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FOREWORD

This report deals primarily with the large-scale production operations carried out
from 1958 to July 1967 by Oak Ridge National Laboratory, the Hanford Works, and the
Martin Company for the preparation of strontium-90 heat sources. Some work done
between 1948 and 1958 is summarized very briefly to provide a background for these
operations. Also—a few later developments (from July 1967 to May 1970) have been
included where possible.

In writing this report, the editors have compiled summaries from experienced workers
" in the various phases of strontium fuel formation. We wish to acknowledge the original
authors here. C. L. Ottinger wrote sections describing the Fission Products Development
Laboratory building and facilities, the preparation of SrTiO; and SrO, the 85 Kr leak test
of welded capsules, and the technique of cold-press and sinter formation of SrTiO;
pellets.

D. E. Horner reviewed the strontium separation processes carried out at Oak Ridge
National Laboratory and at the Hanford Works. The numerous original authors in
Horner’s review article are referred to in Chapter 2.

R. D. Seagren made many helpful suggestions about the section on transport of
radioactive strontium and S. A. Reynolds summarized noncalorimetric analytical
procedures. The calorimetric procedures are the work of J. C. Posey, T. A. Butler, P. S.
Baker, and W. D. Box. R. E. McHenry contributed the major portion of the chapter on
fuel fabrication including the development of the hot-press procedure. R. G. Donnelly
wrote the section about capsule welding and E. E. Ketchen reported the measurement of
thermal conductivity. Summaries from E. E. Pierce and E. Lamb describe the source
examination. The properties of strontium fuel forms were compiled by S. J. Rimshaw and
E. E. Ketchen,

We thank the editors of Chemical Engineering Progress Symposium Series published
by the American Institute of Chemical Engineers for permission to publish the material in
Appendixes F and G.

We are also indebted to A. F. Rupp and J. H. Gillette of Oak Ridge National
Laboratory; R. L. Moore and H. H. Van Tuyl of Battelle-Northwest; and W. G. Ruehle of
Aerojet-General Corporation for reviewing sections of the report and giving us their
helpful criticism. '
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Strontium-90 Heat Sources

Compiled and Edited by
- Roberta Shor, Robert H. Lafferty, Jr., and P. S. Baker

Abstract

Strontium-90 heat source production is described. This includes purification, transportation,
preparation of fuel forms, analytical methods, densification, encapsulation, source testing, and
examination of used sources. Details of source preparation, encapsulation, and testing are glven

1. INTRODUCTION

Compact electrical generators powered by heat from
radioisotopes have been under development in the
United States since the early 1950°s for space, marine,
and terrestrial uses. Essentially all the generators devel-
oped for marine and terrestrial uses have been powered
by °°Sr. This report summarizes the development work
done by Oak Ridge National Laboratory (ORNL),
Hanford Atomic Products Operation,* and Martin
Company, Nuclear Division, which led to the produc-
tion of ?°Sr heat sources for use in the generators,
 Although the functions of the three contractors
sometimes overlapped, work was generally divided as
follows:

ORNL:developmental work on separation processes for
2%Sr and on preparation methods for radio-
active compounds; preparation, fabrication,
and encapsulation of the chosen chemical
form of ?°Sr for the generator; and testing of
the ﬁmshed capsules.

Hanford: developmental work on separation methods
for ®°Sr, scaling up the processes for produc-
tion operation, and separating and.purifying
most of the °®Sr used in the program.

Martin:design, construction, and testing of the genera-
" tors for weather stations, buoys, lighthouses,
and undersea beacons,!’? 'and Quehanna
pilot plant demonstration ‘of fuel forming
and encapsulation processes for the SNAP-7
series and for space applications.

The work that Martin did on generator development is
outside the scope of this report but is described in the
reports in the bibliography at the end of this chapter.

The report deals mainly with the large-scale produc-
tion operations from 1958 to July 1967 but also
summarizes very briefly work done from 1948 to 1958,
Most of the material deals with work that was previ-
ously unreported or was described in reports.having
limited distribution. In the interest of continuity and
coherence, however, certain portions are included
which have been adequately reported elsewhere: for
example, shipping, some aspects of the separation of
fission products, and physical properties of the fuel
forms. The development, present practices, and in some
cases future possibilities of the steps involved in the
preparation of strontium fuel forms for heat sources are
discussed, including

1. separation of radiochemically pure °°Sr from the
reactor wastes in a chemlcal form suitable for
- further processing;- '

2. conversion of-the separated °°Sr to a chemical form
_that is suitable for a heat source,

3. fabrication of the separated chemical compound
into pellets having a sultable density and purity for a
heat source, :

4. encapsulation of the pellets in a metal container that
is resistant to corrosion by the source compound
and by the'environment in which it is to be used.

*The Hanford Atomic Products Operation of the General
Electric Co. was divided in 1965 and 1966 among a number of
contractors. For simplicity and convenience in this report, all
the work done at Hanford is referred to as Hanford work. No
effort has been made to identify the particular contractor
responsible for the later work. However, the reports cited in the
references and bibliographies are so identified.



Generator design is excluded, except as it relates to the
properties of the fuel forms required in the generators.

The report also contains a brief history of the first
large-scale production of ®°Sr for the Weather Bureau
heat source, details of which are given in Appendixes F,
G,H,and I

SELECTION OF °°Sr AS HEAT SOURCE

Several qualities make ®°Sr attractive as a fuel for
heat sources:

1. It is available in large amounts in the wastes resulting
from the processing of spent reactor fuels.

2. Procedures for recovering *°Sr of high radiochem-
ical purity with low inert-contaminant levels have
been developed.

3. Its half-life is 28.5 years.

4. Fuel forms can be made from fission-product (FP)
wastes with adequate power density for applications
in power-generator heat sources. Pure *°Sr has a
specific activity of 139 Ci/g and a specific power of
0.0067 W/Ci; however, fission-product strontium
contains only 55 at. % °°Sr. Achievable power
densities are limited by the age of the FP ®°Sr, the
amounts of inert contaminants present, and the
deviations of the fuel material from theoretical
physical density.

Several chemical forms of ®°Sr fuel were considered
— SrTi0s, SrF,, SrO, Sr, and Sr, TiO4. The properties
that outweighed all others in the selection process were
the power density, thermal stability, and solubility —
particularly in sea water. The compound offering the
most desirable combination of properties was SrTiO;,
and it has been used in fabricating most of the ?°Sr
heat sources to date.>’* It is the least soluble in water
and its power density is sufficient to meet generator
design needs for present applications, being 0.7 to 0.9
W/cm®, depending on the method of preparation. The
only other compound that has been used as a heat
source is SrO. Its power density is ~1.6 W/ecm?, but it is
moderately soluble in water. Both compounds can be
prepared by simple procedures adaptable to manipu-
lator cell pperations. Handling and storage problems are
simpler for SrTiO; than for SrO, but decontamination
of the cells where SrTiO; is handled is more difficult.

OPERATION OF RADIOISOTOPE-POWERED
ELECTRICAL GENERATORS

Long life and minimum maintenance have been the
major objectives of the development of radioisotopic

power sources for marine and terrestrial uses and for
the United States space program. The power provided
by suitable radioisotope sources can be as high as
several watts per cubic centimeter of source material,
with a useful source life of tens of years. The kinetic
energy of the electromagnetic or charged-particle
products of radioisotope decay either is transformed
directly into electricity or is transformed indirectly
through a preliminary conversion to heat. Most of the
devices developed to date use a thermoelectric genera-
tor to convert the heat to electricity.

Radioisotope-powered thermoelectric conversion sys-
tems have demonstrated reliability and maintenance-
free lives of >40,000 hr and power levels up to 100
W(e). Their initial capital cost per electrical watt is high,
but their cost on a watt-hour basis compares favorably
with that for other energy sources for applications in
remote and inaccessible areas. Even in relatively acces-
sible regions, the cost of transporting alternative energy
supplies can be of considerable significance, and in
inaccessible regions, such as the North or South Pole,
desert, or jungle, the additional costs of transporting
materials and of servicing the systems increase tremen-
dously.

These thermoelectric devices convert heat from the
decay of the radioisotope to electricity through the use
of thermocouples or thermoelements. Modern thermo-
electric generators employ. semiconductor materials
made into n- and p-type legs. The legs are cylinders
bonded to hot and cold “shoes.” The heat from the
isotope source (°°Sr) flows into the hot shoe and
moves up through each element to the cold shoe and
into the cold reservoir. The difference in potential
across the p and n elements is proportional to the
difference in temperature between the hot and cold
reservoirs, The maximum hot temperature and the
efficiency of the generators depend on the material
used for the thermoelements. The generators now in
operation use lead telluride elements in an inert-gas
atmosphere and operate at temperatures up to ~530°C.
The p and n elements are made from lead telluride
having small differences in composition.! A 5% effi-
ciency in converting heat to electrical energy is the
highest achieved in the generators built in the SNAP-7
(Systems for Nuclear Auxiliary Power) program. The
expected maximum efficiency for terrestrial application
is 10% if GeSi and PbTe thermoelements in a cascade
arrangement operate at 750°C with 130°C cold junc-
tions.’

In August 1961 the first °®Sr-powered automatic
weather station was placed on Axel-Heiberg Island in
Canada, 700 miles from the North Pole. The unmanned



Table 1.1. Status of 20Sr-powered thermoelectric generators (1970)1-2-4,6.7,8

o Power, W Date
Name kCi . Buyer Use Place Contractors Comments
Thermal Electric installed
Sentry 17.5 110 5 1961 Weather Weather station Axel-Heiberg Hanford, ORNL, Operated 3 yr;
(Weather Bureau) Bureau Island Martin no 29Sr failure
SNAP 7A 41 250 10 1962 U.S. Coast Buoy light Curtis Bay, Md. Hanford, ORNL, Gradual power
Guard Martin loss greater
than design
predicted;
disassembled
April 1969
SNAP 7B 220 1400 60 1964 U.S. Coast Lighthouse Baltimore, Md. Hanford, Replaced 7F in
* Guard Martin 1965; still
- operating
SNAP 7C 41 250 10 1962 U.S. Navy Weather station Antarctic Hanford, ORNL, Dismantled
Mainland Martin Nov. 1967
SNAP 7D 225 1400 60 1964 U.S. Navy Barge weather Gulf of Hanford, ORNL Still operating
station Mexico Martin
SNAP 7E 30 180 7.5 1964 U.S. Navy Sonic beacon Undersea Hanford, ORNL, Failure of
near Fla. "Martin pinger 1968
SNAP 7F 225 1400 60 1965 Phillips Buoy warning Gulf of Hanford, Shield failed;
Petroleum and control Mexico Martin sea water ruined
and AEC station thermoelements
URIPS (P1-1002) 7 45 1 1966 U.S. Navy Deep sea Port Hueneme, Hanford, ORNL, Still operating at
(P1-1001A) . 1967 Calif. AGN stated power
NUMEC (2) 30 200 7 1966 Israel Undersea or Hanford, ORNL,
: surface NUMEC
U1-1001 7 45 1 1967 Jt. venture: Geodetic Pacific Ocean Hanford, ORNL, First license for
AGN-BMI- bench mark near Anacupa AGN deep-ocean non-
Bendix Island recovery use
NUMEC 100 MA 2.7 2.2 0.1 1967 U.S. Navy Deep sea Port Hueneme, Hanford, ORNL,
(2) milli TRACS Calif. NUMEC
NUMEC 118 440 20 1968 U.S. Navy Tidal wave Bahamas Hanford, ORNL,
TRACS-25A warning system NUMEC
RIPPLE III 4.6 0.7 1967 U.S. Navy Undersea test Port Hueneme, Hanford, ORNL,
(loan) Calif. UKAERE
RIPPLE IV 15 100 2 Submarine cable Hanford, ORNL,
repeater UKAEA, and
Submarine
Cables Ltd.
RIPPLE IX 30 200 4 Aircraft ground Hanford, ORNL,
radio beacon UKAEA, and
Submarine

Cables Ltd.



Table 1.1 (continued)

Power, W Date
Name kCi . Buyer Use Place Contractors Comments
Thermal  Electric installed
MW-3000A 20 2.5 1967 U.S. Navy Deep sea Hanford, ORNL,
Martin
SNAP 21 40 200 10 1969 U.S. Navy Undersea Offshore Hanford, ORNL,
(5 made) San Clemente 3M
Is., Calif.
LCG 25A 110 740 25 1966 U.S. Navy Oceanographic Fairway Rock, Hanford, ORNL,
instruments Alaska Martin
LCG 25B 110 740 25 1967 U.S. Navy Port Hueneme, '
Calif.
- SNAP 23A 200 1200 60 1969* U.S. Navy Terrestrial Hanford, ORNL,
Westinghouse
Sentinel 25E 106 700 25 Mar. 1969+ U.S. Navy Oceanographic Hanford, ORNL,
(11,12,13) each data stations Isotopes, Inc.
Sentinal 25D 106 700 25 June 1969* U.S. Navy Terrestrial and Hanford, ORNL,
(8,9,10) each to 1000 ft Isotopes, Inc.
undersea buoys
LCG 25C1 110 740 25 1968 NASA Interrogation, Puerto Rico Hanford, ORNL, Failure in auxil-
recording, and coast sub- Martin iary equipment;
location system surface buoy reinstalled
P1-1003 8 53 1.2 1970 U.S. Navy Deep ocean Port Hueneme, Hanford, ORNL, Quatified for 35-
-1004 Calif. AGN thousand-ft
-1005 ocean depth
-1006

*Estimated date in late 1968.



station, designed to collect and relay data on tempera-
ture, wind velocity, and barometric pressure, was part
of a joint project of the United States and Canadian
weather bureaus. It operated successfully until August
1964 (Ref. 2).

The six generators of the SNAP-7 series (Table 1.1)
were designed after demonstration of the Weather
Bureau station and were similar to it and to each other
in most respects. The sources for these generators were
fabricated' by ORNL and Martin from ~1 MCi of °°Sr
that had been separated at Hanford in 1961.

The promising experience with the SNAP-7 series led
to an expansion in AEC’s plans for ®°Sr devices ranging
in power from 0.1 to 10 kW(e). The technology
developed in the earlier programs made it possible to
design a more flexible generator system. The isotopic
power program is now organized to provide power
systems at a number of discrete power levels for
applications of a more general nature than heretofore.
For example, the SNAP-21 [10- to 20-W(e) systems]
generator program may be used for various deep sea
applications, navigational aids, seismological stations,
oceanographic research, or hydrophone amplifiers.
SNAP-23 [25- to 100-W(e)] is planned for surface
applications, such as offshore navigational aids,
unmanned seismological stations, microwave repeater
stations, aircraft landing systems, and remote com-
munications systems.?*¢

The United Kingdom Atomic Energy Authority
(UKAEA) is designing and building thermoelectric
generators using <100-W °°SrTiO; for applications
similar to those of the USAEC generators. Four to six,
devices have been completed in the RIPPLE (Radio-
Isotope Powered Prolonged Life Equipment) program
and several more are in various stages of design or
construction (Table 1.1). Isotopes,* Aerojet-General,
and NUMEC are now marketing commercial generators
using ?%Sr heat sources, and the USAEC is supplying
the sources for them as well as for the RIPPLE
generators. Fuel forms are being fabricated at ORNL
from about 8 MCi of °°Sr that was separated by
Hanford between 1961 and 1965 (Appendix A).
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2. SEPARATION PROCESSES

Strontium-90 is one of five longlived products
formed in relatively high yield in reactors from the
fission of uranium and recovered separately. The other
abundant fission products having half-lives greater than
6 months are °?Tc, '37Cs, '*%Ce, and '*"Pm. An
attractive goal, envisioned for many years, has been an
integrated separations process that would separate each
fission product in turn and resuit in a reduced amount
of radioactive waste. The goal remains incompletely
realized, but most of these fission products now can be
purified in megacurie quantity.

