series of capsule tests we r e conducted to give
preliminary indications of capsule performance under
abnor mal op erating condit ions. One series simulated th e
effe c t s of trans ient overheating that mi gh t oc cu r i f the
heat transfer media was lo s t . The other se r ies ch arac­
terized the performance of defective capsule s op erat ing at
normal temperatures.

Two inacti ve caps ul es of Inconel- 600 wer e hea ted for
100 hr at 850 °C a nd then heated f or 24 hr a t successively
higher t emperatures in 50°C increments up to l300 °C. No
loss of integrity was detected by helium l eak tests ; how­
ever, spalling of the oxide scal e during the temp erature
cycles caused decreas es in caps ule diameters (up to 0 . 010
i nch ) that masked any i nc rease s th at mig h t have occurred
from s well ing or creep.

Cobalt oxidation inside capsul es of Inconel- 600 , TD
Ni cke l , or TD Ni cke l Chr omium that were i nten t i ona l ly
de f ected was min or or neg l ig i b le duri ng he a t i ng f or 1000 hr
at 1000 ° C. One capsule of each mate r ia l h ad an 0 .008-in.­
diameter hole drilled through the c apsul e wal l ; the cap of
a second capsule of e ach material was inserted wi t h a press
f i t but was not we l de d . The cobalt oxidat ion was negli gi­
ble in the pinhole d Incone l -6 00 and TQ Ni ck e l caps u les ,
app arently because t he ho les bec ame pl ugg e d wi t h the ox i de
scal es f r om th e cap su l es thems elves. I n contrast, an
0 . 008- i n . - t h i ck oxi de sc al e f or me d on the cobalt i n the
vicinity of the pinhole in the TD Ni cke l Chromium c apsule,
because the TD Ni cke l Ch r omi um did not oxidize enough to
pl ug th e pinho le. The coba l t oxi de s ca le app arently did
no t s pal l . I n the unwelded caps ules ne ithe r t he cobalt nor
th e interior capsul e wa l l s oxidi zed; th i s indicat ed that the
press f i t o f th e cap formed a rea s onably tight sea l .
Addi t iona l t ests wi l l measure the potential r el ease of
minute qu antiti es of 60Co.
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Table 1. Calculated Diffusion of 60Co in Capsule Materials

Depth at which 60Co concentration
Material is 'VI ppm, mils

800°C 1000°C
~ ~ ~ ~

Hastelloy-X 8 12 3S 77

Haynes-2S 12 18 37 67

Hastelloy -C 12 18 4S 76

Inconel-6oo 20 38 'Vloo >100

318



FIG. 1 60Co CONCENTRATION PROFILES EXPECTED AFTER
FIVE YEARS OPERATION AT 8000 AND 10000C
Pred ict ions were made with constant· source model and
based on coeff icients calculated from experim ental data
using ins tant · source model.
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using the instant - source model.
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CORROSION OF FUEL CAPSULES BY AND RELEASE OF
RADIONUCLIDE FUELS TO SEAWATER

S. Z. Mikhail and D. A. Kubose

Abstract

Under the sponsorship of the Atomic Ener gy Commission NRDL
is studying the release of radionuclides from radioisotope
heat sources to the ocean env i r onment . Both laboratory and
in situ ocean tests are carried out on the fu els as well as
on encapsulant mat erials. Seawater corrosion and corrosion­
eros i on rates of the encapsulants are measured in the
l abor at or y using electrochemical and radioactive tracer
t echniques. Corrosion data obtained to date are summariz ed.
In s i t u ocean test ing ut ilizes electrically heated and
radioisotopic fuel-loaded capsules. Fuel dissolution rates
are measured in the laboratory under different conditions.
Plutonium dioxide fuel was exposed i n the ocean for 5
mont hs . Results of t he post-exposure examinations are
reported. The ocean t ests ar e conducted at NRDL's t est
s ite, San Clemente Island.

S. Z. Mikhail is Head, Nuclear Systems Technical Group
D. A. Kubose is Head, Isotope Release Program, Nuclear
Applications Branch, both with the Naval Radiological
Defense Laboratory, San Francisco, California 94135

323



1. INTRODUCTION

Under t he sponsorship of the Divisions of Space Nucl ear Sys tems and
Reactor Development and Technology of the U. S. Atomic Energy Commission,
the Naval Radiol ogi cal Defense Laboratory (NRDL) has been conduc t ing a
program to exami ne the envir onment al effects on bot h oper ational and
proposed space and marine/terrestrial r adioisotope gener at or s . One of
the main aspect s of the program has been t he investigation of t he
behavior of fuel-containment materials in the oce an envi r onment . Deter­
minat ion of t he so l ubi l ity i n and modes of interaction of the fu el s with
seawat er cons t i t ut es another es se ntial and complementary portion of t he
program.

The corr os i on rates i n s eawater are affected by its salini t y,
oxygen cont ent, biological organisms, t emperature and veloci ty . The
populations of mi cr o- and macro-organisms, and plants inhabiting sea ­
water hav e gr eat effects on t he deterioration of metals by el ectro­
chemical, chemical, and mechani cal act ions. Thes e effect s i nvalidated
corrosion data collected i n sodi um chloride or synthetic seawater
sol ut i ons i n most cases . Such a situation occurred when i dent i cal
samples of flat bar specimens of s everal metals sub j ected to er os ion/
corrosion action test using the U. S. Naval Engineer ing Experiment
St ation ' s (EES) apparatus t o simulat e the conditions exper i ence d on the
leading edge of ship propellers (1). The results showed that t he use of
synthet i c seawater solution not only f ai l ed to discl ose the pos s ibl e
i ntensity of t he corrosive eff ect of nat ural seawat er but also failed to
i ndicat e t he proper order of merit of t he alloys invest igated.

I n t he case of fu el di sso l ution rat e determinations the results
obtained in a natural seawater environment can be expected t o be quite
di f fe r ent than thos e obtained in other test media such as distilled
water. Thes e differences can be in both t he nature and extent of t he
dissolution behavior and in the direct interaction of marine organisms
with the fu el material .

This Laboratory's program t o explore the nature and impact of the
ocean environment on capsule materials and f uels incl ude s both controlled
l abor at ory exami nat i on in seawat er, and in situ ocean evaluations at
NRDL's test station at San Cl ement e Island wher e unperturbed l ong-term
test locati ons are ava i lable. The l abor atory tests ar e des i gned to:

1. develop immediate answers which can be us ed t emporari ly in
des ign calculations unti l long-term marine test ing r esults are ava ilable .

2. est abl i sh the condit ions under which certain ocean environment
ef f ect s could be predicted by laboratory measurements .

3. devel op method ologies which can be used for in situ ocean
exami nat i ons .

Concurrent with the laboratory examinations, marine test ing is
carried out with fu el SUbsystem s imulations which are electrically heat ed,
with fuel SUbsystems containi ng radionuclide fuel s and with bare fuels.
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Testing with electrically heated mockups will provide data on:

1. ef f ect of marine fouling at different water depths,

2. ef f ect of the ocean-bottom-water i nt er f ace which may create
unique problems,

3. effect of partial burial in the bottom material.

Testing with the fuel subsystems containing radioactive material
wi ll provide maximum information on the effects due to release of ioniz­
ing energy i nto the water. Finally, oceanic evaluation of bare fuel
exposures will investigate fu el degradation and radioactivity release
phenomena.

The present document discusses the testing procedures followed in
t he above studies and summari zes some of t he results obtained to date .

II. LABORATORY TESTS

11.1 Corrosion of Encapsulant s

Two independent methods were employed for the determination of the
corrosion rate of the various encapsule alloys in seawater: 1. tracer
techniques in which neutron irradiated specimens of the metals were
immersed in seawater and the seawater analyzed for radioactive corrosion
products; 2. electrochemical t echn iques i n which the corrosion current
density was measured, and the corrosion rate calculated by application
of Faraday's Law.

11.1.1 Radioactive Tracer Studies (2-5)

11.1.1.1 Experimental Procedures*

a . Test Specimens

Test specimens were machine-cut, polished and cleaned with
benzene and ethanol in an ultrasonic cleaner. Surf ac e profile measure­
ments were made using a Proficorder before and after exposure to seawater.
Some Haynes 25 specimens were grit blasted with l/!2o grit then covered
with an emissive coating by the Mi s s i l e and Space Division of the General
Electric Co., Valley Forge, Pa. The coating had the following composi­
tion: 6010 iron t itanate, 3010 calc ium t itanate and 1010 silica.

The sp ecimens and appropriate standards were then irradi­
a t ed i n a nuclear r eactor. Of the el ement s present in the specimens,
only cobal t and chromium and (marginally) nickel were activated in
sufficient amounts and with suff i ciently long product half-lives to be
useful as tracers in these studies.

*For detailed description of the procedures and the testing apparatus
reference (6) Should be consulted.
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b. St andar d Specimen Exposure Tests

The sp ecimens were exposed to seawater in a twenty-unit
apparatus ea ch designed t o expose one specimen at a time. The apparatus
was designed to provide cont r ol of the seawater temperature, oxygen con ­
t ent and the velocity of seawater past t he specimen . All components of
the apparatus in contact with the seawater were nonmetallic. Sampling
was accomplished by draining of the seawater solution and analysis of an
aliquot of the collected sample .

For standard series experiment s a metal sampl e was immer se d
i n a liter of fi l ter ed nat ural seawater contained i n a pyrex vessel and
maint ained either at 6+20 c (to approximate the water temper atures obser ved
i n the basins off the southern California coast) or at room t empe r at ure .
The sampl e was mounted (off axis) on a holder, r otated at a sp eed such
t hat wat er flow rate past t he sp ec imen f ac e was 0. 7 ft/se c . Air was
continuously bubbled through the solution by means of a fritted pyrex
bubbler . The flow rate, kept at approximately 50 cc/min, was enough to
air-saturate the s eawater and provide an oxygen concentration of about
6 .5 ml/l the highest conce nt r at i on of oxygen normal ly expected in seawater
(7). In certain experiments t he standard exposure condi t i ons were
changed: nitrogen gas , instead of air was bubbl ed through the solut ion
or the sample rotation was discontinued.

c . Er os i on-Cor r osion Tests

These studi es wer e conducted t o determine the combined
ef fect of eros i on and corros ion on the r elease rates of encapsulant
al loys. Si nce many alloys owe t heir corr os ion r es istance to prot ec t ive
films or layers of corrosion products, er os i ve removal of these fi lms
l ead t o significantly i ncreased corrosion rates.

In these exper iment s , a metal specimen was mounted i n a
square cavity at the bottom of a teflon-coated stainless steel vessel,
and held i n place with a silicone rubber adhesive. The specimen's
expose d surface, Fig. 1, wa s f lush with t he bottom surface of the chamber.
The top of t he chamber had a r emovable pyrex window assembly to permit
placement of t he spec imen and addition and removal of the . seawater/ bott om­
mat erial mixt ure . A mixt ure of 500 ml seawater wi t h 50 g of ocean-bot t om
material was placed in t he vessel. The vessel was t ilted from side to
side to allow the seawat er/ bot tom-mat erial to wa sh over t he sp ec imen at
an approximate veloc i ty of 0.9 f t per sec . Water temperature was main­
t ained at 22-250 C. Periodi cally the s eawat er/ bottom-material mixture was
removed and analyzed fo r 60Co activity . Fresh seawater/ bottom-mat erial
mixture was added and the exper iment cont inued.

Three specimens of the metal were studied at one time, each
in a s eparate t est chamber. The three chambers were mounted on a plat­
f orm which was in turn mounted on a drive mechanism and the enti r e
apparatus encl osed in a lead shiel d, Fi g. 2 .
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d. Gamma Radiation Effects Experiments

The sample was exposed for the whole duration of the
experiment to the 1500-curie NRDL 60Co source. Dose rate to the water
was approximately 2 x 105 rads/hr. Conditions were the same as those
of the standard exposure expe r ilnent s described above except that no
temperature control or sample rotation was provided.

e. Hot Vapor Exposure Tests

Inasmuch as radioisotope capsules could be subjected to
hot seawater vapor environments when accidentally buried in the ocean
bottom i t was decided to conduct experiments to determine the corrosion
rates of the encapsulants under such conditions.