At ORNL a small radioisotopes development group
began separating fission products from reactor waste
with an ion-exchange system! in 1948-50. Radiation
degradation of the resins and high volume of wastes
caused this method to be replaced with precipitation
processes. At that time, ! 37 Cs purification received the
primary empbhasis because its long half-life and energetic
gamma emission make it competitive with ®°Co. The
process involving coprecipitation of cesium with ammo-
nium alum was developed in the early 1950°s and is one
of the methods currently used for the production of
137 CS. .

The first flowsheets tested in 1957 for separation of
multiple fission products consisted entirely of precipita-
tion processes®*® (See also Appendixes C, D, and E).
The mainstream processes separated the fission prod-
ucts into four groups by a series of precipitation
reactions at controlled pH and by the alum co-crystalli-
zation process for cesium: Fe, '°®Ru, and *°Tc; °°Sr;
rare earths; and !'37Cs. Concentrated fractions were
further purified by precipitations or crystallizations and
by the chromatographic separation of the trivalent rare
earths on ion-exchange columns after the major con-
tributors of radiation energy, '**Ce and °' Y, had been
removed.* The completion of the Fission Products
Development Laboratory (FPDL) in 1958 permitted
the flexible processing of highly radioactive material.

At Hanford, fission-product separations work began
in 1953. The processes being developed at that time
were pho.sphotungstate5 and ferrocyanide® precipita-
tions for '37Cs, and subsequently the PbSO,-carrier
precipitation for ?°Sr and rare earths.” :

The introduction of production-scale solvent extrac-
tion for plutonium and uranium recovery from reactor
wastes suggested the application of similar techniques
to fission product recovery. lon-exchange and solvent-
extraction methods were worked out in the late 1950’s
and early 1960’s®:%-10-Appendix E ,¢ EPPL Solvent

extraction is used at Hanford now to recover in rough
cuts the long-lived heat-producing fission products
90gr, '%4Ce, and '*7Pm. Cesium-137 is stored as
alkaline supernatant of Purex 1WW (or other waste). In
'37Cs recovery the alkaline supernatant is absorbed on
an inorganic ion-exchange medium at Hanford and
shipped to ORNL for further purification with ammo-
nium alum coprecipitation.

At the inception of the ®°Sr power program in 1958,
Martin Co., Nuclear Division, was given responsibility
for the selection of the strontium compound and
encapsulation material to be used for thermoelement
testing, and for generator design and construction.!!
ORNL worked on recovery of °°Sr, preparation of .
strontium compound (SrTiO; ), pellet formation, encap-
sulation, and leak testing.

The first large-scale purification of ®°Sr, about 7 kCi,
was carried out in the FPDL at ORNL in the summer of
1960. Production of °°Sr was then transferred to
Hanford, where there was developed a head-end precipi-
tation process followed by an ion-exchange proc-
ess! 223 for the purification of 75 kCi of °°Sr in the
period August 1960 to February 1961. From 1961 to
1964, over 8 MCi of °°Sr was processed *’'5:1¢ at
Hanford by a solvent-extraction method very similar to
one worked out on a laboratory scale by the ORNL
Chemical Technology Division. The solvent extraction
was preceded by the head-end PbSO,-carrier precipita-
tion step. For the first 150 kCi of solvent-extracted
29Sr, the ion-exchange process completed the purifica-
tion.

The purification of °°Sr for the SNAP-7 program
may be summarized in the following way:

Date Process Amount Site
1960 Precipitation 7 kCi ORNL
1961 PbSOQy4 carrier precipitation and 75 kCi  Hanford

- ion exchange
1961 PbSO4 carrier precipitation, 150 kCi Hanford
solvent extraction, and ion
exchange
1961 to  PbSQy, carrier precipitation and 8 MCi Hanford
1964 solvent extraction

This chapter begins with a description .of the require-
ments for ?°Sr purity in thermoelectric generators, and
then the ®°Sr recovery and purification methods are
discussed under headings of precipitation, ion exchange,
and solvent-extraction processes.



PURITY REQUIREMENTS' 5

Because of design requirements for thermoelectric
generators, stringent demands are made on the ?°Sr
recovery process. Gamma emitters have to be removed
to a level insignificant in comparison with the asso-
ciated bremsstrahlung radiation in order to take advan-
tage of the lower biological shielding requirements of
208r-29Y beta emitters. Thus, the specifications for the
purified product require that each gram of °®Sr contain
less than 0.0015 Ci of gamma emitters with energies
greater than 2 MeV, less than 0.015 Ci in the 1- to
2-MeV range, and less than 0.15 Ci in the 0.2- to 1-MeV
range. This specification corresponds to separation
factors of the order of 10* to 10° from '%%Ce,
2Zr-?SNb, '°°Ru, and most other gamma-emiitting
fission products.

A high degree of purification from inert contaminants
is also required so that the specific heat-generating rate
of ?°SrTi0; will equal or exceed the design criterion of
the generators (0.5 W/cm?) in 1961, >0.85 W/¢m?®
since 1967. The contaminants have to be less than 25
wt % of the total cation weight, and the ?°Sr content
has to be greater than 36% of the total cation weight.

The waste solutions resulting from the recovery of
uranium from spent reactor fuel elements, which
constituted the starting material for the recovery of
fission products, were highly acidic and contained large
quantities of inorganic ions such as sulfate, nitrate,
iron(III), sodium, aluminum, and chromium (see Table
2.1 for the composition of Purex 1WW waste). Decon-
tamination factors* of up to 2000 for iron, 700 for
lead, 400 for aluminum and chromium, and 10 for
calcium and barium were required at the time of the
SNAP-7 program.

Strontium-90 is produced as a fission product during
reactor operation along with °Sr, which has a half-life
of 50.5 days, and other strontium isotopes (including
the stable isotopes 26Sr and ®2Sr). Yttrium-90, the
decay daughter in secular equilibtrium with °°Sr, emits
a very high energy beta particle. The intense high-
energy beta activities of ®®Sr and °°Y, as well as the
softer beta activity of °°Sr, result in high-energy
bremsstrahlung radiation for which heavy shielding is
required. Unless the strontium has aged sufficiently, the
50.5-day 8°Sr also contributes a substantial fraction of
the heat of the isotopic mixture,

The radioisotopic properties of fission-product stron-
tium are given in Table 2.2 (Ref. 17). A year of aging is
necessary for a heat source with only a minor contribu-

go*Ratio of initial to final weight of contaminant per gram of
St.

Table 2.1. Typical composition of Purex 1 WW waste

Concentration, moles/liter

~ Component
1961-65 October 1969+

H* 4 6
S0,% 1.0 0.6
NO5 45 7.7
Na* 0.6 0.7
Fe* 0.5 0.35
AP 0.1 0.3
crt 0.01 0.035
NiZ 0.01 0.02
U0,?% 0.005 0.01
sr? 0.002 0.0015
cs* 0.003 0.002
Sm> 0.006 0.006
ce* 0.003 0.0025
Ru 0.003 0.002
Cca? 0.005 0.002
Zr 0.008
Si0, 0.1
PO,Y 0.015
Be? 0.05
cu? 0.06
La* 0.0015
Li* 0.001
Mg ©0.04
Mn 0.0065
Mo 0.0035
Ba? 0.0025
Na* 0.0025
Solids 10% 10%

*Private communication, D. E. Larson, Atlantic Richfield
Hanford Co., Richland, Washington.

Table 2.2. Radioisotopic properties of fission-product

strontium
. Beta energy, Gamma energy,
Isotope Half-life max MeV MeV
898r 50.5d 1.463 0.91 (0.009%)
908y 28.5y 0.546 None
o0y 64.0 hr 2.28 None

tion from 3°Sr; otherwise, the source will show a high
initial decrease in heat output, characteristic of the
short-lived 3°Sr. One curie of 8°Sr will contribute over
50% of the heat and 50% of the radiation produced by
1 Ci of ?°Sr in equilibrium with *°Y. Removal of ®° Sr
stabilizes the generator temperatures to match the
narrow operating range of PbTe thermocouples.



Strontium, ingested or inhaled, concentrates in the
bones of animals. Although less hazardous to man [i.e.,
characterized by a larger maximum permissible concen-
tration (MPC)] than the alpha emitters, it is more
dangerous than most other fission products.' ®

PRECIPITATION PROCESSES
ORNL Precipitation Process?>3-Appendix C,D

This process was developed to use wastes from several
reactor sites — ORNL, Hanford, and the National
Reactor Testing Station — as feeds. The starting Purex
waste is concentrated to half its initial volume; zirco-
nium and niobium are removed by centrifugation;
ruthenium, technetium, and iron are removed by
centrifugation after the pH is adjusted to 2.5 with the
controlled addition of ammonia gas; the rare earths are
removed in the same manner at a pH of 8; and the
strontium, calcium, and barium are precipitated with
Na, CO5. The alkaline earth carbonates are dissolved in
HNO;, and barium is removed as BaCrQ, at a pH 6.
The mole ratio of calcium to strontium in the remaining
solution is 10:1. A separation of these two cations with
fuming HNO; gives less than satisfactory recovery of
the strontium. However, in purifying the first 7 kCi of
208y, the fuming HNO; precipitation was used when a
mechanical failure occurred in the solvent extraction
process'? for separation of calcium from strontium.

Hanford PbSO, -Carrier Precipitation Process

This precipitation process was developed and used at
Hanford to recover megacurie amounts of crude °°Sr
for final purification.”>!3-APPendix F ynitially  the
process feed was concentrated Purex 1 WW waste (Table
2.1), which contained essentially all the fission products
and relatively large amounts of containment metals and
sulfate in ~4 M HNO;. Feed preparation with Purex
acid waste (PAW*) includes a centrifugation step to
remove solids (primarily silica and sulfates) which carry
appreciable quantities of fission products.

A typical flowsheet of this recovery process, which
has had several variations, is shown in Fig, 2.1. Cerium
and other rare earths are precipitated as the sodium—
rare-earth double sulfates, along with the strontium, by
adjusting the sulfate concentration to ~1 M and the pH

*PAW is similar to Purex 1WW but contains only about 1.0 M
HNOj3. :
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Fig. 2.1. Strontium and rare-earth recovery from Purex waste
by PbSO,-carrier px’ecipitation.7

of the solution to 1 to 2. Lead nitrate is added to carry
strontium sulfate, and an iron complexing agent (such
as tartrate or hydroxyacetic acid) is added to avoid
precipitation of ferric sulfate. The precipitated sulfates
are metathesized with a mixture of NaOH and Na, CO,
to remove lead (by conversion to soluble plumbite) and
to convert the strontium, along with cerium and the
other rare earths, to acid-soluble carbonates. These
carbonates are dissolved in nitric acid and, after interim
storage, cerium and the other rare earths are separated
from strontium by precipitating them as the oxalates,
leaving the strontium in solution. Strontium can be
concentrated by evaporation or by precipitating stron-
tium carbonate and dissolving it in nitric acid. The
composition of -a typical product solution is shown in
Table 2.3. The crude solution is then ready for
jon-exchange or solvent-extraction proceéssing.

Subsequently the process was adapted for use in the
Hanford Waste Management Program'®>?? to separate
strontium and rare earths from both acid Purex—sugar-
treated waste and stored alkaline Purex and Redox
wastes.2! No rare earth separation is achieved in this
adaptation. Rare earths are separated instead by solver.t
extraction.




ION EXCHANGE PROCESSES
ORNL Ion-Exchange Process

An ion-exchange process was explored at ORNL with
synthetic Purex 1WW. Strontium and rare earths are
adsorbed on Dowex S50W-X8 resin; the complexing
agent for other cations is citrate ion. Adsorbed stron-
tium and rare earths are separated by elution with
ammonium o-hydroxyisobutyrate. A preliminary pre-
cipitation step with Fe,(804); to remove some of the
rare earths and other impurities permits a higher loading
of the resin, but with the higher loading, resin destruc-
tion increases by a factor of 10 to an unreasonable
amount,??:%3

Hanford Ion-Exchange Process

An ion-exchange process developed at Hanford,'?
similar in principle to those worked out for rare earth
separations by F. H. Spedding and associates,”***% was
used successfully in seven production runs to purify 75
kCi of °°Sr (Appendix G). Feed for the process was
crude strontium (Table 2.3) from the PbSO,-carrier
precipitation process.

Strontium is purified chromatographically in a series
of six columns containing Dowex 50W-X12 cation-
exchange resin. Feed solution, to which is added the
complexing agent (N-hydroxyethyl)ethylenediaminetri-
acetic acid (HEDTA) and which is adjusted to pH 4
with ammonia, passes through the first three columns,
which serve as sorption columns. These columns are
washed with 0.1 M HEDTA at pH 4 and the strontium
is eluted with ethylenediaminetetraacetic acid (EDTA),
adjusted to pH 8-9, through columns 4 and 5. The
elution proceeds in the order calcium, strontium, and
barium. The strontium band moves onto column 6,
which contains a “barrier” ion (copper, yttrium, or

Table 2.3. Composition of strontium “CRUDE” product
solution from PbSQ, carrier precipitation

Concentration

Component m/1 -

g/liter curies/liter
St 0.0036 0.32 25.6
Ca 0.0025 0.1
Ba 0.00036 0.05
Fe 0.143 8.0
Pb 10.027 56
Na 0.425 10.0
9575-95Nb : 70
144¢e 750
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neodymium), after all the calcium has been discarded
from column 5. The barrier ion increases the efficiency
of separation and sharpens the strontium band. The
position of the strontium band is followed by observing
the radiation glow. When the strontium is essentially all
on column 6, this column is isolated and washed.
Strontium is then eluted at an average concentration of
~40 gfliter with 5 M NH4NO,. At the time of the
production runs, 11 days of continuous operation were
required to complete a run. (New resin was used for
each of the seven runs; however, the resin discarded
after each run was not excessively radioactive and did
not appear to have suffered appreciable radiation
degradation.) The final run of the series yielded 16.5
kCi of °°Sr (83% recovery) contaminated with <1 Ci
each of °5Zr—?5Nb, and ' ** Ce.

The method was adapted to serve for the final
purification of °°Sr product derived from a solvent-
extraction recovery process. The solvent-extraction
product solution, containing 0.03 M strontium and 1 M
citrate at pH 2.3, is sorbed on the column, eluted with
3 M NaNOj, and separated from the solution by
carbonate precipitation. In later production runs, this
ion-exchange process was replaced by a two-cycle
solvent-extraction process and then by one-cycle sol-
vent-extraction process.' 5:2¢

SOLVENT-EXTRACTION PROCESSES

ORNL Three-Cycle Solvent-Extraction Process

The recovery and purification of strontium and rare
earths from waste solutions by solvent extraction with
organic solutions of di(2-ethylhexyl)phosphoric acid
(HDEHP) were proposed and developed at ORNL.283°
A large number of extraction and stripping process
variations are possible with this reagent; however, in the
interest of time, emphasis was placed on a three-cycle
process for treating Purex-type wastes as a demonstra-
tion of reagent utility. A key principle of this process
(and similar processes developed later) is the use of an
aqueous complexing agent such as tartrate or citrate to
complex and hold in solution metals such as iron, which
would ordinarily precipitate during adjustment of the
feed pH. A stable feed is prepared by complexing Purex
IWW waste solution (Table 2.1) with ~2 moles of
tartrate per mole of iron and adjusting the pH to ~5
with caustic, while diluting by a factor of 3. Strontium
and mixed rare earths are coextracted in the first cycle
with a solvent composed of 0.2 M HDEHP-0.1 M
sodium di(2-ethylhexyl)phosphate (NaDEHP)—0.15 M
tributyl phosphate (TBP) in a hydrocarbon diluent.