The apparatus used to expose t est specimens to hot seawater
vapor, Fig. 3, consists of an inner pyrex tube and an outer stainless
steel container. The pyrex tube had a circumferential indentation on
which the specimen rested, the seawater level being below this indentation.
The assembled exposure apparatus was placed in a cylindrical electrically
heated oven kept nominally at 2000C. The temperature and pressure within
the S.S. vessel were monitored. After an exposure period was completed
the pyrex tube was opened, the radioactive specimen removed and placed
into a new pyrex tube to start another exposure period, and the seawater
contained in the open tube assayed for radioactivity.

11.1.2 El ect r ochem i cal Techniques (3,8,9)

11.1.2.1 Determination of Corrosion Rates of Uncoupled Samples

Measurements of the anodic and cathodic polarization of a metal
elect rode by an exter na l ly applied current or potential provide the basic
el ect rochemical data for the study of the corrosion behavior of t he metal
in a corrosive medium. Polarization dat a can be obtained by two methods
depending on whether the current or the potential is allowed to be the
i ndependent variable. When current is the i ndependent variable the term
gal vanost atic polarization applies; when potential is the i ndependent
variable the term potentiostat ic polarization applies.

Galvanostatic polari zation has bee n used here for the determina­
tion of cor r os i on rates. The theory behind the application of this
technique has been adequately described (10). In essence the technique
is t o (in turn) cathodically and anodically polarize the test electrode
by applying an ext er nal current. The degree of polarization, measured
as an over -vol t age E, is plotted against the logarithm of the applied
current density, 1. For values of E great er than about 50 mv such a
plot should yield a straight line, with slope ~c for cathodic polarization
and ~a for anodic polarization. Values of t he corrosion current density,
i cor r can be obtained from such measurements in two ways. One consists
of ext r apol at i ng the line of slope ~ c to the open - ci r cui t potential of
the t est el ect r ode . The current density at the intersection represents
the dissolution rate of the electrode and hence its corros ion rate in
terms of current density. The other met hod of obtaining i co consists
of app l ying t he relation (11-12) rr
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where DE/~ is the slope (on a Cartesian-coordinate plot) near the region
of the open circuit potential (i.e., E less than about 50 mv); in this
region the change of E with i is linear.

Test electrodes were fabricated from bar stock. They were
machined into right circular cylinders 0.5 inch in height and 0.25 inch
in diameter. Each electrode was polished, mounted on an electrode holder
and ultrasonically cleaned before immersion in seawater.

Fig. 4 shows the circuit used for galvanostatic polarization of
test electrodes. The current was measured by determination of the volt­
age drop across a precision 10 megohm or 1 megohm resistance with a
Keithley 610BR electrometer. The potential of the sampl e electrode
versus a saturated calomel electrode (S.C.E.) was measured with a high­
input-impedance John Fluke differential voltmeter, model 803B.

The polarization cell, Fig. 5, was a standard i-liter, 4-neck,
round bottom pyrex flask modified by a ball socket on one side to provide
access for a Luggin-capillary-probe and saturated-calomel-electrode
(S.C.E.) assembly. Two Beckman #39271 platinum thimble electrodes were
used as the auxiliary electrodes, Fig. 4. Seawater aeration or deaera­
tion was achieved by continuous purging with ei t her air or nitrogen,
respectively.

After being rinsed in distilled water the test electrode was
placed in the polarization cell, which contained seawater previously
saturated with either air or nitrogen. Electrical connections were made
from the test electrode and the S.C.E. to the voltmeter and the potential
measured. After this open-circuit potential had stabilized (less than
about 5 mv change per hour) the remainder of the circuit shown in Fig. 4
was connected (power supply at zero output). Polarization measurements
were then started by .application of current from the power supply in
increasing increments at regular time intervals, usually about 5 min.
For each current value the corresponding potential of the test electrode
versus S.C.E. was not ed .

The measured va lues of E and i, for cathodic and anodic polariza­
tion (separately), were plotted on a semi-logarithmic scale, E being the
linear ordinate. Values of ~c and ~a wer e determined from these plots.
Values of DE/ta were obtained from linear plots of E against i for values
of E less than about 50 mv (the open- ci r cui t potential being taken as
zero volts). Values of the corros ion-current densities were obtained
from these quantities by ei t her of the two methods outlined above. The
corrosion-current density was then converted to a corrosion rate by
application of Faraday's Law.
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II.l. 2.2 Determination of Corrosion Rates of Galvanically Coupled Samples

The open-circuit potential of each test electrode was measured
with respect to the saturated calomel reference el ect r ode i n aerated and
in deaerated seawater. All of the t est electrodes were immersed in a
common container while the measurement s were made. These potentials wer e
the basis for determining a gal van i c series of the SNAP 2l materials.

The galvanic currents bet ween each of the materials in turn and
all the others, as a group, when short-circuited (i.e., gal vani cally
coupled) to each other, were measured, in aerated and deaerated seawater,
in the following manner. After the open-circuit potentials were deter­
mined, all but one, say Hastelloy X, of the test electrodes were short­
circuited to each ot her . The connection between the shorted gr oup of
electrodes and Hastelloy X was made via a zero resistance ammeter circuit
(ZRA) described by Greene (l3). Now, in ef f ect , all of the ot her
electrodes were shorted to each other so that the galvanic current betw een
Hastelloy X and the shorted group of electrodes could be measured. After
measurement of this galvanic current, the ZRA was disconnected from the
Hastelloy X, the Hastelloy X shorted (now directly) to the shorted group
of electrodes, and a different el ect r ode disconnected from the shorted
group (which now i ncl uded Hastelloy X) and re-connected to the shorted
group via the ZRA. The gal van i c current between this new single electrode
and the new shorted gr oup was measured. The procedure was followed until
the galvanic current bet ween each electrode and the shorted gr oup had
been measured (the shorted gr oup being different for each measurement);
these currents were denoted as the first se t. Examination of this first
set of gal van i c currents revealed, by their direction, which el ect r ode
(or el ect r odes ) was the anode in reference t o the other electrodes. This
el ect r ode (or electrodes) was disconnected ent i r el y and the above proce­
dure repeated to obtain a second set of galvanic currents . This second
set revealed another anodic electrode(s). It was disconnected entirely
(so that now two electrodes had been removed) and the entire procedure
repeated again to obtain a third set of galvanic currents. This procedure
was follwed until only two electrodes remained, the galvanic current
(the last set) between them also being measured by the ZRA. This
t echnique, in addition to providing the galvanic currents, provides an
independent determination of the galvanic series. The anodic electrode
i n the f irst set of galvan i c currents is the most active and the remain­
ing electrode after the last set is the most noble.