They are stripped with 2 M HNO;. Rare earths are
separated from strontium in the second cycle by
adjustment of the first-cycle raffinate to a pH of ~2.0.
At this pH the mixed rare earths are extracted
selectively. The strontium in the raffinate may then be
concentrated and further decontaminated in a third
extraction cycle at a pH of ~5; this cycle is essentially
the same as the Hanford solvent-extraction process. The
process was demonstrated successfully in miniature
mixer-settler equipment in a hot cell with high-level
Purex 1WW used as feed. About 98% of the strontjum
was recovered with overall decontamination factors of
~3 X 10* from cesium, ~10% from ruthenium, ~10°
from zirconium-niobium, >1.5 X 10® from rare earths,
and >2 X 10* from iron.2”

Continued development has led to improvements or
additions to the original flowsheet; e.g., appropriate
adjustment of conditions in the second cycle now
permits separation of strontium and calcium.>! The
process can be applied to treatment of Purex wastes
other than 1WW, such as sugar-treated waste (STW) and
formaldehyde-treated waste (FTW), and can be mod-
ified to treat highly concentrated aluminum (e.g.;
Redox) and stainless steel wastes (e.g., Darex).>?

Simplified ORNL Solvent-Extraction Process

A simplified tentative process has been outlined®> for
recovering strontium and mixed rare earths from Purex
STW with NaDEHP; however, it has been tested only
with synthetic cold feeds. The strontium and rare-earth
products recovered by this process are less pure than
those recovered by the earlier ORNL process described
above, but the method requires less equipment and does
not use large amounts of aqueous-phase complexing
agents. In the first cycle, the rare earths, most of the
iron, the ®5Zr—°°Nb, and most of the aluminum are
extracted from unadjusted Purex STW in a single stage
by NaDEHP in TBP with a hydrocarbon diluent as the
solvent. The amount of NaDEHP fed to the system is
regulated to provide a final extraction pH of 2 to 2.5.
The rare earths are stripped selectively from the solvent
with dilute nitric acid, and the solvent is prepared for
recycle by a single-stage contact with dilute caustic at
40 to 50°C. In the second cycle a small amount of
diethylenetriaminepentasodium acetate (NagDTPA) is

added to the aqueous phase to complex nickel and .

chromium. Strontium is then extracted with NaDEHP
in two or three stages at pH 4 to 5 and stripped with
dilute nitric acid.
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Hanford Solvent-Extraction Process

To a large extent this process was based on modifica-
tions and further development of the solvent-extraction
technology developed at ORNL using HDEHP for
recovery and purification of strontium and rare earths
from Purex waste (see above). Many process variations
and flowsheets have been devised at Hanford for
different process objectives and for handling different
waste compositions, but only the one used for produc-
tion is described here.

The first Hanford solvent-extraction process for fis-
sion product separations!3:14s15.Appendix H g
developed specifically for use in the Hot Semiworks
Pilot Plant to purify °°Sr for SNAP-7 program require-
ments. Feed is prepared from crude strontium product
solution, recovered by the PbSQ,-carrier precipitation
process (see above and Table 2.3), by addition of
acetate for buffering, sodium hydroxide for adjusting
acidity, a small amount of Na, SO, for Ba removal, and
diethylenetriaminepentaacetic acid (DTPA) for com-
plexing the extraneous metals. This complexant sup-
presses extraction of iron, lead, and certain fission
products such as zirconium—niobium and ruthenium. In
the process flowsheet (Fig. 2.2), strontium, calcium,
residual mixed rare earths, and some sodium are
coextracted with 0.4 M HDEHP and 0.2 M TBP in
hydrocarbon diluent.* A large portion of the extracted
sodium is scrubbed from the solvent at pH 3.4 to 4.7
with  sodium citrate—DTPA—sodium sulfate solution.
Strontium is stripped selectively in a second contactor
with 1 M citric acid at pH 1.5-2.1 to separate it from
calcium and rare earths. The product is concentrated:
and the citrate is destroyed by oxidation with a boiling
HNO; —H,0, solution. The product may be further
purified by either an ion-exchange cycle or a second
solvent-extraction cycle (Appendix H).

Imprdved Hanford Solvent-Extraction Process

Hanford has devised processes for direct treatment of
low-acid Purex wastes by solvent extraction to recover
strontium and rare earths.** This approach, which will
not require the preliminary PbSQ, -carrier precipitation,
was planned (1967) to be used in the new Waste
Management Facility; a typical flowsheet®” is shown in
Fig. 2.3. The aqueous feed is complexed with citric acid
and adjusted with NaOH to a pH of 4.5-5. Strontium

- * Amsco, S_hell spray base, or normal paraffin hydrocarbon
(NPH).
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and rare earths are coextracted at 40-50°C with HDEHP
(partially in the sodium salt form) and TBP in a
hydrocarbon diluent, and the solvent is scrubbed with
hydroxyacetic — hydroxyethylethylenediamine tri-
sodium acetate solution to decrease the sodium con-
centration. Strontium is stripped selectively from the
extract with 0.03 M HNO;, the rare earths with 2.5 M
HNO;, and the waste metals with 1.8 M NaOH-0.075
M Na tartrate solution at ~50°C. The NaDEHP is then
partially converted to the hydrogen form before it is
recycled to the extractor,

Another process®® for direct treatment of low-acid
wastes was considered for use in the Waste Management
Program. In this process, HDEHP combined with the
substituted  phenol, 4-sec-butyl-2(a-methylbenzyl)-
phenol (BAMBP), is used to coextract cesium along
with strontium and rare earths at pH 4. The process was
dropped from consideration despite its promising as-
pects because BAMBP is highly susceptible to degrada-
tion by nitrous acid under the conditions outlined in
the proposed flowsheet.

The Hanford Waste Management Program (1965-
1970) uses a solvent-extraction process with HDEHP to

concentrate and purify °°Sr from Purex wastes for
storage.>® A typical product solution for storage is
shown in Table 2.4.

Table 2.4. Crude strontium composition

Concentration

Constituent

Molarity g/
H* 2.85 2.8
sr? 0.096 8.4
Na* 0.51 11.7
ca® 0.158 6.3
Mg? 0.183 45
Ba? 0.0016 0.22
Mn? 0.201 11.0
Ni% 0.0024 0.14
AP 0.041 1.1
o™ 0.0055 0.29
Fe* 0.011 0.61
Pb* 0.010 2.1
1440 pp (232 Ci/p
90g, 2 (705 Ci/D)




14AS
HCOOH 0.5M
AW NaOH  0.05"
e pH 2.4
H 05M Flow = 0.2
Ne 03
Fe o N
C 002
Ni 0.0t
Al 005 -
Ca  0.0009
Se 100%
Cs 100%
TRE®  100% 1A
SO, 0.5 —
. clele
Flow - 0.75
Cinic Acid
NoOH
Flow - 0.25 1AX
0.14M  D2EHPA
0.06M  No DZEHP
o2mM  Tep.
SOLTROL 170
Flow = 1.0
I3M HNOJ 1
Flow - 0.011 1AW
Na 1.2M
Fe, Cr,
Ni, AI,} <99.9%
Cs
s, Co 1%
TRE 5-10%
) pH 4.0
*Trivalent Rare Earths Flow = 1.2
Including Y

1AP-1BF
No £0.002M
Ca ~99%
Sr ~99%
TRE 90-95%
Flow [KY)

—]

ORNL DWG 67-100

Icx 108
HNO,; 1M 2.5M NaOH
Flow 0.1 Flow 0.}

1BW-ICF

Ca ~80%
TRE  90-95%
Sr $1%

Flow = 1.0

:14
H 0.01m
No ~0.01M
S ~99%
Ca <20%
TRE <0.1%
pH 2
Flow = 0.2

ic

[

Solvent

Wash

50C

ice 10w
Co  ~B0% No  0.5M
TRE 0015 Y ~85%
Flow = 0.2 Co 2%
Flow = 0.1

Fig. 2.3. Recovery of strontium and rare earths from Purex PAW, [Shows the composition of waste expected at Hanford if the
ferrous sulfamate reduction method for partitioning plutonium is replaced by reduction with U(IV); the waste is relatively low in

iron and sulfate concentration.] 34

ST



10.

11.

12.

REFERENCES

. P. O. Schallert, Production Separations of Fission-
Product Groups for the Radioisotope Program,
USAEC Report ORNL-1144, Oak Ridge National
Laboratory, 1952.

. A. F. Rupp, Large-Scale Production of Radio-
isotopes, in Proc. Intern. Conf. Peaceful Uses At.
Energy, Geneva, 1955, Vol. 14, pp. 68-84, United
Nations, New York, 1956.

. E. Lamb, H. E. Seagren, and E. E. Beauchamp,
Fission Product Pilot Plant and Other Develop-
ments in the Radioisotope Program at the Oak
Ridge National Laboratory, in Proc. U. N. Intern,
Conf. Peaceful Uses At. Energy, 2nd Geneva, 1958,
Vol, 20, pp. 38-44, United Nations, Geneva, 1958,

. T. A. Butler and E. E. Ketchen, Solvent Extraction
Separation of Cerium and Yttrium from Other
Rare Earth Fission Products, Ind. Eng. Chem., 53:
651-4 (1961).

. H. H. Van Tuyl and R. L. Moore, Recovery of
Fission Product Cesium from Acidic Wastes, Ind.
Eng. Chem.,51: 741-4 (1959).

. S. J. Beard and W. C. Schmidt, Purex Plant Test of

the Cesium Phosphotungstate Process, USAEC
Report HW-81092, General Electric Co., Hanford
Atomic Products Operation, 1964,

. L. A Bray and H. H. Van Tuyl, Laboratory
Development of a Carrier-Precipitation Process for
the Recovery of Strontium from Purex Wastes,
USAEC Report HW-69534, General Electric Co.,
Hanford Atomic Products Operation, 1961.

. T. A. Butler, E. Lamb, and A. F. Rupp, New

Processing Techniques for Radioisotopes at Oak
Ridge National Laboratory, in Radioisotopes Phys.
Sci. Ind., Conf. Proc., Copenhagen, 1960, Vol. II,
pp. 407-18, 1960, International Atomic Energy
Agency, Vienna, 1962 (STI/PUB/20).

. B. L. Perez and R. E. McHenry, Solvent Extraction

Separation of Neodymium and Promethium using
Di(2-ethylhexyl)orthophosphoric Acid as Extract-
ant, USAEC Report ORNL-TM-184, Oak Ridge
National Laboratory, 1962.

R. E. McHenry and J. C. Posey, Separation of
Strontium-90 from Calcium by Solvent Extraction,
Ind. Eng. Chem., 53: 647-50 (1961).

J. J. Keenan, Strontium 90 Power Project, Final
Summary Report, USAEC Report MND-SR-1676,
Martin Co., Nuclear Division, 1960.

L. A. Bray, T. F. Lust, R. L. Moore, F. P. Roberts,
F. M. Smith, H. H. Van Tuyl, and E. J. Wheel-
wright, Recovery and Purification of Multikilocurie
Quantities of Fission-Product Strontium by Cation

16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Exchange, Chem. Eng. Progr., Symp. Ser. 60(47):
9-19 (1964).

R. E. Burns, R. L. Moore, A. M. Platt, and W. H.
Swift, Recovery and Purification of Megacurie
Quantities of Strontium-90, Chem. Eng. Prog.,
Symp. Ser., 60(47): 1-8 (1964).

W. Schulz, J. E. Mendel, and G. L. Richardson,
Solvent Extraction Recovery and Purification of
Strontium-90, USAEC Report HW-SA-2396, Gen-
eral Electric Co., Hanford Atomic Products Opera-
tion, 1961; also Ind. Eng. Chem., Process Design
Develop., 2: 13440 (1963).

Hanford Atomic Products Operation, Hot Semi-
works Strontium-90 Recovery Program, USAEC
Report HW-72666, General Electric Co., Hanford
Atomic Products Operation, 1963.

R. E. Tomlinson, B. F. Judson, and L. L. Zahn,
Large-Scale Fission Product Recovery, Proc. U. N.
Intern. Conf. Peaceful Uses At. Energy, 3rd
Geneva, Vol. 10, pp. 544-50, United Nations, New
York, 1965.

S. J. Rimshaw and E. E. Ketchen, Strontium-90
Data Sheets, USAEC Report ORNL-4358, Oak
Ridge National Laboratory, 1969.

E. D. Arnold, Handbook of Shielding Require-
ments and Radiation Characteristics of Isotopic
Power Sources for Terrestial, Maine, and Space
Applications, USAEC Report ORNL-3576, Oak
Ridge National Laboratory, p. 54, 1964,

S. J. Beard, R. J. Kofoed, J. J. Shefcik, and P. W.
Smith, Waste Management Program-Chemical Proc-
essing Department, USAEC Report HW-81481,
General Electric Co., Hanford Atomic Products
Operation, 1964,

S. J. Beard and P. W. Smith, Status of Fission
Product Recovery at Hanford, USAEC Report
RL-SA-40, General Electric Co., Hanford Atomic
Products Operation, 1965.

G. L. Richardson, Recovery of Strontium from
Purex Waste by Lead Sulfate Carrier Precipitation

_— Pilot Plant Studies, USAEC Report BNWL-4,

Battelle-Northwest, 1965.

W. C. Yee and W. Davis, Jr., Proposed Head-End
Treatments of Purex-1WW Waste for Fission Prod-
uct Recovery by Ion Exchange, USAEC Report
ORNL-3585, Oak Ridge National Laboratory,
1964,

R. E. Blanco, Quarterly Progress Report for Chemi-
cal Development Section B, July—September,
1963, USAEC Report ORNL-TM-403, Oak Ridge
National Laboratory, 1963.



24

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

. F. H. Spedding, J. E. Powell, and E. J. Wheel-
wright, The Use of Copper as the Retaining Ion in
the Elution of Rare FEarths with Ammonium
Ethylenediaminetetracetate Solutions, J. Amer.
Chem. Soc.,76: 2557-60 (1954),

J. E. Powell and F. H. Spedding, The Separation of
Rare Earths by lon Exchange, AIME, Trans. Met.
Soc.,215: 457-63 (1959).

L. A. Bray, Incorporation of Ion-Exchange in the
Hot Semiworks Solvent Extraction Strontium
Facility, USAEC Report HW-68786, General Elec-
tric Co., Hanford Atomic Products Operation,
1961,

D. E. Horner, Review of Process Technology for
Recovery and Purification of Fission Product
Strontium-90 (in preparation) and D. E. Larson,
Private communication, Atlantic Richfield Han-
ford, Richland, Washington, 1970,

R. P. Wischow and D. E. Horner, Recovery of
Strontium and Rare Earths from Purex Wastes by
Solvent Extraction, USAEC Report ORNL-3204,
Oak Ridge National Laboratory, 1962,

D. E. Horner, K. B. Brown, D. J. Crouse, and B.
Weaver, Recovery of Fission Products from Waste
Solutions by Solvent Extraction, USAEC Report
ORNL-3518, Oak Ridge National Laboratory,
1963; also Nucl. Sci. Eng., 17(2): 234-46 (1963).

D. E. Horner and R. P. Wischow, Process for
Recovery of Strontium Values from Fission Prod-
ucts Waste Solutions, U.S. Patent 3,122,414, Feb.
25, 1964 (Filed Oct. 19, 1960).

Chemical Technology Division Annual Progress
Report for Period Ending May 31, 1964, USAEC
Report ORNL-3627, Oak Ridge National Labora-
tory, 1964, pp. 211-3.

Chemical Technology Division Annual Progress
Report for Period Ending May 31, 1965, USAEC
Report ORNL-3830, Oak Ridge National Labora-
tory, 1965, pp. 210-3.

Chemical Technology Division Annual Progress
Report for Period Ending May 31, 1966, USAEC
Report ORNL-3945, Oak Ridge National Labora-
tory, 1966, pp. 197-8.

G. L. Richardson, Solvent Extraction of Strontium,
Ceriurh, and Rare Earths with D2EHPA. Part 2.
Pilot Plant Studies, USAEC Report HW-79762, Pt.
2, General Electric Co., Hanford Atomic Products

" Operation, 1964.

17

35. Pacific Northwest Laboratory Division of Isotopes
Development Programs Quarterly Report: Feb—
April 1970, USAEC Report BNWL-1308-2, Battelle-
Memorial Institute, Pacific Northwest Laboratory,
Richland, Washington 99352,

36. G. L. Richardson, The CSREX Process for Co-
Extraction of Cesium, Strontium, and Rare Earths:
Pilot Plant Studies, USAEC Report HW-81091,
General Electric Co., Hanford Atomic Products
Operation, 1964,

BIBLIOGRAPHY

L. A. Bray, Purification of Strontium-90 from Magne-
sium, USAEC Report BNWL-46, Battelle-North-
west, 1965,

L. A. Bray, Report of Invention — Solvent Extraction
Process for Recovery of Strontium, Cerium, Rare
Earths, and Cesium from Radioactive Waste Solu-
tions, USAEC Report HW-75537, General Electric
Co., Hanford Atomic Products Operation, 1962.

L. A. Bray, Zirconium Removal from Strontium-90,
U.S. Patent 3,301,789, Jan. 31, 1967 (Filed Mar. 4,
1966).

L. A. Bray, Process of Recovery Strontium, Cesium,
Cerium, and Rare Earth Values from Radioactive
Solutions, U.S. Patent 3,302,993, Feb. 7, 1967
(Filed Mar. 11, 1963).

J. S. Buckingham, Strontium Recovery Process, U.S.
Patent 3,333,919, Aug. 1, 1967 (Filed Feb. 9,
1965).

G. Jansen, Jr., G. L. Richardson, A. M, Platt,and L. A.
Bray, Strontium Recovery Process, U.S. Patent
3,154,500, Oct 27, 1964 (Filed June 13, 1962).

R. L. Moore, Progress in Fission Product Recovery at
Hanford, A Summary of Hanford Laboratories’
Achievements in This Program Under General
Electric 1954-1964, USAEC Report HW-83609,
General Electric Co., Hanford Atomic Products
Operation, 1964,

R. L. Moore, Fission Product Recovery Research at
Battelle-Northwest, USAEC Report BNWL-SA-504,
Battelle-Northwest, 1965,

J. R. LaRiviere, L. R. Michels, H. C. Riches, C. A.
Rohrmann, C. W. Smith, and W. H. Swift, The
Hanford Isotopes Production Plant Engineering
Study, USAEC Report HW-77770, General Electric
Co., Hanford Atomic Products Operation, 1963;
also Isotop. Radiat. Technol., 2(2). 99-123 (1964).

+d






3. TRANSPORTATION AND BUILDING FACILITIES

The purified °®Sr from Hanford is shipped to other
sites for conversion to a chemical form suitable for use
as heat sources. The shipping procedure and the
facilities to handle the °°Sr at the Fission Products
Development Laboratory (FPDL) at ORNL are de-
scribed in this section.

SHIPMENT OF RADIOACTIVE MATERIAL
Development of Shipping Container

Standards of transport safety for radioactive materials
have evolved over a twenty-year period. The first
transcontinental shipment' of the purified °°Sr from
Hanford to Oak Ridge, Tennessee, constituted the
largest-sc¢ale shipment of radioactive isotopes up to that
time (1961). This undertaking, having no clear prece-
dent, required the establishment of a number of
“ground” rules somewhat analogous to nuclear reactor
hazards standards but further complicated by the
uncertainties concomitant with transportation by rail.
(Other means of transport, such as motor truck, water,
and air, were excluded for various reasons.) Consider-
able engineering and development effort was devoted to
ensuring safety in container filling, transport, and
unloading. The maximum conceivable incidents in
transcontinental rail shipment were first evaluated.
These hypothetical incidents were developed in cooper-
ation with the Bureau of Explosives of the American
Railroad Association and the USAEC Divisions of
Materials Licensing and Operational Safety. The maxi-
mum incidents judged credible at that time were:

1. Impact of the strontium container system equivalent
to a free fall of 30 ft onto an unyielding surface.

2. Direct adiabatic burial (that is, engulfment in a
landslide) for a period up to 48 hr.

3. Direct oil flame impingement for up to 2 hr as might
conceivably occur in a railroad fire.

Combinations of these credible incidents were also
considered, such as impact followed by fire or impact
followed by burial, and other potentialities such as
impalement by structural members. Engineering data
from the railroad and missile fields were employed in
design. These design and development efforts have been
documented by Smith and McLenegan,?:*+*
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HAPO-IA and HAPO-II Casks

Two types of shipping casks, described in Table 3.1,
were devised.! Cask HAPO-IA was used for shipping the
ion-exchange-purified °°Sr product and involved the
use of granular synthetic sodium aluminosilicate,
Decalso .(Permutit Co.), as the ion-exchange medium.
The use of Decalso had been developed at ORNL for
shipping of aqueous '37Cs in their Shielded Transfer
Tank (STT).® Approximately 30 kCi were loaded on 11
gal of the medium contained in an annular bed in a lead
shielded cask. The strontium was eluted at ORNL with
NH,;NO; solution from the exchange medium.

HAPO-II incorporated major improvements in the
cask for the shipment of ®°Sr. The weight was reduced
to one half that of HAPO-IA by transporting the
strontium as a solid, SrCO;, instead of as aliquid
absorbed on an ion-exchange medium. Strontium car-
bonate is collected in the form of an annular filter cake,
which is geometrically restricted to % in. thickness, so
as not to exceed the temperature limitation. This
HAPO-II cask has been used for shipment both: to
ORNL and to the Martin Co., Quehanna, Pennsylvania,
sites. The filter (Fig. 3.1) is constructed of type 321
stainless steel and fits inside the cask. The SrCO,;
precipitate is collected by a fine-mesh composite
stainless steel wire-cloth filter in an annular space %-in.
thick, 9-% in. in diameter, and about 18 in. high as the
slurry is transferred through the cask during loading.
The precipitate is then thermally stabilized by heating
to about 260°C and purging with helium. At the
receiving site the fission products are removed from the
container by dissolution.

Figure 3.2 shows the assembled filter cask. The cask is
an externally finned, hollow cylinder with lead shield-
ing between a 1-in.-thick outer shell and a ' -in.-thick
inner shell. The assembled cask is about 3-%, ft in
diameter, 4-', ‘ft high, and weighs ~9 tons. The
low-melting alloy, Wood’s metal, is used to transfer the
heat from the filter container to the cask inner wall.
Two banks of expansion relief tubes are provided
within the cask well to protect the cooling coils and the
filter container from possible deformation caused by
the expansion of Wood’s metal following solidification.
Shipment of solvent-extraction-purified strontium in
this cask was in ~120 kCi lots.
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Liquid radioactive waste from process vessels and cell
drains is collected in tanks at the FPDL tank-farm cells,
where it is sampled for radiochemical analysis before
transfer to the ORNL liquid-waste system. The process
cooling water system is a closed recirculation loop, and
the process heat is removed by refrigeration equipment.
The process steam condensate is condensed, monitored,
and collected in a surge tank for disposal to the
hot-waste system or the process-waste system. The
operating area floor and sink drains are drained by
gravity to the process-waste system.

The FPDL has gas-handling systems for radioactive
off-gas, cell-ventilation air, and building-ventilation air.
The radioactive off-gas system handles the gases and
vapors from each process vessel and maintains the
vessels at a negative pressure with respect to the cells.
The individual lines are manifolded to form a single
header which discharges through a scrubber system
consisting of two packed-column-type scrubbers oper-
ated in series, The usual scrubber sequence consists of
using chilled 0.67 M H;PO, solution followed by
chilled 4 M NaOH. Other combinations of scrubber
solutions can be used if necessary to control the gases
produced by certain reactions. The scrubber solutions
are recirculated through the scrubbers and are changed
routinely; the used scrubber solutions are discharged to
hot-waste system. The gases pass from the second
scrubber through a heater, a stainless steel roughing
filter, and an absolute filter; they are monitored as they
are discharged to the ORNL gaseous-waste system. This
system has a maximum capacity of 1000 cfm and
operates normally at 400 cfm.

The cell-ventilation system maintains the cells at a
negative pressure with respect to the building. Indi-
vidual ducts from each cell are manifolded and com-
bined at the underground filter pit. The gas passes
through stainless steel roughing filters and absolute
filters and is monitored as it is discharged into the
ORNL gaseous-waste system. The capacity of this
system is 12 thousand cfm and the normal throughput
is 6 thousand c¢fm.

The building-ventilation system provides air for per-
sonnel and air for the cell-ventilation system. Air is
pulled into the building through roughing filters and
absolute filters. The quantity of air is regulated to equal
the air being removed by the cell-ventilation system. If
the building air becomes contaminated, a supple-
mentary inlet connecting the building to the cell-
ventilation system opens automatically and rapidly
exhausts the building air to the ORNL gaseous-waste
system.

25

The FPDL equipment for controlling the release of
radioactive materials to the environment is designed for
an absolute minimum discharge under normal operating
conditions. In the event of an uncontrolled release of
either gaseous or liquid activity, the activity will be
contained within the building.

Strontium-90 Processing Facilities and Equipment

All ?°8r processing at ORNL is done in the contained
shielded cells at the FPDL. Operations‘such as feed-cask
unloading, bulk-solution storage and sampling, and
mixing of feed solutions are done in remotely operated
stainless steel equipment. Conversion of the ®°Sr to
98rTiO; or ®°SrO and powder handling operations are
carried out in manipulator cells. Source encapsulation,
testing, and loading for shipment are done either in
FPDL manipulator cells or in similar cells in other
Isotopes Development Center facilities.

Three process cells are used for °°Sr feed handling
and storage. One cell is provided with equipment for
the unloading and testing of ®°Sr shipping casks. This
equipment consists of flexible lines adapted for semi-
remote connection to the cask, a cask-cooling and
-heating system, instrumentation for measuring cask
temperature and pressure, and a closed-circuit television
system for observation during unloading operations. All
process line connections to a cask are made by means of
15-ft-long tools operated through small ports in the top
of the cell. The cell is sealed before unloading opera-
tions begin and is not opened until the cask is emptied
and rinsed.

The °®Sr solution storage system consists of six
250-gal stainless steel tanks, located in two adjacent
cells. These vessels are equipped with cooling systems
and standard remote instrumentation. In each three-
tank cell, one tank has an agitator, sampling lines, and a
system for controlled evaporation. The six tanks are
interconnected for flexibility of transfers among them,
and an overflow system prevents the overfilling of any
tank. All solution transfers within the process equip-
ment are done by steam-jet vacuum or gravity flow.

Two manipulator cells at the FPDL are routinely used
for fuel preparation and pelletization. One of them
contains a 150-liter stainless steel precipitator and its
associated equipment plus a furnace for calcination and
sintering. The other cell is equipped for pelletizaton,
and contains a hot press, a small hydraulic press, and
the required powder-handling equipment such as blend-
ers, balances, and die-loading equipment.

All major fixed equipment in the cells, except for the
furnaces, is of welded stainless steel construction. The



cells are lined with stainless steel for ease of decontami-
nation and are equipped with standard cell services
such as controlled ventilation, electrical power, water,
and instrumentation. Master-slave Model-8 manipulators
with side cants, motion locks, and, in some cases, power
grips are used. The cells are isolated from the other
FPDL manipulator cells by a system of airlocks. This
system provides for control of cell ventilation as well as
for minimizing cross-contamination of the °°Sr by
different radioisotopes being handled in other cells.
Encapsulation of °®SrTiOs; sources can be done in
other manipulator cells at the FPDL; more commonly,
however, the fuel is transferred to similar cells operated

by the Isotopes Division. In both cases the encapsula- -

tion equipment is identical and consists of source
loading tools, welder, testing equipment of various
types, and decontamination equipment.

Since the cells at the FPDL are directly maintained,
every effort is made to make the equipment reliable,
simple, and adaptable to maintenance by manipulators.
The airlocks in the cell system limit the size of items
that may be inserted to a maximum of about 1 ft in any
dimension. Installation of large equipment in a cell may
require a complete decontamination for personnel
entry. Contamination in certain cells is kept low enough
to permit entries for the installation of equipment for
final source assembly since contamination of the
finished sources and shipping containers must be kept
very low.
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4. PREPARATION OF STRONTIUM TITANATE

Purified °° Sr is converted to SrTiOs * in the next step

of making a ?°Sr heat source. The preparation of

v S1Ti03, a brief account of develbpment work on other

processes, and the analytical methods associated with
the process are discussed in-this chapter.

The process developed at the ORNL Fission Products
Development Laboratory (FPDL) has been used to
prepare most of the heat sources now in -service
throughout the world, including those of the SNAP-7
Program, as shown in Table 1.1. A schematic outline of
the process steps for converting purified SrCO; to
encapsulated SrTiO4 is shown in Fig. 4.1.

SNAP 7-B and -F heat sources were prepared by
Martin Co., Nuclear Division in their Quehanna Pilot
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Fig. 4.1. Schematic outline of process steps for converting
purified SrCO3 to encapsulated SrTiO3 or SrO.

Plant by procedures very similar to those worked out at
ORNL.'"*

The phase diagram of the SrO—TiO, system shows
the existence of two compounds, Sr,TiO; and
SrTi0;.* The less water-soluble of the two, SrTiOs, has
been used in nearly all of the applications (Table 1.1).
Current best values of the physical properties of
strontium compounds are compiled in Chapter 8.

Work on a-satisfactory method for the preparation of
SrTiO; at ORNL began in the fall of 1958. Wet ball
milling or dry powder mixing, which were being
developed by Martin Co., were rejected at the outset by
ORNL as unsuitable for hot-cell operation. Processes
using organic materials did not appear promising
because of probable radiolysis. Several methods were
explored in the effort to make a SrTiO; product with
reproducible chemical composition and physical prop-
erties. The best method was one of the first attempted.
A slurry of TiO, in a solution of NH,OH and
(NH,4),CO5 is mixed with Sr(NO;3), solution to form a
mixture of SrCO; and TiO, solids. (The solids are
filtered off and calcined to form SrTiO5.) This method
has been used to prepare all of the SrTiO; powder
produced at FPDL. The use of Na,CO; instead of
(NH,),CO; was the only variation in the production
method of Martin Co., Nuclear Division. -

PRESENT PROCEDURES FOR
COMPOUND PREPARATION

Feed Material

The first step in preparing the feed material is the

- unloading of the HAPO-II casks by drawing water

through the cask under steam-jet vacuum and slurrying
the °°SrCO, into a collection tank. After most of the
908rCO; is removed from the cask, the cask is rinsed
with 2 M nitric acid; the acid is added to the collection
tank to convert the °SrCO; slurry to °°Sr(NO;),
solution, The amount of acid used is calculated so as to
yield a final solution ~1 M in HNOj for storage. The
cask is dried, sealed, leak-tested, decontaminated and
then shipped back to Hanford.

The ®°Sr(NO; ), solution is sampled and stored at the
FPDL in stainless steel water-cooled tanks, which can
hold 6 MCi of °°Sr(NO3), feed solution. The radio-
chemical purity of this material is >99.9% (exclusive of

*Except for sources made of SrO.










pellet-forming characteristics of powders that were
prepared from the same feed solution, even when one
powder batch was the result of a blending operation
and the other was a single batch that did not require
blending. Hot-pressed pellets may be made with TiO,-
to-SrO ratios that vary from TiO, in 30% excess of
stoichiometric to pure SrO by changing the amount of
TiO; in the shurry. '

Strontium Oxide

The chemical processing operations for the prepara-
tion of 2°SrO are very similar to those for °SrTiO;.
The precipitation procedures simply eliminate the TiO,
addition. Calcination of the dried ®°SrCO; to °°SrO is
carried out at 1250°C for 24 hr. The °°SrO products
are converted to pellets immediately after calcination.
During the short period between calcination and pel-
letizaton (while samples are being assayed, dies are
being loaded, etc.), the bulk ®°SrO is kept at ~550°C
to minimize combination reactions with atmospheric
water and carbon dioxide. The possibility of these
adverse reactions eliminates ®®SrO as an inventory form
for storage.