In both the normal and the galvanic corrosion rate determina­
tions the electrochemical equivalents of the corrosion rate, i.e., the
corrosion current and the gal van i c current in terms of current density
(~ amp/cm2), were measured. Faraday's Law was then used to translate
these values of current density into a more immediately useful quantity
such as mil per year (mpy).
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II. 2 Fuel Solubi l ity (14-15)

II. 2. 1 Experiment al Procedures*

Test pro cedures and results r eported below pertain to Pu02 fuel.
Other fuels such as SrT i 03' Pm203' Trn20~ are currently be i ng t ested at
NRDL and results obtained will be reported in future publications.

a. Standard Series Experiments

A weighed quantity of fuel sample was i mmer sed i n a liter of
nat ural filtered seawater contained in a pyrex vessel and maintained at
22 -25°C. The solution was stirred by gentl e swirling once a day. The
solution was kept out of contact with the atmosphere except duri ng
sampling.

For sampling an aliquot was filtered through a 0.45-~ membr ane
filter (Millipore). All t he plutonium passing through this f ilter was
defined as being in "solution" . This filtering procedure gave r eproduc i­
ble sampling of the Pu-seawater mixture.

b. Sol ubi lit y in Presence of Ocean Bottom Material

Two types of exper iment s wer e conducted i n this series. I n
the first, varying amounts of ocean bottom material were added to sol u­
tions of Pu02 in seawater. The mixtures were shaken once a day, and also
before sampling. Aliquots of t he mixture were centri fuged pr ior to
plutonium assay. I n the sec ond type of experiment s Pu02 mi cr ospher es
were added to seawat er containing ocean -bot t an material. The se awat er
was !l€;itated once a day by bubbling air through i t. Aliquots of the
solution were centrifuged be fore assay .

c. High Temperature/Pressure Tests

Plutonium dioxide microspheres were immersed in nat ural
seawater in a pyrex capsule and heated to 1200 C (30 psi) and 1900 C (180
psi) after ~lacement of the sealed capsule in a pressure vessel.

Assay of seawater fo r plutonium ac t ivity was perf ormed by l i quid
scint illation counti ng. I n the high t emperature/pressure tests , however,
i t wa s noticed that a crys talline precipit at e was f ormed during the
exposure period and scavenged almost all t he plutonium activit y from
sol ut i on . The insoluble nature of thi s precipitate made it difficult to
perform reliable liquid scintillat i on counting. Hence, plutonium activity
was determined by ,-ray scintillation counting.

II.3 Results and Discussion

II.3. 1 Corrosion of Encapsulant s

*For det ailed descripti on of the procedures and the testing equi pment
reference (6) sh ould be consulted.
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11. 3.1. 1 Corrosion Rates Determined by Tracer Techn i ques

a. Stan~d Specimen Exposure Test s

Table 1 shows a comparison between corrosion r ates of
Haynes-25 ba sed on cobalt and chromium analysis. It i s noted that t .he
rate agree withi n a factor of l es s than two. Table 2 give s the corrosion
rates for uncoat ed, half- and compl etely-emissively coated Haynes-25
after 160 days immer s i on i n seawat er. The obs erved increase i n the
corrosion r ate of t he coat ed spec imens was not due t o release of the
coati ng itself to seawater as determined by l -pulse hei ght analysis of
t he se awat er for i t s corrosion products. There are t wo possible causes
f or the hi gher corros ion rat e of t he completely-coated specimens. One,
the emis s i ve coating-Haynes 25 system fUnct i ons as a galvan i c coup l e with
t he Haynes 25 being the anode ; and t wo, t he higher corrosion rat e i s a
surface area ef f ect . The surface area effect i s felt to be the more
important of the t wo since the emiss ive coating has a r elativel y low
el ectri cal conductivit y. As stat ed before , prior t o the application of
the emis s i ve coating t he surface of t he specimen is gr i t bl ast ed with
#20 grit (for the half-coated specimens only the half to be coat ed was
grit-bl a st ed) and hence i ts surface area i s much greater than t he surface
area of the uncoated specimens, whose surface has been polished with #600
grit paper . Since t he corrosion r ates r eported here are base d on t he
geometr i c surf ace area of t he spe cimens, t he reported corrosion r ates of
t he half - and canplet el y-coat ed specimens are much hi gher than i f their
ac tual surface areas wer e us ed in t he calculation of t heir corros ion rates.
This explanat ion is base d on t he assumpt i on that t he emis si ve coating
does not affect the transport of cobalt and chromium ions from the
Haynes 25 to the seawater.

Fig. 6 display s corrosion r ates of Hastelloy X and C at
room t emperature in aerated and deaer at ed seawater . The rates are seen
t o decr ease wit h time and approa ch cons tant va lues after about 100 days
of exposure .

b . Erosion-Corrosion Tests

Er osi on- cor r osion data determined f or Haynes-25 in seawater­
oce an bottom material mi xture under different exposure conditions, are
included in Table 3. The release rates are noted to be higher by f our
orders of magnitude than the corresponding values obtained i n t he abs ence
of er osion by ocean bot t om mat erial, determi ned by t r ac er techniques .