Strontium Fluoride

Two satisfactory methods of preparing SrF, have
been tested at ORNL with nonradioactive strontium. In
the first, solid SrCO; is heated in a nickel crucible with
solid NH4HF,. Gaseous products are expelled leaving
pure SrF, powder. In the second method, a solution of
Sr(NO3),, HNO;, NH4F, and urea is heated at 95°C
for 8 to 10 hr. The SrF, precipitates at a pH 5-6; the
increase in pH occurs slowly by the hydrolysis of the
urea. The dried solid can be formed easily into pellets
by the cold press and sinter technique. At Hanford,
SrF, is precipitated from a neutralized Sr solution with
the addition of NaF.

OTHER METHODS OF PREPARING SrTiO;

Other ways of preparing SrTiO; were developed, but
none was as successful as the original slurry precipita-
tion method. Ammonium oxalate was substituted for
(NH,;),CO; in one development method. The oxalate
precipitation was abandoned when Sr(C,0,4) was found
to be soluble in 4 M NH,;NO;. (NH;NO; was used to
elute strontium from the Decalso ion exchanger in
HAPO-IA shipping cask.)

More effort was devoted to finding a form of soluble
titanium that would make possible the simultaneous
precipitation of strontium and titanium. Gray and
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Samos’’® Martin Co., Nuclear Division, report a
method that caused the titanium to be hydrolyzed in
the presence of Sr(OH), by adding isopropyltriethanol-
amine titanate (DuPont Tyzor TE) to the alkaline
mixture of NaOH and St(OH),. This method was not
tested with radioactive strontium.

Some “soluble” titanium preparations tested at FPDL
failed to give reproducible strontium-to-titanium ratios
when precipitated with (NH;),C,0,. These “soluble”
forms of titanium were prepared by adding concen-
trated NaOH or NH, OH and H, O, to TiO,.

Attempts to extract nickel ions from solid nickel
titanium oxalate with NH;OH and simultaneously to
substitute strontium ions from Sr(NOs), solution gave
an impure product.

R. F. Maness® reports a process in which titanium
nitrate in the presence of St(NQ3), is hydrolyzed by
boiling at a pH 0.5 and the strontium precipitated at a
pH 11 with NaOH. It was not used with *°Sr.

ANALYTICAL METHODS
Conventional Methods

Most of the methods used to analyze process solu-
tions and solid SrTiO; products are conventional now
in laboratories like the Oak Ridge facility'® which are
equipped to analyze samples producing high levels of
radiation. The methods are summarized in Table 4.3.
An analytical cell in the FPDL building is shown in Fig.
4.4,

Calorimetry

Process control depends largely on calorimeters for
the analysis of °°Sr. Calorimetric methods are depend-
able and accurate for massive, concentrated radioactive

Table 4.3. Analytical methods used in Sr processing

Quantity
to be Method References
found
StTiO3 Fusion and dissolution 11
90gy Gross g by proportional counters 12-a, 13-a, 15
89gr Yttrium removal with HDEHP,  12-b, 13-b
then Sr absorption study
Other fission Gamma spectrometry 14,16
products
Mass analysis Mass spectrometry 12-d, 12-¢
Ca, Ba, Sr Flame spectrophotometry 12-c, 17
Ti, Zr, Mg, Emission spectroscopy 13-, 18
Fe, Pb
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5. FABRICATION OF FUELS

This chapter describes the ORNL experience at the
Fission Products Development Laboratory (FPDL) in
converting powdered SrTiO; or SrO into pellets suit-
able for encapsulation. Design of the source, shield, and
generator requires reproducibile physical properties,
especially accurate dimensions, in the pellets. Ideal
physical characteristics of a source include high density,
high thermal conductivity, high melting point, high
thermal stability, and good mechanical properties.

Several methods for fabricating materials (especially
polycrystalline ceramics) into dense pellets are de-
scribed in the literature.!** In general all these methods
consist in the application of heat and/or pressure overa
period of time. The heat and pressure may be applied
simultaneously or in sequence. Forming methods can be
divided into three groups:

1. Cold-forming, which usually consists of the applica-

. tion of pressure to the material. Cold-forming
methods include slip casting; extrusion; injection
molding; die pressing; isostatic pressing; vibratory
compaction. The compacts produced by pressing
may be subsequently heated to yield higher den-
sities,

2. Hot-forming, which consists in the simultaneous
application of heat and pressure; the hot-forming
methods are hot-pressing by uniaxial pressure, bi-
axial pressure, isostatic pressure with gas or liquid
medium or with semifluid *“sand,” and hot swaging.

3. Melt-casting, which consists of the application of
heat, but with no pressure applied.

The application of pressure’ in any hot- or cold-forming
method sometimes involves a high energy-rate proce-
dure such as pneumatic impaction, explosion, or elec-
trical discharge.

All the methods of cold-forming, hot-forming, and
melt-casting were evaluated for use with strontium fuel
forms. The following methods were tested experimen-
tally: die pressing — heat treating; isostatic pressing —
heat treating; uniaxial hot pressing; biaxial hot-pressing;
melt-casting. The methods of isostatic hot-pressing and
pneumatic impaction at high temperatures were eval-
uated by visiting and consulting with other workers,
and other methods were evaluated by a literature
search, .

From this study, several general conclusions were
drawn with reference to forming of strontium fuels.
With the exception of isostatic pressing (followed by
firing) which requires expensive and complicated equip-
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ment, the cold-forming methods have two primary
advantages over the hot-pressing methods for SrTiOs:
they are simple to carry out in a hot cell and they are
inexpensive, However, the densities achieved with cold-
pressing are low, and the reproducibility and dimen-
sional control are poor. These factors are difficult to
regulate even with closely controlled and reproducible
powders. In the case of strontium fuels, the control of
particle size (a critical parameter in cold-forming
methods) is not feasible. In the case of isostatically
pressed samples, if the pressure exceeds the strength of
the particles, high unfired (green) densities can be
obtained, The small additional shrinkage on firing
allows good control of dimensions.

The hot-forming method (except isostatic hot-
pressing) has two distinct advantages over the cold-
forming or melt-casting methods: improved dimensional
accuracy of the compact formed and adaptability of the
method to a wide variety of materials. The hot-forming
method also has the advantage that two materials can
be allowed to react to produce the desired compound as
the compact is being formed (reactive hot-pressing).
Isostatic hot-pressing gives poor dimensional control
unless the powder is prepressed to densities greater than
85% of theoretical; this is not possible with the °°Sr
power fuels investigated. In addition, isostatic hot-
pressing is difficult and expensive for hot-cell operation.

Uniaxial or biaxial hot-pressing can be accomplished
readily in a hot cell with moderate equipment costs.

Melt-casting methods are more applicable to materials
that melt below 1200°C than with current strontium
fuels having high melting points (Sr, TiO,, 1860°C;
SrTiO3, 2040°C; and SrO, ~2400°C). The melt-casting
method was not considered competitive with hot-
pressing. In general the densities obtained by casting
are low due to high void volumes and to formation of
casting “pipes.” '

In this chapter, cold-forming techniques are discussed
first; this is followed by a description of hot-pressing
techniques that were developed; the chapter concludes
with a brief section on melt-casting.

COLD-PRESSING AND SINTERING

Strontium-90 titanate pellets processed before 1966
were formed by the cold-pressing and sintering method.
The procedure has been used successfully for a number
of multikilocure fuels.> Fuels fabricated since 1966
have been made by other methods.



Strontium Titanate

Pellets of °°SrTiO; are formed by pressing calcined
908:Ti0; powder in tool-steel dies and then sintering
the pellets at 1400°C to improve the density. Most
pellets are made in the form of cylinders with diam-
eter-to-height ratios of 2:1 or greater. The pellet form
of °°SrTiO; is by far the most commonly used. Pellets
with diameters as small as 0.4 cm and as large as 8.8 cm
have been prepared. Also, pellets of shapes other than
cylindrical can be formed. Rectangular blocks of
208,TiO; with dimensions of 2.5 X 2.5 X 0.5 cm have
been made successfully. Certain applications make use
of powdered, sintered °°SrTiO; or of ?°SrTiO,
blended with other materials. It is preferable from a
scheduling and economic standpoint to fabricate a large
number of identical pellets during a continuous opera-
tion since the size of the necessary equipment such as
handling tools and dies will be different for different
size pellets.

Variations in the chemical composition of the
?%SrTiO; used to form pellets have a marked effect on
the final results achieved. Of the sevéral variables that
affect the quality of the finished pellets (such as
calcination time, powder handling history, and storage
life) the chemical composition has the largest influence,
yet is the most difficult to control. Relatively small
amounts of impurities change the physical density of
the pellets, in addition to their effect in diluting the
°08rTiO;. The extent of this change relative to
concentrations of various impurities is not known, Both
the effect of impurities and the analytical procedures
necessary for their control have yet to be determined.
Although there are analytical techniques capable of
quite rigid characterization of a particular °Sr system,
these are time-consuming, elaborate, and expensive;
such techniques are not adaptable to large-scale con-
tinuous operations.

Dimensional control is not as exact in the press-and-
sinter techniques as in the hot-press method; neverthe-
less, adequate power density and required diameter
must be ensured. The problem of diameter control is
important in the case of those sources that require the
minimum practical clearance between the pellets and
the capsule wall. Since it is impossible to predict the
final pellet density accurately from the normally
available powder-composition data, empirical methods
are used to effect process control of pellet quality. As
has been pointed out, the chemical composition of the
powder has the major role in defining the final pellet
characteristics. Although the true chemical composition
may be known only approximately, different batches of
product can be shown to have essentially identical
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compositions by means of calorimetry. The precision of
the calorimeter used for ?°Sr heat output determina-
tion is better than 1%, compared with 5% for routine
908r determination by radiochemical methods. Thus, if
a series of batches of °°SrTiO; powder were all
prepared from the same original feed, they could be
blended to produce a uniform material as measured by
calorimetry. Experience has shown repeatedly that the
densities of pellets made from powders characterized in
this manner are reproducible.

When a series of pellets is to be made, the first
operation is to prepare the necessary amount of
2981 TiO; powder of a uniform composition; or, if the
supply of a particular feed is not sufficient, a limited
number of such °°SrTiO; powder increments are
prepared. A test die is fabricated with a diameter
comparable with that expected to be required to
produce finished pellets of the proper diameter. Several
test pellets are pressed from each of the prepared
powder increments. The pellets are then sintered and
measured. Based on the results of the test pellets, the
production dies are fabricated, with their diameter sized
to produce pellets of the proper dimensions.

The ®°SrTiO3; powder for each pellet may be weighed
individually, or a known amount of powder may be
placed in a vessel and powder increments dispersed
from the vessel by volume until the powder supply is
exhausted. The technique chosen will depend on the
desired reproducibility of pellets. In many cases the
total power requirement is the only significant con-
sideration, and pellet weights may vary considerably
without harm. At times, however, the proposed arrange-
ment of pellets within the capsule dictates close control
of pellet weights.

Dies and punches are lubricated with a solution of
stearic acid in acetone. A bottom punch and an
unlubricated tool-steel shim are placed in the die. The
measured *°SrTiO; powder increment is added to the
die through a funnel, and another shim is placed on the
powder. The top punch is then placed in the die, and
the assembly is centered on the movable base plate of
the hydraulic press. The exposed flat surfaces of both
punches are provided with depressions which fit cor-
responding protrusions in the base plate and extension
punches. These serve to align the assembly and provide
the necessary clearances for extrusion of the pellet.

Pellets with diameters of <1 cm are pressed in a single
stage, with the press being raised to impose the proper
pressure and then lowered to release the pressure and
allow extrusion of the pellet. For larger pellets, a
double pressing is required since it had been found that
the larger pellets formed by a single pressing procedure
cracked in the sintering process. For this procedure, the









During prolonged sintering of SrQ, a significant loss in
weight of material was noted. Further tests indicated
that 2 to 4% of the SrO is lost during a 24-hr calcining
cycle at 1450°C in air. The mechanism for volatilization
was not determined but was believed to be due to
vaporization of Sr(OH), produced by reaction of the
SrO with moist air.

HOT PRESSING

The densification of powdered materials by hot
pressing can be described as a function of time,
temperature, and pressure by assuming a plastic-flow
model.!*® Several workers?*3+7 have used this model to
explain the experimental data. Only a qualitative review
of the kinetics of hot pressing is given here,

If pressure is applied to a material at any given
temperature, the density of the material will increase as
a reciprocal log function of time and will approach a
relative value of density asymptotically, which is
usually referred to as the end-point density for that
particular pressure and temperature.

Above a critical yield-point pressure, the fraction of
the end-point density achieved at a given temperature is
proportional to the pressure applied.

1
kP=1-(1-=D)*?In ——
(1-D) "5

P = pressure

D = fraction of end-point density at one tempera-
ture

k = a constant at one temperature, a function of
the critical yield point having the dimensions
of inverse pressure at constant temperature

An increase in temperature will also increase the
end-point density. A complex function for the effect of
temperature on the end-point density has been given by
McClelland and Smith® for BeO and Al,05. They
conclude that at sufficiently high temperatures, where
the yield point of the material is small compared to the
pressure applied, the end-point density rapidly ap-
proaches the theoretical density. Experience with stron-
tium fuel compounds has indicated in all cases tested
that 4 thousand psi and 1400°C are sufficient to assure
that the yield point is small compared to the pressure
applied.

Typical curves showing the effect of time, tempera-
ture, and pressure (McClelland and Smith®) with BeO
and Al, O3 are given in Figs. 5.3 and 5.4; strontium fuel
forms showed similar behavior,
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The failure of the cold-pressing and sintering method
in forming SrO pellets was only one factor leading to
the investigation of alternative compacting methods.
However, most of the hot-pressing development work
was done with SrO; consequently, discussion of hot-
pressing of different chemical forms will begin with
SrO. : :



Strontium Oxide

The development effort on the hot-press fabrication
of strontium fuel was begun in November 1964. The
first investigation was done jointly with the Develop-
ment Division of the Y-12 Plant.

By hot-pressing SrO powder at 1375°C for 2 hr at
1800 psi, a SrO cylinder 2 in. high by 2 in. in diameter
was formed, with a density of 4.75 to 4.81 g/em® and
very high strength. (The theoretical density of SrO is
4.5 to 5.1 g/cm®). Pressure was applied to the SrO
powder and the temperature then increased over the
2-hr period to 1375°C. The hot-press graphite die was
lined with a molybdenum sleeve to prevent reaction of
the SrO with the graphite, and the pressing was carried
out in an argon atmosphere. The diameter of the
completed pellet was within 0.002 in. of the desired
2.000 in.

An additional experiment was run using SrO with
impurities that are typical of available ®°Sr products.
The composition and theoretical density of this mate-
rial are shown below; the mixture had a calculated
theoretical density of 4.57 g/fcm®. '

Composition, % Theoretical density

Element (as metals) of oxide, g/fcm3
Strontium 92.3 4.70
Calcium 3.7 2.62
Barium 3.7 5.72
Magnesium 0.3 3.65

The material was formed into a 2-in.-diam by 2-in.-high
pellet by pressing at 1800 psig at ~1100°C, using a
platinum liner in the graphite die. The platinum liner
was retained as a cladding for the pellet to reduce
contact of the SrO with the atmosphere. The density of
the pressed oxide was 4.54 g/cm”>.

Following the success of hot-pressing at Y-12, a hot
press for radioactive material in a hot cell was designed
and fabricated® for use at FPDL. Subsequent develop-
ment and production of strontium fuels were accom-
plished with this press. In addition, a small hot press for
laboratory or glove-box operation was designed and
fabricated® (Figs. 5.5 and 5.6).

Three 202-W °°SrO heat sources were prepared by
hot pressing. Four batches of ~35 kCi of *°SrCO; each
were prepared, and the dried ®°SrCO; powder was
calcined in air at 1200°C for a minimum of 24 hr. The
resulting products were assayed for °°Sr by weighing
increments of the powder and determining the heat
output. Small samples of powder were dissolved in
nitric acid and analyzed spectrographically for inert
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contaminants; these solutions were also analyzed for
radioisotope contamination. Mass analysis indicated
53.3 + 0.5% °°Sr. Analysis of strontium oxide is shown
below.,

Total cations, wt %

Component
Feed (SrC0O3) Product (SrQ)
Sr 87.6 87.3
Ca 8.8 11.0
Ba 1.7 1.0
Mg 0.9 0.2
Fe 0.0 0.2
Si 0.1 0.1
Al 0.9 0.2

The fuel pellets were prepared by pressing the SrO
(202 W) in a platinum-lined graphite die. The platinum
liner remained with the SrO pellet to protect it from
the atmosphere. The temperature of the hot press was
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increased from ambient to 1200°C. At this temperature
the pressure was raised to 3700 psi at a rate of 800
psi/min and maintained at 3700 psi for 1 hr.

The pellets were of excellent appearance with no
change in appearance or dimensions after 10 days.
Table 5.1 gives a description of the three pellets.

The SrO pellets were encapsulated in an inner liner of
Hastelloy alloy X of 0.030-in. wall thickness, The outer
capsule was 0.060-in.-thick Hastelloy alloy C. Prior to
use, the capsules were tested by ultrasonic, dye-pene-
trant, and helium leak testing. Following the welding of
both the inner and outer capsules, the welds were
leak-tested with 35Kr.

The completed sources were tested by thermal cycling
10 times from 500 to 700°C. Following the thermal
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cycling, the sources were. again leak checked -and
smeared for external activity. The results of the leak
test are shown in Table 5.2, :

Experience indicated that most of the densification
occurs at less than 800°C. Tests were made with full
pressure applied to the die punch, beginning at room
temperature and increasing to 1200°C. If the tempera-
ture is increased at a rate of 100°C/hr from 750 to
850°C, full densification is attained at 850°C. However,
if the temperature is raised to above 1200°C before
pressure is applied, the density does not exceed 4.4
g/cm® even if the temperature is increased to 1600°C.
The above experiments were done in a vacuum hot
press with a capacity for up to l-in.-diam pellets-(see
Fig. 5.7). The results of the above experiments suggest
that either a large change occurs in the surface energy
of the powder at about 850°C or a sintering aid which
exists as an impurity in the SrO powder is destroyed at
that temperature. The latter is believed to be more

Table 5.1. Composition and size of hot-pressed ?°SrO pellets

Diameter: 5.56 cm

Pellet Number
172 3
Height, cm 5.46 5.41 5.11
Weight, g
310) 527 531 525
Platinum 105 87 100
Total 632 618 © 625
Volume, cm3 )
Sr0 127 127 120
Platinum 5 . 4 5
Total 132 131 125
Density, g/cm3
S10 4.2 4.2 4.4
Pellet ’ 4.8 4.7 . 5.0
1.53 1.61

Power density, W/cm3 1.52

Table 5.2. 29SrO source leak test results

Leak rate cm3/sec

Maximum smear
count d/min

Source Outer capsule
number Inner £ £
capsule After After heat Before heat  After heat
welding cycle cycle cycle
1 <3x 1078 <1.5x1078
<6x107° <2x107% <3x107® 130 770
3 <2x107° <2%x10™ <3x1078 80 90
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Hot-Water Bubble Test

The source at room temperature is quickly immersed
in water that is just below the boiling point (~90°C). If
a stream of bubbles emanates from the source due to
the expansion of air in the source, a leak is indicated.
The sensitivity of this test is estimated to be ~107*
cm?/sec. Figure 6.9 illustrates the test.

Air-Pressure Bubble Test

This test is a variation of the hot-water bubble test.
The source is placed in a pressure vessel at ~7
atmospheres air pressure for 15 min and then is quickly
transferred to the hot water. A leak is present if a
stream of bubbles is observed.

Weight-Gain Test

In this test, the source is weighed and placed in a
water-filled pressure vessel. The water pressure is then
increased to the desired value and held for a predeter-
mined length of time, after which the source is air-dried
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Both wet and dry smear papers are used, and the wet
smears consistently pick up a higher count than the dry
smears. In all cases in which a wet smear shows a leak,
however, the corresponding dry smear also shows a
leak. The smear test does not always indicate a leaking
capsule.

Alternative Procedure — 85 Kr Leak Testing

and weighed. A gain in weight indicates that water has

entered the capsule through a leak. There are many
varations of this test, particularly in the pressure used
and the length of the test. A typical set of conditions
used is a water pressure of 300 psig-for a period of 1 hr.

The weight-gain test may be unreliable where there is
extraneous material on the source capsule that can be
dislodged by the water. The internal void volume
should be large enough so that water will enter the
capsule through a leak under the test conditions. The
weight of the water entering a leak should be at least
five times the sensitivity of the weighing equipment and
the time allotted for the test must be sufficient to reach
this weight of water at the test pressure. Clean, distilled
water should be used so that particulate matter will not
plug the leak hole. In the case of very large leak holes
and small internal void volumes, the water may be lost
in the drying step and the leak will not be found. The
water pressure should not be so high as to deform the
source capsule, For small leaks an evacuation step
immediately preceding the pressurization may remove
air from the void space and provide additional space for
water which may enter through a leak.

Smear Test

All accessible surfaces of the source are wiped with an
absorbent paper disk, 25 mm in diameter. No attempt is
made to scrub the source vigorously, but it is thor-
oughly wiped, using moderate pressure on the paper.

When none of the above methods can be used because
the sources have high thermal output or are incompat-
ible with the test liquid, an alternative leak-test proce-
dure is used. Krypton-85 is introduced into the capsule
atmosphere during or after welding; then test condi-
tions are established which will allow the ®**Kr to pass
through any leaks into a controlled atmosphere, where
the amount of ®3Kr can be determined by counting and
the leak rate can be calculated. The size, shape,
quantity of radioactive material, temperature, or fabri-
cation material of the source do not influence this ®*Kr
test procedure ‘except as they relate to handling
procedures. Leak tests can be made in environments
simulating expected operating environments or accident
conditions, and long-term shelf-life tests with periodic
leak-rate measurements can be made. The procedure is
simple and easily adaptable to remote operation. A leak
rate sensitivity of 107® ¢m?/sec is adequate for testing
most sources, and leaks of this size can be detected by
direct measurement techniques using the ®5Kr test
procedure.

The ®SKr leak-test method has been used at the
ORNL Isotopes Development Center since 1959 (Ref.
3). It was first used to check sealed radioactive gas
shipping cylinders for leaks; later it was also used
routinely to show that glass ampules containing radio-
active gases were properly sealed before they were
shipped. The 35Kr method for leak testing welded
sources has been in use since 1961 and was used to test
all the SrTiO; encapsulated sources. The method is
easily adaptable for routine testing of large numbers of
capsules.*>*

Apparatus and Equipment — A shielded gas cylinder®
is used to introduce the 35Kr into the atmosphere of
the welder chamber or pressurization chamber. The
85Kr is loaded into the transfer cylinder from a stock
cylinder of purified ®5Kr, and a valved connector is
used to attach the transfer cylinder to the chamber.

The leak-test chamber provides a sealed environment
in which to collect the 3°Kr during the test. In its
simplest form this chamber is a cylindrical vessel with a
gasketed top. Penetrations for introducing the gas,
discharging the gas to vent or vacuum, measuring the
pressure, and sampling are through the removable top.






Krypton-85 Introduction — When the closed chamber
welder is used, the source is loaded and capped before
being inserted into the welder. Provisions must be made
to ensure that the ®5Kr will be introduced into the
capsule before welding, and this is usually done by
cutting small vertical grooves in the edge of the capsule
cap. These grooves are welded closed as the weld is
made. Another method is to provide a vent nipple in
the cap and close the vent with a separate spot weld
after the major weld is made. After the capsule has been
positioned in the welder, the welder chamber is sealed.
The welding atmosphere is established by alternately
evacuating the chamber and back-filling it with welding
gas. (This may be done several times, depending on the
welding requiremerit.) While the chamber is under

vacuum on the last cycle, the radioactive gas transfer -

cylinder containing a known amount of 35Kr is
attached to the chamber, and the 2% Kr is admitted. The
chamber is then filled with welding gas at the required
pressure and the capsule is welded. No special venting
of the capsule is required when open welding is used
since the 85 Kr is introduced after the weld is made. The
capsule is frequently loaded and capped in the same
assembly used for the welding.

After a visual inspection and preliminary leak test, the
capsule is placed in the pressurization chamber. The
chamber is evacuated, a known amount of 3°Kr is
introduced into the chamber, and the chamber is
pressurized with inert gas. The system is then allowed
to stand for a specified period. The amount of ®5Kr
used, the pressure, and the pressurization time will be
determined by the required leak-test sensitivity and the
operational status. The ®SKr is removed from the
chamber either by returning it to storage or discharging
it into the radioactive gas disposal system.

Leak-Testing Procedure — Handling techniques and
test procedures vary with the capsule characteristics.
Size, shape, capsule material, radioactive material
content, and final use for the capsule must all be
considered. Many capsules have high thermal output
and require cooling during handling or during the test
period. In some cases, it is necessary to ensure that the
capsule temperature does not go below a certain value;
some tests may need to be performed at high tempera-
tures to simulate operating conditions. Evaluation of
the required time, amount of ®°Kr needed, and other
handling aspects must be made on an individual basis.

In general, the preintroduction of ®SKr is the

preferred method from a leak test standpoint. This

procedure requires less ®°Kr, is simpler, and is more
accurate, since the postintroduction method requires
calculation of capsule void volume and internal pres-
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sure. The closed-chamber welding procedure is, how-
ever, the more expensive method.

All essential equipment must must be calibrated
before the tests are started, and such items as the
volume occupied by the capsule and its chill block;, the
capsule void volume, and the capsule internal pressure
must be measured or calculated in order to define the

" proper procedure. Other operations that may be re-

quired include measurement of heat output and radia-
tion, dimensional checks, heat cycling, and pressure—
vacuum cycling. Capsules are decontaminated to a low
level before being tested, and preliminary leak tests,
such as the liquid immersion—gas bubble test,, are
usually made at this point. The capsule and the leak-test
equipment must be as clean as possible, since 8 °Kr can
be trapped on organic materials or other impurities,
thereby resulting in erroneous values. When several tests
are being made in series, the leak-test chamber is
flushed thoroughly with inert gas between tests to
remove residual ®°Kr. Capsules are usually tested
individually, but groups of capsules may be checked
qualitatively. Ideally, a capsule will be tested under
conditions approximating those expected during the use
of the source. When this cannot be done, the leak-test
results can be used to extrapolate to the expected
conditions. '

The procedure for collecting and counting the 35 Kr
consists in inserting the capsule into the leak-test
chamber, sealing the chamber, and alternately evacuat-
ing and back-filling with inert gas several times.

The chamber is filled with inert gas at a predeter-
mined pressure, and other necéssary test conditions,
such as capsule temperature, are established. The
system is allowed to stand for the required collection
period, the length of which depends on the desired limit
of detection, with longer collection periods ré_sulting in
increased sensitivity. .

The sampling cylinder is evacuated, a ®°Kr back-
ground count is made, and the cylinder is attached to
the nipple on the leak-test chamber. The valves between
the leak-test chamber and the sampling cylinder are
opened for sampling of the chamber; then the cylinder
is sealed and removed. The sampling cylinder is at-
tached to the radioactive gas counter and the ®°Kr is
counted.

A given capsule may be tested several times under
different conditions. Frequently a shelf-life test is
made, in which the capsule is retested at the end of a
certain period of time or at intervals during a specified
length of time.

Calculations — The required sensitivity for leak-rate
determination varies with the type of source being



tested. In the leak-rate range between 10™* and 1078
em?/sec., certain assumptions can be made to simplify
calculations. Since there is no migration of gas by
chemical methods, the gas-transfer mechanism can be
considered to be 100% by viscous flow. The viscosities
of gases normally used (air, H,, He, Ar, Kr) are similar,
and no diffusion phenomena are involved. Therefore,
the exiting gas can be assumed to be of the same
composition as the contained gas.

In the calculations to be described, it is assumed that
P, > Py and in the postintroduction method that P, —
P, =P, - P,, where

P, = pressure in the capsule,
P, = pressure in the test chamber,

P, = pressure in the pressurization chamber.

Although the leak rate is usually quoted in cm?®/sec
under the test conditions, rather than being related to
any standard conditions, corrections can be applied if a
closer estimate is needed of the leak rate in situations
which differ from the test conditions. Cases where such
corrections might be required include those in which
the capsule operating environment would be signifi-
cantly different from the test environment and in which
a very sensitive leak test was required or in which the
pressure conditions varied significantly from those
established for the test. A special case involves sources

Table 6.1. Nomenclature for leak rate calculations

Symbol Definition Units

Vi Free volume of welder chamber? cm3

Vo Free volume of pressurization chamber® cm3

Vg Volume of sampling cylinder cm3

v, Free volume of leak test chamber cm?

\A Free volume in capsuleb cm3

tp Pressurization time® sec

te Collection time sec

A, 85Kr added to pressurization chamber®  uCi

A, 85Kr added to welder chamber® uCi

A, 85Kr collected in test chamber uCi

Ag 85Kr collected in sampling cylinder uCi

S Activity concentration of 85Kr in uCifcm3

capsule atmosphere

C Count rate of 85Kr in sampling cylinder counts/min
Efficiency of counter counts/dis
Leak rate under test conditions cm3/sec

3 ncluding volume of gas transfer cylinder.
bRequired for postintroduction method only.
€Required for preintroduction method only.
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containing alpha emitters, since decay of the radioactive
material evolves as gas. .

Estimates of leak cross sections can be made by using
the results of the ®SKr leak test and known charac-
teristics of the source. The ®5Kr leak test is adequate
for small leaks, but for relatively large leaks the loss of
test gas during evacuations will cause erratic results.
This action can sometimes result in a negative leak test,
when actually there is a large leak. The 85Kr test is
most effectively used in conjunction with other less
sensitive tests to prevent misinterpretation of results.
Decontamination of the capsule to the low levels
required for testing indicates the absence of gross leaks.

The data required for the leak-rate calculations and
the nomenclature used in the equations to be presented
are given in Table 6.1.

The calculation of the leak rate differs between the
two techniques of ®5Kr introduction only in the
method for calculating the activity concentration of
85Kr in the capsule atmosphere. With closed-chamber
welding and preintroduction of ®°Kr, the activity
concentration of 33Kr in the capsule atmosphere is the
same as that in the welding gas. This value is given by

A
§=—— (1)
VW
When the method of open welding, postintroduction of
85Kr is used, the value of S can be expressed by

_ AptyL

S =
V.V,

(1)

For a capsule containing an atmosphere of activity
concentration S, the amount of ®5Kr passing through
the leak in time t, is given by

A, =St.L )

The leaked gas is collected in a closed system of
volume V., which is then sampled by means of a
sampling cylinder of volume V; so the amount of 35Kr
in the sampling cylinder is

AC VS

Ag=o——
SV +V

(3

For a count rate of C and a counter efficiency of e,
A, is given by

C

As=332X 10°

4

3



Combining Egs. (3) and (4) and solving for A, gives

C(Vi+Vy)

Aps———— 5
222X 10%V, ©)

By substituting for A, in Eq. (2)-and solving for L,
the leak rate can be expressed as
C(V +Vy
L=
12,22 X 10%eVt S

Substitution of the two expressions for S given in
Egs. (1) and (1a) yields

C(V,+Vy) Vg

L= (7
2.22 X 10%eV,t Ay,
for the preintroduction method and
C(V,+V) V.V
L=/(t o (7a)
222X 106Vt Aty

for the postintroduction method.