A combi nat ion of t hree possible eff ects i s responsibl e for
t he i ncr eas ed rate of met al deterior at i on in the seawater-bottom material
erosion- cor ros i on system. The first i s the increase i n the surface area
of the sp ecimens (corrosion rates r eported here are based upon geomet r i c
surfac e area). The surface profi l e of the sp ecimens be f ore and after
exposur e to t he seawat er-bottom material system i s shown in Fig. 7 . It
can be seen t hat t he surface prof i l e i s s i gni f icantl y r ougher after
exposure . The surfac e area ef f ect was f ound to account f or a f actor-of-10
increase in the corrosion r ate (see a and c in Table 3). The second
effect is t he r emoval of any corr osion-prot ect ive surfac e film from the
spe cimen by t he er osi ve act ion of t he seawater-bottom mate rial sys t em.
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This exposes a continuous ly fresh met al surface t o t he s eawater ; hence
an incr ease i n the corros ion r ate would be expec t ed . The third effec t i s
t he "wearing away" of the metal by physi cal abrasion by t he seawater­
bottom mate r ial system.

c. Gamma Radi at i on Ef f ect s Experiments

Fig. 8 shows t he ~orrosion rate of Hastelloy C i n aerated
and deaer at ed seawat er under a bOCo radiati on field of 2xl05 rads/hr.
Corr os i on r at es obt ained after about 100 days f or both t he aer ated and
deae r ated cases compare well with those obtained in the ab sence of
r ad i at i on f ields .

d. Hot Vapor Exposure Experiments

Table 4 includes corrosi on r ates of Haynes-25 and Hastelloy C
i n hot water vapor environment. The rates are between one and t wo orders
of magnitude higher t han t he corr esponding values under standard exposure
conditi ons .

II. 3.1.2 Corrosion Rat es Determined by Elect r ochemical Techniques

Table 5 presents the normal and galvani c corros ion r ates fo r
the SNAP 21 materials in ae rated and deaerated seawater. It sh ould be
noted t hat t he galva ni c corros i on rat es lis ted i n Table 5 were measured
with unequal areas of anode and cathode. The effect of the surface area
r ati o i s dependent upon t he polarization behavi or of the anodic and
cathodic member s of t he galvanic couple.*

II .3 .2 Fuel Solubility

a. St andard Ser i es Experiments

The shaded area in Fig. 9 r epresents the range of dissolution
rates of Pu~ fu el in natural seawater obtained from a series of 5
exp er iment s conducted at r oom temper at ure using 4-10 mg of fu el in each
case. Included i n the s ame figure are t he di s so lution rates at 5° C,
in diluted seawater (1:1 di stilled to seawater), in seawat er solut i ons
containi ng t wic e t he nor mal concent rations of carbonate and sul phate and
1 .2 t imes the normal amount of chloride an ions. It is noted t hat in
every case the ini t ial dissolution r at es dec rease with time then l evel
of f.

The di s solution r ates sh own i n Fig . 9 are expressed i n terms
of unit weight of Pu02• St udies have also been made i n which the dissolu­
t ion rate has been expres se d i e t erms of unit surface area of t he micr o­
spheres . This r ate is 3.7xlO- IJ.g/rmr,2/day.

*For further discussion on t his poi nt refer to reference (16).
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b. Solubility in Presence of Ocean-Bottom Material (14)

When varying amounts of ocean-bottom material were added to
solutions of Pu02 in seawater a very rapid initial absorption of the
plutonium activity was obse rved, followed by a relatively less rapid
approach to quantitative removal fran the seawater (Table 6) .

Results obtained in the second type experiments, where Pu02
microspheres were added to seawater-ocean bottom mixtures (14), are shown
in Fig. 10. The unexpected peak in the curve indicates that initially
the rate of release of plutonium dioxide was greater than the rate of
adsorption of the plutonium activity by t he bottom material. After about
15 days the adsorption rate overtook the r elease rate and became gr eat er
until about 100 days when the two rates became approximately equal. The
following is a qUalitative interpretation of the shape of the curve .

At the start of the experiment, when the beads were on the
surface of the bottom material, t he release rate was gr eat er than the
adsorption rate and hence the net amount of plutonium activity released
to the seawater kept increasing. During the initial period of 15 days
the release rate gradually decreased due to settling of the beads into
the bottom material (the density of plutonium dioxide i s about three
times that of the bottom material). Concurrently, the rate of adsorption
gradually increased due to the chance for more ef f i c ient adsorption when
the beads are buried in the bot t om material. At about 15 days the rates
of release and adsorption became equal. At this time the net amount of
plutonium activity released to the seawater began to decrease. At longer
times (> 100 days) the layer of bottom material at the seawater-bottom­
material interface became saturated with the adsorbed plutonium activity
and hence could not remove the activity from the seawater. An equi l i br i um
situation was then est abl i shed, the rates of release and adsorption being
equal. The plutonium dioxide beads continued to release activity but
t his r eleased activity was now being adsorbed by the i nner bulk of t he '
bottom material after diffusion of the activity through the surface.

The effectiveness of plutonium activity removal by the bottom
mat er i al is emphas i zed by the fact that i f the bottom material had not
be en present in this exper iment , the total plutonium activity r eleased
(based upon the average room-temperature r elease rate of 4 x 10-3 ~g/mg/

day5) after 160 days would have been 6.4 x 10- 1 ~g/mg i ns tead of 10- j ~g/mg
as indicated in Fig. 10.

It should be noted that in a true ocean situation t he effe c ­
tiveness of the bot tom material i n absorbing released activit y will
depe nd primar ily on t he contact t i me of the seawater containi ng the
activit y with the bottom material. The best situat ion with r espect to
most ef f i cient adsorption of the released activity would be i f t he fuel
beads wer e buried. If the beads were not buri ed, the released activity
will diffus e away from the beads and have lit t l e contact time with the
bot tom material. other factors such as current vel ocity and bottom
t errai n woul d further modify t he degree of adsorption i n the case of
unburied beads.
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c. High Temperature/Pressure Tests (15)

Fig. 11 shows the dissolution r ate data as a fUnction of
exposure time at room t emperature as well as at 1200 and 190oC. It can
be seen that the r oom temperature release rate has remained essentially
constant at about 4 x 10- j IJ.g/ mg/day up to 280 days of exposure.

The initial r el ease rate at 1900 C was about an or der of
magnitude above the average room temperature rate. After about 20 to 30
days of exposure at 1900C the rate abruptly decreased to about a f act or
of f i ve bel ow t he average r oom temperature r at e . After this sharp
decreas~ t he rat e change d rel ative ly s l owl y, decr easi ng from 1 x 10 -3 to
5 x 10 - IJ. g/ mg/day over a per iod of 140 days . After 90 days of r ate
measurement s at 1900C the tempe r at ure of one of the duplicat e samples
was r educed to room temperature f or all subsequent r at e measurements.
After tui s t emperature Ch~nge, t he r elease rate i nitially decreased from
5 x 10- to about 1 x 10- IJ.g/mg/day and t hen beg an t o increase ,
ult imately approachi ng the average room temper at ure rate of 4 x 10-3
IJ.g/mg/daY.