All the volumes shown above except the capsule free
volume can be determined during equipment calibra-
tion. Where required, these values are corrected to
account for the space occupied by the capsule, chill
block, etc., during the test. The capsule free volume is
calculated from the known dimensions of the capsule
and the in-cell measured volume of the radioactive
material put into the capsule. The amount of ®°Kr
added to the system and the counter efficiency factor
are also premeasured. Other data are either taken during
the test or calculated.

To illustrate the technique of selecting leak test
parameters, the following example is assumed: '

1. A capsule is to be leak tested with a sensitivity of 1
X 1077 ¢cm?/sec. ‘

2. The expected capsule free volume is S cm®.

3. The size of the capsule is such that the volumes
during test conditions would be

V,, = 10,000 cm?®

Vp = 100 cm®
V, = 500 cm®
V; =100 cm®

4, The fabrication schedule will permit a 10-hr pres-
surization time and a 5-hr collection time. .

5. The counter efficiency has been determined to be
0.01 count/dis, with a background variance of +25
counts/min.
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6. The capsule material may be welded by either open-
or closed-chamber techniques - '

Since the counter background can vary over a range
of 50 counts/min from high to low, any count rate of
<50 counts would represent an uncertain leak. There-
fore the leak test must be such that a 1077 cm?/sec
leak would give a count rate that is significantly higher
than 50 counts/min. To calculate the amount of ®%Kr
required if the preintroduction method were used, the
values of C and L are taken as 500 counts/min and 1 X
1077 cm?®/sec, respectively, and Eq. (7) is solved for
A,,, giving 2.7 X 10° uCi, or 0.27 Ci. The amount of
85Kr required if the postintroduction method were
used is calculated by solving Eq. (7a) for Ay, using the
same values for L and C. This calculation gives 2.1 X
10® uCior 2.1 Ci. 4

Similar calculations can be made to arrive at the
optimum conditions for any case. Many adjustments
can be made — shorter collection times can be balanced
by the use of larger amounts of ® 5 Kr, longer pressuriza-
tion times require less 3K, etc.

Summary — The gas-leak rates of welded capsules
containing radioactive materials can be determined with
a high degree of sensitivity using relatively simple
equipment by means of the 85Kr leak test. This test is
particularly useful when the capsule must be tested
under controlled conditions, since the precision of the
test is essentially independent of the test environment.
Radiation from the ®5Kr introduced into the capsule.is
negligible compared with that from the capsule con-
tents, and no chemical compatibility problems are
involved. The method is easily adaptable for routine
testing of large numbers of capsules. When combined
with other standard leak-test methods, the 85 Kr leak
test provides for determination of leak rates over a wide
range of sensitivities. Practical limitations on the use of
this test method are only those which would also limit
the fabrication of capsules in manipulator cells.

HEAT TRANSFER AND THERMAL CONDUCTIVITY

Source fabrication studies at ORNL include a con-
sideration of the heat transfer and temperature distribu-
tion from the center of the encapsulated source to the
surfaces from which the heat will be drawn to operate
the generators. Designers of the generator apparatus set
the limits for the minimum temperature and heat flux
to be delivered to these surfaces.®*'®

Design calculations show the need for good thermal
conductivity values. High-temperature thermal conduc-
tivity data are lacking for most of the source materials.






The temperatures of the lower end of standard S, and
the upper end of standard S3 are obtained by extrapo-
lating (using the above equation) the temperatures
measured at point 10 and 11 to the ends of the
standards S; and S, , respectively.

The thermal conductivity stack is surrounded by a
series of individually controlled guard heaters rep-
resented by letters in Fig. 6.11. Low-density ZrO,
(bubble zirconia) is used as an insulating medium
between the guard-heater wall and the thermal conduc-
tivity stack. The guard-heater wall is held within +1°C
of the adjacent stack to ensure a minimum of radial
heat loss or gain from the thermal conductivity stack.

The thermal conductivity of the radioactive fuel is
measured using the same apparatus with the same type
of sample. However, with radioactive samples, the
method is absolute rather than comparative. The heat
flow, Q, is supplied by the sample and is accurately
determined by calorimetric methods. The top heater,
which is not required, serves as a guard heater. The
standard, S,, is replaced by a temperature monitor of
low thermal conductivity. The top guard is adjusted to
give zero AT (and zero heat flow) for the two
thermocouples in the temperature monitor. The tem-
perature of the monitor is the same as the temperature
at the top of the sample. The temperature at the
bottom of the sample is measured by the bottom
monitor (which replaces the bottom standard). The
bottom monitor measures the heat flow from the
sample and indicates the correctness of the adjustment
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of the guard heaters. The sample height for several -

radioactive fuels for a AT of 50°C is given below:

Radioactive fuel Sample height, cm

. 90

Sro 1.02
9081, TiOy 1.40
9081TiO4 1.72
1707m, 04 0.51
244Cm, 05 0.35

A major source of error in the thermal-conductivity
measurements results from the variation of the con-
ductivity of the bottom interface. Radioactive samples
are rougher in surface but only one interface is used.

Large thermal-conductivity differences were found
between radioactive and inactive samples of SrTiO;.
Differences are believed to be caused by several factors:
differences in density and in amounts of impurities and
crystal-lattice defects resulting from radiation damage
of the radioactive samples. The average thermal con-

ductivity of 3 hot-pressed pellets of °°®SrTiO; is shown
by the equation

1/k =0.0268T + 19.754

where T is in degrees Kelvin and k is in W/°C-cm,
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7. EXAMINATION OF USED SOURCES

Three sources have been examined at ORNL after
high-temperature endurance tests: a source primarily
intended for use in an RCA generator test; a source
used in development work for the hot-press process;
and a SNAP-7A source disassembled after 5-'; years of
service. The results of these examinations are included
here.

RCA TEST SOURCE

In June 1963 the Astro-Electronics Division of the
Radio Corporation of America requested and was
granted the use of ~83.5 kCi of *°Sr from the USAEC
Division of Isotopes Development for testing a thermo-
electric space-power generator of 20-W electric capa-
bility. RCA directed the generator test at ORNL using
FPDL facilities. The fuel, ®°SrTiO; pellets encapsu-
lated first in a thin stainless steel capped cup, then ina
TZM (99.4% Mo; 0.5% Ti; 0.1% Zr) welded primary
capsule, and finally in a Hastelloy alloy X welded
secondary capsule, was prepared by ORNL. The RCA
test determined the generator conversion efficiency and
compatibility of the generator materials with the
encapsulated source. At the conclusion of the generator
test, an experiment was conducted to estimate the
extent of high-temperature corrosion of the outer
surfaces of the source capsule.

The corrosion test was run for 142 days at approxi-
mately 1000°C. The capsule was placed in an insulated
container with an argon purge of 120 cfm. The
insulated container was placed in a shielded cask to
protect the cell viewing window and personnel entering
the adjoining cells from excessive radiation exposure.
All the heat involved was generated by the intense
radioactivity from the five °®SrTiO; pellets.

After the source capsule was loaded into the insulated
container, the temperature rose to 600°C in 1-'4 hr.
The temperature of the source capsule leveled off at
1015 to 1025°C, and the temperature measured be-
tween the outer wall of the insulated container and the
inner wall of the cask was 55 to 60°C. Simplytrol*
indicators with Chromel—Alumel* thermocouples were
used to obtain the measurements. The accuracy of the
thermocouple and indicator was checked with a poten-
tiometer with the following results: Simplytrol, 965°C;
potentiometer, 951°C. Four days after the experiment
was started, the temperature had increased to 1035°C.
The flow of argon was increased to approximately 240
cfm; however, the temperature continued to increase to
1050°C.
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The source capsule was removed from the insulated
container after 18 days of operation at a temperature of
1015 to 1050°C, and was placed in a stainless steel
beaker with argon purge for cooling. During the RCA
experiment the source capsule was wrapped with thin
thodium foil, which became tightly attached to some
areas of the surface. Visual examination revealed that
areas of the capsule free of rhodium foil were slightly
cleaner than when the experiment began.

The capsule was replaced in the insulated container
which contained less insulation than originally in the
top area in order to maintain a temperature of
<1000°C. The temperature leveled off at ~970°C.

After 55 days of operation at elevated temperatures,
the capsule was again cooled and examined. No
significant changes were observed. Photographs were
made of the capsule with a Questar* telephoto assem-
bly. Figure 7.1 shows a cutaway of the capsule and the
Rokide-A* coating. A photograph of the assembly and
the insulation demonstrates the glow caused by the heat
of the capsule (Fig. 7.2). The capsule with rhodium
coating is shown in Fig. 7.3.

The capsule was replaced in the assembly under the
same conditions (995°C, argon flow 240 cfm) and left
for 142 days. The source capsule was not examined
internally. The outside of the capsule after 142 days at
elevated temperatures still showed no significant
changes.

SrO SOURCES

In a second compatibility experiment, a 32-kCi
(202-W) SrO source clad in platinum and contained in
an inner capsule of Hastelloy alloy X and an outer
capsule of Hastelloy alloy C was exposed to 780°C for
90 days. Visual examination of the source capsule at
the end of 90 days revealed a slight bulge in the bottom
of the capsule. The compatibility test was terminated
for destructive examination of the source. The plati-
num-clad fuel (Fig. 7.4) was easily slipped out of the
inner capsule and was intact. The groove near the
bottom of the fuel piece (Fig. 7.4) was caused by the
cutting tool penetrating too deeply through the inner
capsule wall. No effects of the high-temperature expo-
sure were evident other than a recrystallization of the
platinum metal. Some surface marks which had the

*Trademark.












the mercury was examined spectrographically, with the
results given below:

Element Amount, wt %
Silver ~6 X 1075
Cobalt <3x 1075
Chromium <6 X 1076
Copper 3.3x 1078
Iron <1x10°5
Manganese <6 X 1076
Molybdenum <2x 1075
Sodium <2x 107
Niobium ~3x 107
Nickel 7.7 X 1076
Lead 22x107
Uranium <6 x 1074
Vanadium <1%x1073
Tungsten <6 X107°

The mercury was removed from inside the biological
shield and the Hastelloy alloy C shield liner was
examined visually, There was no evidence of amalgama-
tion.
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The generator was defueled in one of the FPDL cells
on April 25, 1967, and the fuel capsules were inspected.
The insulation block was found to be broken, but no
other physical damage to the generator was noted. No
radioactive contamination was detected during the
removal of the top plate. The maximum radiation
reading at the top of the biological shield was 750
mr/hr, When the defueled generator was removed from
the cell, a smear test of the outside lip read 1200
dis/min, and all inside smears read <500 dis/min. No
998r was detected on any of the smears.

The thermoelectric module section of the SNAP-7A
generator assembly was shipped to the Naval Ships
Research and Development center at Annapolis, Mary-
land, for further examination and testing.

A core section of the biological shield was examined
microscopically. It was found that the solder (50% Pb —
50% Sn) which had been used to bond the uranium and
Hastelloy alloy C to form a heat-transfer path had only
~1-mil penetration on the side exposed to mercury and
on the side exposed to the marine atmosphere. The
solder was well bonded to the uranium, but there was
no bond to the Hastelloy alloy C.

Table 7.2. Summary of SNAP-7A pellet data

Capsule and Batch and Weight, g Diameter, cm Height, cm Pellet
position pellet — - .. - s
number number Initial Final Initial Final Initial Final condition

1-S 184 43.8 44.0 3.7 3.6 1.2 1.3 Good
I-P : 19-2 49.3 49.8 35 1.2 Broken
I-L 18-T 47.7 47.1 3.7 3.8 1.4 1.4 Good
I-H 17-1 46.9 47.4 3.8 3.8 14 1.3 Good
I-E 19-1 49.6 49.4 35 35 1.2 1.2 Good
I-B 18-3 43.3 44.2 3.8 3.5 1.3 1.2 Good
I1I-S 18-6 43.5 43.1 3.7 3.7 1.3 1.2 Good
1I-p 19-4 49.5 49.1 35 3.5 1.2 1.2 Cracked
II-L 19-T 49.7 49.6 33 3.3 1.3 1.4 Good
II-H 172 46.7 46.7 3.8 3.8 1.3 1.5 Good
I-E 19-3 49.4 49.2 3.5 3.5 1.2 1.1 Cracked
II-B 18-5 . 43.5 43.5 3.7 3.6 1.2 1.3 Good
i-S 18-8 441 434 3.7 3.6 1.3 1.2 Cracked
I1-P 19-6 49.2 49.5 3.5 34 1.2 1.2 Cracked
HI-L 18-1 47.6 46.8 3.8 3.7 1.4 1.3 Cracked
III-H 17-3 46.7 47.7 3.7 3.7 14 1.3 Chipped
II-E 19-5 49.2 49.4 3.5 3.5 1.2 1.2 Cracked
1I-B 18-7 43.8 43.8 3.7 3.6 1.3 1.2 Good
Iv-S 1810 4356 43.2 3.7 3.8 1.3 1.3 Good
IV-P 19-8 49.6 49.6 3.5 3.5 1.2 1.1 Good
IV-L 182 47.6 46.8 3.8 3.8 14 16 Good
IV-H 1744 47.0 477 3.8 3.7 1.3 1.6 Good
IV-E 19-7 49.1 49.1 3.5 3.5 1.2 1.1 Cracked
IV-B 189 43.6 43.2 3.7 3.8 1.3 1.3 Good
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Fig. 7.6. Typical SNAP-7A capsule.

The nickel-plated uranium top plug of the biological
shield was subjected to a standard AEC water-vapor
corrosion test. The test consists of exposing the plated
plug to saturated water vapor at 92.5°C for 20 hr. The
test was performed five times for a total exposure of
100 hr. There was no evidence of corrosion or
penetration of the nickel plate.

Each SNAP-7A fuel capsule contained six ®°SrTiO3
pellets and a number of Hastelloy alloy C spacers
encapsulated in a welded Hastelloy alloy C capsule. The
capsules were essentially identical in fuel content (Table
7.2) and arrangement (Fig. 7.6). All the °°SrTiO; used
in these sources was prepared during August 1961 from
the same °°Sr(NO;), feed material. Portions of three
batches of °°SrTiO; with power concentrations of
0.231, 0.233, and 0.219 W/g were used. The calculated
compositions of these fuel batches, based on the
original feed analysis and decay to August 1967, are
given in Table 7.3. All the pellets used in the SNAP-7A
sources were made by the cold-pressing and sintering
method. Two ?°SrTiO5 batches which were deficient in
titanium dioxide yielded pellets with an average power
density of 0.73 W/cm?; the 7% excess TiO, material
yielded pellets with an average power density of 0.92
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W/em?. All pellets were intact when loaded into the
capsules.

Capsule Inspection

Each of the four capsules was removed from the
generator and given a smear test; no significant contam-
ination was detected. All the capsules appeared to be in
excellent condition; all were discolored to a dull gray.
No defects in the weld areas could be detectéd by visual
inspection. The diameter of the capsules was measured
by passing them through 1.900 in. (original 1.872 in.)
ID ring gages (1 and 4 in. long). The maximum height
measured 5.21 in. (original 5.198 in.).

Leak Tests

The capsules were individually leak tested by the
hot-water air-bubble method; no leaks were detected.
Two capsules at a time were leak tested with 8% Kr. The
85Kr leak tests revealed no leaks (limit of detection, 1
X 1077 cm?/sec). The capsules had originally been
welded in helium at 30 psig.