As a tentative explanat ion of t he dissol ution behavi or at
1900 C i t i s suggest ed t hat t he relative ly insoluble salt which prec i pi­
t ated from the s eawat er during exposure, and whi ch was ident i fied by
x- ray diffraction ana lys is as calci um sulfat e, f or ms a coating on t he
plut onium dioxide beads. This coat i ng acts as a diffusion barr ier t o
t he plutonium activity, t hereby lowering the r elease rate. In t he sample
where the r elease rate was measured at r oom t emperature f ollowing measure­
ments at 190°C, the i nitial decrease at room temperature was due to t he
lower diffusion r ate of the plutonium ac t ivity t hrough t he coat i ng at
room t emper ature . The sub sequent i ncrease in the rel ease rat e at roo m
temper at ure was due to the slow dissolution of t he calcium sulfate coat­
ing (calcium sulfate has a negative s olubility temper at ure coefficient).

I n contrast t o the r esult s at 1900 c the r elease rat e at 1200 C
decreased steadily and rapidly from a f actor of t wo above t he ave~age

room t emperature rat e to a relat ively cons tant value of 1. 5 x 10- IJ.g/ mg/
day. Apparently, the mode of fo rmat i on of t he calcium sulfate coating
i s dep endent on t he tempe r ature and/ or pressure of t he seawater. At
1900C the coating f orms rather suddenly after a period of 3 t o 4 weeks
whereas at 1200 C t he coat ing begins to form immedi ately and cont i nues to
bui l d up over a long time period.

The "peak " i n the release rate curve of one of the samples
exposed at 1200 C i s t hought t o be caused by a breaking up or f racturing
of some of the plutonium dioxide beads . This woul d expose unc oat ed
surface s to the seawater and cause an initial increase i n t he r el ease
r ate . As t he calcium sulfate coating builds up on the fres h surfaces,
the r elease r at e woul d start to s low down and ultimatel y decreas e t o
t he value f or a completely coated sample.

Indicati ons of fracturi ng wer e observed during the retrieval
of the plutonium dioxide bead s from the calcium sulfate precipitate and
s eawat er. Pr evious to t he time when t he r elease r ate began to increase
the retri eval process was fairly easy and could be performed quickl y.
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When t he release rate began t o i ncrease t he ret r i eval proces s became much
more difficult because of the presence of extremely minut e particles of
plutonium dioxide . These particles were much smaller than the aver age
bead diameter of approximately 150 mi crons . Since a large f r act i on of
the beads compris ing the sampl e were irregular in shape, i t i s not un­
r easonable t o expect small f ragments t o br eak off from some of the more
irregular beads .

It is obvious that the increase in rate cann ot be entirely
due t o an increase in fresh surface area. It may be t hat these fresh
surfaces , caused by the post ulated fracturing, have a l arger i nherent
r elease rat e t han that of t he normal out s ide surfac e .

III. IN SITU OCEAN TESTS

III . l Tes t Facility

The NRDL test f acility at San Clemente Island (SCI) consists of
t wo pr imary parts, the underwater t est r ig and t he shore control st ation.
The gener a l configuration of t he underwater test rig i s shown in Fig. 12 .

The i slan d i s one of the Channe l Islands and t he waters surround­
ing it are t ypi cal of t he group as a whole . The island is oriented
geographi cally t o f orm a protected shore on its eas t side. The water
there is clear and smooth, being sheltered f r om both the prevailing
summer sea and swell as well as storm-generated s ea conditions during
the winter months . Because i t i s l ocated i n close proximity t o t he
sout her n California coast, the ent ire i s land environment has come under
study, part icularl y from the standpoint of meteorology and oceanography.

III .2 Tests i n Progress

On-going tests at SCI include heated capsules and mockups designed
to i nvestigate t he true ocean environmental behavi or of the encapsulant
an d other SNAP materials . SNAP fuels are also under examinat i on i n
specially designed exposure chambers. A summary of the tests in progress
f oll ows .

III. 2.1 SNAP Mater i als

III .2 . 1.1 SNAP 19 (17 )

Five elect r i cally heated capsules i nstrumented with t hermo­
coupl es and pressure transducers have bee n under wat er f or t he past 15
mont hs. Table 7 l ists their l ocations and t he i r current temperatures
and internal pressures.

III . 2. 1. 2 SNAP 21 (18)

a. Elect rically heated capsules: Four el ect r i cally heated
caps ules have been under water f or the past 9 months. Their locat ions
ar e as f ollows : 50 ft bel ow water surface (13 0 ft wat er), 10 ft above the
bott om, on t he bot t om and buri ed under 3" of ocean bot t om. A schematic
di agram of an el ect rically heated SNAP 21 capsule i s shown i n Fig. 13.
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b. Electrically heated mockups: An el ect r i cally heated
mockup designed to examine the galvanic behavior of the 21 materials is
under test. A diagram of the mockup is presented in Fig. 14. A similar
test mockup to determine the extent of marine fouling is also under test.

c. Radioisotope-loaded capsules (19): Two fully-fueled
SNAP 21 capsules will be very shortly implanted in the ocean at the test
site. The exposure system will be composed of the following functional
components: 1) an exposure shield chamber, 2) a seawater circulation
system, and 3) a monitoring and control apparatus.

In operation, the exposure shield, Fig. 15, is suspended
from a buoy at a depth of 75 feet in water 130 feet deep. Seawater
flows into the exposure shield chamber from the bottom port, passes over
the test specimen maintaining i t at a relatively low temperature, and
passes out through the top port. The exposure shield chamber is designed
to be wat ertight if the inlet and outlet ports are sealed. Temperature
sensors are provided to measure water temperature in the exposure shield
chamber at the inlet and outlet ports and at two locations near the test
specimen. The test specimen is held in place by alumina standoff pieces
which are attached to lugs provided on the inner cylinder wall and the
inside surface of the top cap. These standoff pieces provide electrical
insulation of the test specimen from the exposure shield chamber and so
minimize the possibility of galvan i c coupling with the chamber materials.

111.2.1.3 On-Going and Post-Ocean Exposure Evaluations of SNAP Materials

It should be noted that in situ ocean exposure tests are
qualitative i n nature. However, valuable information regarding the long­
term behavior of the test systems in their true environment are being
obtained by means of visual observation (i.e. underwater photography)
and temperature and pressure data collection. Post-ocean exposure
evaluation will be achieved by detailed visual and photographic examina­
tion, dimension and surface roughness measurements, helium pressurization
and leak testing, liquid dye penetrant inspection, eddy current testing,
and radiographic and ultrasonic examinations. Correlation between
laboratory predictions and in situ results are expected to be very hel p ­
ful in assessing the performance of current as well as projected SNAP
capsules and other components in the ocean envi r onment .

111.2.2 SNAP Fuels (20)

111.2.2.1 Plutonium Dioxide Tests

A current program involves exposure of uncontained 238Pu02
fuel to the ocean. In this test, an exposure chamber located on the
ocean floor contains the plutonium dioxide fuel and ocean-bottom material ;
a water circulation system maintains the interior of the exposure chamber
in equi l ibr i um with continuously refreshed ocean -bot t om water. The same
circulation system provides pumping of ef f l uent water from the exposure
chamber t o a shore station for radioactivity monitoring.
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Fig. 16 shows a sket ch of the exposure chamber. Ocean-bottom
material was taken from a pre-selected oce an -bot t om l ocat ion f or the
t est (six inch depth) and placed in the lower section of the exposure
chamber. Plutonium dioxide microspheres (4.18 mg =238 mi crospher es )
were placed on the surface of the bottom material at the center of the
exposur e chamber. After placement of the microspheres, t he top section
of the exposure chamber was bolted on and t he chamber lower ed i nt o the
ocean t o a depth of 50 ft. The influx of fresh ocean-bottom water i nt o
t he exposure chamber was such that there was a complete change of water
volume every 1.7 min. The ave r age ambient water temperature was approxi­
mat el y 150C.

A total of f our exposure chambers have been placed on the
ocean-bottom. The first chamber was recovered after a period of approxi­
matel y 5 months (140 days). The other three chambers wi ll be recovered
at lat er dat es.

Aft er recovery over a third of the fUel beads were r etri eved
by i sol at i on from large amounts (about 50 liters) of ocean -bot t om
mat erial. A combinat ion of microscopic examinat i on and radioactivity
detec tion by a probe was necessary during t he f i nal stages of t he isola­
tion process. Several post - exposure tests were run on bot h t he micro­
sph eres and the surroundi ng material. The most important r esults can be
summariz ed as f ollows:

a. About 70% of the recovered Pu02 microspheres were encrusted
wi t h marine or ganisms. Fi g. 17 shows photomi cr ographs of two of them.

b . Microscopic exami nat ion of several of the encrusted
microspheres revealed the following (21):

1. Numer oU§ small diatoms were adherent to t he un iformly
smooth surface of t he Pu23tl sphere. The aggregates were composed of
sand grai ns (quartz or s ilica) and organic detritus, which was lightly
cemented around the microsphere by a dense matrix of mucilage and small
diatoms. Areas of the broken aggregate most densely populated by the
diatoms appeared yellow-br own i n color, due most l ikely to a character­
i sti c organ i c pigment manufactured by t hes e cells.

2 . The predominant organism present was t entatively
identified as Nilzschia~. This is a relat ively small cell measuring
2-10 ~ and it is motile when not exist i ng in colonial or epi phyti c form.
I t i s widely dis t ributed, occurring most frequently as a dense mat. The
cells were connected i n various patterns by means of a mucilaginous
secretion.

3. Appearing in the l ayer aggregates were several centric
diat oms, measuri ng 24- 40 l!. These were circular in fo rm, with radial
markings . A few el ongat e, pennate cells were also obse rved and i denti ­
fied as Navicula~. Occurri ng i n one preparation wer e 2 clusters of
elongate, t apering, tube st ruct ures , yellow-br own i n color, estimated to
be 200 ~ in length. Thes e were of biological origin, and probably
represented a colonial coelenterate or a bryozoan .
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4. Bacteria were present i n all preparations , and in at
least two of the sedimentary aggregates, small unicel ls wer e present, 2-5
~ in size . The unicells were definitely yel l ow- green in color and showed
active mobi l i t y by means of a si ngl e flagellum . These latter forms may
be the unicellular chlorophyte, Nannochloris sps., but pos i t i ve identifi-
cation coul d not be made at this time . ---

5. There seems to be little question that the Pu238
particle had been surrounded by an organic layer, which seems to have
cemented sand grains to its surface. However, i t i s not clear from these
preliminary observations tha t most of the or ganisms found are typically
found in sediment . Centric di a t oms for example are usually found in
upper water layers .

6. An examination of the photomi crograph showi ng a
ga st r opod shell (Fi g. 17b ) with a similar aggregate attached to it
indicated t his was adventitious: The shell had many small holes bored
through it, clearly showing that its hos t had long since died.

c. Post-exposure dissoluti on r at es, determined fo r both
clean an d encrusted microspheres, were less than pre-exposure rates.
Table 8 presents the results obtained . The release rate for the clean
microspheres is slightly less than that of the control sample while the
r ate fo r the encrusted microspheres is about a factor -of-two l es s.

d . Results of crush strength tests (22) on recovered micro­
sph eres were inconclusive due to t he absence of a statistically satis­
f act ory number of samples.

111 .2 .2. 2 Other Fuels

Future plans cal l for in situ testing of other fu els .
Strontium titanate i s expected to have the first pri ority .
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Table 1. Comparison of Corrosion Rates of Haynes 25
Based on Cobalt and Chromium Analys es

mpy
(based on Co)

mpy
(based on Cr)

Exposure Time
Days*

Haynes 25 #1
Haynes 25 #2
Haynes 25 #1
Haynes 25 #2

4 -53. x 10_5
1.4 x 10_5
1.1 x 10_6
9 .2 x 10

1. 8 x 10-5
-6

9.7 x 10_6
9 . 2 x 10_6
5.9 x 10

7
7

22
22

*Seawater sampled and changed at end of 7 days followed by additional
exposure period of 15 days.

Exposure Parameter

Table 2. Corrosion Rate Data for Uncoated, Half- and Completely
Emi ss i vel y Coated H8fnes 25 After 160 Days Immersion in Seawater

Corrosion Rate
(mpy)Specimen

uncoated
uncoated
uncoated
half-coated
half-coated
half-coated
completely coated
completely coated
completely coated

aerated
deaerated
aerated, stirred
aerated
deaerated
aerated, stirred
aerated
deaerated
aerated, stirred

4 -6
3. x 10_6
2. 8 x 10_6
4.6 x 10_5
9.1 x 10_ 5
7. 6 x 10_5
9.1 x 10_4
3.0 x 10_4
0.51 x 10 4
1.4 x 10-

ReferenceMethod

Table 3. Comparison of Haynes-25 Corrosion Rates i n Seawater

Corrosion Rate
(mpy)Exposure Conditions

a. Roan temperature,
seawater washing
over spec imen

Radioactive tracer
Radioactive tracer

Radioactive tracer

-6
1 x 10_6
3 x 10

4 x 10-6

2
4

5

b. Room temperature,
seawater and bottom
material washing
over specimen

c. Room temperature,
s eawater washing
over specimen which
had previously been
exposed to both sea­
water and bottom
material washing
over spec imen

Radioactive tracer

Radioactive tracer

5

5
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Table 4 . Corrosion Rates of Haynes 25 and
Hastelloy C in a Hot Seawat er Vapor Environment

Corr osion Rate (mpy) Total Exposur e Time
Haynes 25 Hastelloy C (days)

~ 6 ~ 49. 2 x 10_4 .1 x 10_4 1
1, 5 x 10 3. 8 x 10 4 29

* -5 4.3 x 10- 46
3.5 x 10_5 76
5.8 x 10 117

- 4 - -4 153
1,8 x 10- 7 •3 x 10 200

*Indicat es lost sample

Tabl e 5. Normal and Galvanic Corrosion Rate of SNAP 21
Mater ials i n Seawater

Seawater Normal Cor rosion Corrosion Galvanic
Material Condit io n Rat e (mpy) Effe ct* (mpy)

Al A 6 -2 1. 1 x 102
9. x 10_2

Al D 3.1 x 10 1.1
Cu A 2.9 -2 1,4 -2
Cu D 8. 3 x 10 3 9.7 x 10_1
Hastelloy C A 4.3 x 10-

3 3.8 x 10_5
Hastelloy C D 4.2 x 10-4 8. 0 x 10
Hastelloy X A 8. 0 x 10-

3Hastelloy X D 4.0 x 10:4 -3Nickel A 9. 8 x 10_3 2. 8 x 10 4
Nickel D 2 . 2 x 10_3 1,6 x 10:1304ss A 2.3 x 10 3 5.7 x 10_5
304ss D 4.0 x 10-4 1,9 x 10

3Ta A 9.6 x 1(3 6.2 x 1(4
Ta D 4.8 x 10_4 1, 6 x 10_4
Ti 621 A 7.5 x 10_3 5.0 x 10_4
Ti 621 D 7 . 1 x 10 2. 0 x 10
U-8 'fo Mo A 1,2 1 7 .7 3
u-8 %Mo D 6 .8 x 10- 6 . 4 x 10-

*Measured with unequal areas of anode and cat hode - se e text .

Table 6.

Wei
Time (days) °

0.15 ° 8 .7 35.1 68. 3
1,0 ° 48. 6 83. 7 96. 3
3.0 ° 84. 0 98. 0 99.8
7 .0 ° m .l 99. 5 100

17.0 ° 99.5 100 100
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Table 7. Electrically Heated Capsule Test Data

Unit Number Location

1 At 50 feet depth

2 At 125 feet dept h

3 Buried i n ocean bottom
at 130 feet water depth

4 On t he ocean bottom at
130 feet water depth

5 I nter-tidal zone

Conditions

Temperature: 1800 F + 20 F
Pressure : Unchanged-

Temperature: 2000 F + 20
F

Pressure : Unchanged-

Temperature: 3600
F + 40

F
Pr essure: Unchanged -

Temperature: 320~ + 30
F

Pressure: Unchanged-

Temperature: Sinus oi dal Eattern
maximum 600 F + 6~
minimum 150~ -+ 2~

Pressure: Sinusoidal due to­
temperature vari at ion
but maximum and mini ­
mum values have not
changed

Table 8 . Di s sol ut i on Rat e of Clean and Encrusted Mi cr ospher es

Dissolution Rate - 10-3 ~gfmg/day

Sample 0-2Od* 20-60d 60-10Od 100-14Od 140-16Od 160-200d 200-24Od 240-28Od

Encrust ed ---- in ocean ----

---- in ocean ----

Control 1.33

Clean

1.35 1.35 1.48 1. 60

1. 20

0.48

1. 60

1.30

0. 61

1. 60

1.33

0. 65

1.60

1. 43

0. 76

*d = days
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Fig. 1. Exposure Chamber for Erosion-Corrosion Experiments
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Fig. 2. Erosion-Corrosion Exposure Apparatus
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Fig. 5. Polarization Cell for Measurement of Corrosion
Rates by Electrochemical Techniques
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Fig. 6. Corrosion Rates of Hastelloy X and Hastelloy C at
Room Temperature (Determined by tracer techniques)
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Fig. 7. Surface Profiles of a Haynes-25 Sample Before
and After an Erosion-Corrosion Experiment
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Fig. 8. Corrosion Rates of r-Irradiated Hastelloy C
(Determined by tracer techniques)
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Fig. 10. Total Amount of Plutonium Dioxide Released to
Seawater in the Precence of Ocean-Bottom Material
as a Function of Time
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Fig. 11. Solubility Rate of Plutonium Dioxide in Seawater as
a Function of Exposure Time at Room Temperature,
120 and 1900C
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Fig. 12. A Schematic Diagram of the Underwater Test
Facility at San Clemente Island
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Fig. 13.
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Electrically Heated SNAP-2l Test Capsule
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Fig. 14. Galvanic Coupling Mockup

Fig. 15. Schematic Diagram of Exposure Shield Chamber Concept
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Fig. 16. 23~02 Fuel Exposure Chamber
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Fig. 17. Photomicrograph of Some Encrusted Microspheres
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