Heat Output

The water-jacketed calorimeter was used to determine
the heat outputs of the four capsules. The calorimeter
was electrically calibrated in the 50- to 60-W range
immediately before the capsules were assayed, and a
calorimeter factor of 6.8 W/mV at 55-W output was
determined. The calculated heat contents (based on
original loading data and corrected for decay from
September 1961) are compared below with those
experimentally determined (on April 27, 1967):

Calculated heat output, W Experimental heat output, W

54.9 56.6
54.6 56.6
55.0 56.7
54.8 56.6
219.3 226.5

. Table 7.3. Calculated composition of °°SrTiO; fuel

Power

Batch Constituent, wt % . Ratio

No. g Ca Ba Zr Ti concentration, SrO:Ti0, 9°Sr:St
Wig 2

17 381 29 02 60 262 26.6 0.199 0.95 0.47

18 385 29 02 6.0 259 26.5 0.201 0.93 0.47

19 361 27 02 57 219 274 0.189 1.07 0.47






















8. PROPERTIES OF STRONTIUM FUEL FORMS

EXPLANATION OF TABLES

This compilation represents the best values available
for each property and fuel form,' Substitution of a
substance similar to the fuel form is made in some
cases. The substitute substance is indicated by a
parenthetical superscript. If no value is given, none has
been found.

COMPOSITION

Nuclidic abundance
Average MW 89.08 (Ref. 1, 2, 3,4, 5)

Average chemical composition

Cation Metal, wt % Metal, atom %
Sr - 95 96.69
Ca - 3.5 1.60
Ba 1.0 1.57
Mg 0.5 0.14

The '%*Ce constitutes 0.03% of the radioactivity at a
maximum. Cesium-137 has been found to be as high as 0.003%
of the total activity. Ruthenium-106 has not been found in the

* strontium feed.

RADIATION?-5¢

Isotope % Abundance Half-life
Beta
90g, 55.0 28.5 years
885y 43.9 Stable
86 . .

St 1.1 Stable . Max E, AvgE, Abundance, . Particles
89g; ¥ © 50.5 days NUChd? MeV MeV % WIkCi per W-sec
*Abundance depends on the cooling. 895r:99Sr will decrease 99, 0.546 ' 0.1936 100 1164 551 % 102

by a factor of ~2 for each 50 days of cooling.s Strontium-90 90y 2284  0.9365 100 5551 5.51x 10'2
fission yield is 5.8% of total fissions. . —_—
Total power 6.715

Chemical Composition of HAPO Feed Received by
FPDL

Range of composition

Cation Maximum, wt % Minimum, wt %
Sr 97 92
Ca R 2
Ba 2 0.5
Mg 2 0

One gram of 205 will produce 0.0232 g of 907 after one
year’s decay.

75

No alpha, gamma, neutron, or fission.

Bremsstrahlung

The high-energy bremsstrahlung photons from °°Sr
and °°Y in matrices of SrO and SrTiO; are given in the
following tabulations. Sources of °°S8r-2°Y activities
require slightly more shielding than sources of '37Cs-
137Ba activities because of the high energy of some of
the bremsstrahlung radiation from °°Y which emits a
2.27-MeV beta particle. Dose rates as a function of
shielding are given in Figs. 8.1 to 8.8.
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Production of bremsstrahlung photons
from strontium-90 beta in strontium oxide

matrix (Ref. §)

84

]

Production of bremsstrahlung photons from yttrium-90
beta in strontium oxide matrix (Ref. 5)

Maximum beta-particle energy
Average beta-particle energy

0.545 MeV
0.201 MeV

Maximum beta-particle energy
Average beta-particle energy

2.27 MeV
0.944 MeV

Bremsstrahlung

Within AE energy group

energy group, MeV  photons per beta particle Photons/W-sec

Bremsstrahlung

Within AE energy group

energy group, MeV  photons per beta particle Photons/W-sec

0.020 = 0.01
0.040 + 0.01
0.060 + 0.01
0.080 = 0.01
0.100 + 0.01
0.120 0.01
0.140 + 0.01.
0.160 + 0.01
0.180 0.01
0.200z 0.01
0.220 0.01
0.240 = 0.01
0.260 = 0.01
0.280 = 0.01
0.300 £ 0.01
0.320+ 0.01
0.340 + 0.01
0.360 + 0.01
0.380 = 0.01
0.400 £ 0.01
0.420+ 0.01
0.440 + 0.01
0.460 + 0.01
0.480 + 0.01

0.500 + 0.01 -

0.520 = 0.01
0.540 = 0.01

Total bremsstrahlung energy, MeV/beta particle

1.378 x 1072
5.523%x 1072
2.998 x 1073
1.841x 1073
1.208 x 1073
8.239 x 107*
5759 x 107*
4.086 x 107*
2.923x 107%
2.099 x 107*
1.505 x 1074
1.074x 107
7.604 x 1075
5.315x 1075
3.654 X 1073
2458 % 107°
1.609 x 1075
1.016 x 1075
6.135x 1078
3.491x 1078
1.835x 107°
8.638 x 1077
3.456 X 1077
1.065 x 1077
2.007X 1078
1.000 X 1072
0.000

7.58 x 10'°
3.04 x 10'°
1.65 x 10'°
1.01 x 10'°
0.66 x 10'°
0.45 x 10'°
3.17 x 10°
2.25 % 10°
1.61 x 10°
1.15 x 10°
0.83 x 10°
0.59 x 10°
0.42 x 10°
292 x 10®
2.01 x 108
1.35 x 102
0.88 x 10°
0.56 x 10%
3.37 x 107
1.92 x 107
1.01 x 107
0.48 x 107
1.90 x 10°
5.86 x 10°
1.10 X 10®
5.50x 10°

1.411x 1073

0.100 + 0.05
0.200 + 0:05
0.300 = 0.05
0.400 + 0.05
0.500 + 0.05
0.600 = 0.05
0.700 + 0.05
0.800 + 0.05
0.900 + 0.05
1.000 £ 0.05
1.100 £ 0.05
1.200 £ 0.05
1.300 + 0.05
1.400 + 0.05
1.500 + 0.05
1.600 + 0.05
1.700 £ 0.05
1.800 £ 0.05
1.900 = 0.05
2.000 + 0.05
2.100 = 0.05
2.200 = 0.05

6.152x 1072
2.415% 1072
1.281 % 1072
7674 % 1072

4.894x 1073

3.234 X 1073
2.181x 1073

1.485x 1073

1.014 x 1073
6.887 x 107*
4630x% 107
3.00x 107
1973 x 107
1.231x 107
7.337x 1075
4.117x 1073
2.125% 1075
9.740 x 1076
3.728 x 107°
1.058 x 1076
1.670x 1077
4.768 x 107°

Total bremsstrahlung energy, MeV/beta particle

3.38 x 10!
1.33 x 10!
0.70 x 10'?
4.22 x 10'°
1.69 x 10'°
1.78 x 10'°
1.20 x 10'°
8.17 x 10°
5.58 x 10°
3.79 x 10°
2.55 x 10°
1.65 x 10°
1.09 x 10°
0.68 x 10°
4.04 x 10°
2.26 x 108
117 x 10®
5.36 X 107
2.05 x 107
5.82 x 108
9.19 x 105
262 % 10%
2.814x 1072
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Production of bremsstrahlung photons from stontium-90 Production of bremsstrahlung photons from yttrium-90

beta in strontium titanate Matrix (Ref. 5) ) beta in strontium titanate matrix (Ref. 5)
Maximum beta-particle energy . 0.545 MeV Maximum beta-particle energy 2.27 MeV
Average beta-particle energy 0.201 MeV Average beta-particle energy 0.944 MeV

Bremsstrahlung Within AE energy group Bremsstrahlung Within AE energy group
energy group, MeV  Photons per beta particle Photons/Wesec  energy group, MeV  Photons per beta particle Photons/W-sec
0.020 £ 0.01 1.009 x 1072 5.55 x 10'° 0.100 £ 0.05 4.537x 1072 2.50 x 10!
0.040 + 0.01 4.044 x 107° 2.22 X 10'° 0.200  0.05 1.782 X 1072 0.98 x 10!
0.060 = 0.01 2.195x 1073 1.21 x 10'° 0.300 £ 0.05 9.456 X 1073 5.20 x 10'°
0.080 £ 0.01 1.348x 1072 7.41 % 10° 0.400 * 0.05 5.665 x 1073 3.12 X 10'°
0.100 £ 0.01 8.845x 107* 4.86 x 10° 0.500 + 0.05 3.613% 1073 1.99 x 10'°
0.120  0.01 6.034x 107* 3.32x 10° 0.600 * 0.05 2,389 x 1073 1.31 x 10'°
0.140 * 0.01 4217x 107 2.32 x 10° 0.700 + 0.05 1.611x 1073 0.89 x 10'°
0.160 * 0.01 2.993 % 107* 1.65 x 10° 0.800 + 0.05 1.098 X 107° 6.04 x 10°
0.180 + 0.01 2.141 x 107* 1.18 X 10° 0.900 £ 0.05 7.493% 107 4.12% 10°
0.200 £ 0.01 1.537x 107 8.45 x 10° 1.000 £ 0.05 5.092x 107* 2.80 x 10°
0.220 £ 0.01 1.103x 107 6.07 x 10° 1.100 + 0.05 3.425 X 107 1.88 x 10°
0.240 + 0.01 7.871 % 1075 4.33 x 10® - 1.200 £ 0.05 2264 % 107* 1.25 x 10°
0.260 * 0.01 5.571x 1075 3.06 x 10% ~1.300 £ 0.05 1.460x 107 8.03 x 10%
0.280 * 0.01 3.895 X 1075 2.14 x 10° 1.400 + 0.05 9.110x 1073 5.01 x 108
0.300 = 0.01 2.678% 107° 1.47 x 10% 1.500 * 0.05 5.434 % 1075 3.00 x 10%
0.320 £ 0.01 1.801 % 1075 0.99 x 10® 1.600 + 0.05 3.050X 1075 1.68 x 10°
0.340 + 0.01 1.179x 1073 6.48 x 107 1.700 * 0.05 1.576 x 1075 8.67 x 107
0.360 = 0.01 7.448 X 1076 4.10 X 107 1.800  0.05 7.220% 107° 3.97 x 107
0.380 + 0.01 4497 x 1076 2.47 x 107 1.900 £ 0.05 2764 X 1078 1.52 x 107
0.400 * 0.01 2.559 x 1076 1.41 x 107 2.000 = 0.05 7.850 X 1077 4.32 x 10°
0.420 * 0.01 1.345x 107® 0.74 x 107 2.100 = 0.05 1.239 x 1077 6.81 x 10°
0.440 + 0.01 6.333x 1077 3.48 X 10° 2.200 £ 0.05 3.540x 1070 1.95 x 10%
0.460 = 0.01 2.534 x 1077 1.39 x 108 Total bremsstrahlung energy, MeV/beta particle 2.078 X 1072
0.480 * 0.01 7.807 X 1078 4.29 x 10°
0.500 + 0.01 1.472% 1078 " 8.10x 10%
0.520 + 0.01 7.336 x 1071° 4.03x 10°
0.540 + 0.01 0.000

Total bremsstrahlung energy, MeV/beta particle 9.924 X 107
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Biological Tolerances for *°Sr

Maximum permissible body burdens and maximum permissible concentrations for radionuclides in air and
in water for occupational exposure7

Maximum permissible concentrations, yCi/cm3

Organ of reference Max. permissible
(critical organ burden in total For 40-hr week For 168-hr week
underscored) ' body, q(uCi) Water Air Water Air
( Bone 2 4x107% 3x1071° - 10°¢ 10710
(SoD< Total body 20 1073 9% 10710 4x 1076 3x 10710
GI (LLI)* 1073 3x 1077 5x 107 1077
(nsoly { Lune sx1077 2x107°
GI(LLD* 1073 2% 1077 4x10™ 6x10°°

*Abbreviations GI and LLI refer to the gastrointestinal tract and lower large intestine, respectively.

SPECIFIC POWER

Assume

148.9 Ci/W(thermal), 139.0 Ci/g or 0.933 W/g (100%

9°Sr)l ,2,5,8

Srmetal  S1TiOj SO SrF, S1,TiO4
100% Sr (55%)°°St
W/g 0.513 0.247 0.435 0.360 0.315
Ci/g 76.5 36.8 64.8 ° 53.7 47.0
95% St & 5% Ca, Mg, Ba
W/g 0.487 0.235 0.411 0.336 0.294

Cifg 727 34.1 61.2 50.0 43.8




87

PHYSICAL AND CHEMICAL PROPERTIES

From Trouton’s Rule

Sr metal SrTiO3 SrO S1F, S1,TiO4
Density g/cm3
100% St 2.6(9)* 5.11(13)* 4.975(58)* 4.29(14)* 4,99(15)*
95% Sg 2.5 5.03 4.63 4.20 493
Liquid St, o = 2.648 — 2.62 X 107*T CK)(1225-1580°K)(53)*
Surface tension : (Mg0)
at MP dynes/cm 165(17,18)* 1200(21)* 184(22)*
o =392 — 0.085 T (°K) (1152-1602°K)(53)*
Melting Point, °C 772(10)* 2040(23)* 2457(24)* 1463(25)* 1860(27)*
Boiling Point, °C 1372(10)* 2500- 3227(24)* 2477(26)* 2500-
3000(52)* 3000(52)*
AH, kcal/mole a—p Phase change occurs(23)* a— f(23)*
Phase transition 0.2(11)* 1400 and 1640°C 1600°
at 589°C :
AH Fusion, 2.4(11)* ' 16.7(26)* 4.3(26)*
kcal/mole
AH Vaporization, 33.2(12)* 714 (10)* 711 (26)* 714 (10)*
kcal/mole :
AH Formation, 0 - —-399(28,29) ~141.0(29)* —290(29)* —545.,6(28,30)*
kcal/mole —144.2(59)*
—140.5(60)*
AG Formation, 0 —379(28,30)* -133.8(29)* -277.2(29)* —518.2(28,30)*
kcal/mole
S, 08, cal/mole-°K 12.5(19)* 26.0(31)* 13.0(29)* 20.5(26)* 38.0 £.3(37)*
Hardness (Cu)(20)* '
C 16-18 3.5(32)*
Brinell mohs
_ Crush Strength, (CaTi03)(33)*
los/in® 19,100
Bend Strength, 43(34)*
Ibs/in?
Viscosity, Centipoise
StFy Logn=0.781 +436 (T in°K) (16)*
Coefficient of thermal expansion/°C
Sr metal 2.0% 107% (25°0) (10)*
SITiO5 12.1 X 107 (0-1400°C) (56)*
Sr0 11.3 X 1079 (0-1400°C) (56)*
StF, 15.72X 107 — 0.62 x 1078T + 1.17 x 10710712 G6)*
(28 t0 284°C) T =°C :
S1,TiO4 11.7 X 1078 (average of SrO and-SrTiO3)
Specific heat cal/g-°C (T in°K)
Sr metal 0.0719 (25°0) (12)*
S1TiO3 0.154+0.96 X 1075T — 2,54 x 10° T2 37*
S10 0.117+1.22% 107°T - 1.50 x 103 T2 (11)*
SIF, 0.125 +551'x 10°°T (26)*
St,TiO4 0.134 + (1.34'X 1075T) — (1.63 X 10%. T 2) (300-1800°K) (38)*
Enthalpy Hy — Hj g in cal/mole (T in °K)
Sr metal 5.13T +1.66 X 1072 T2 — 1731 (298 to 862°K) Q)*
9.12 T — 3582 (862 to 1043°K) (1)*
Sr0 12.13T +0.063 %X 103 12 +1.55 x 103 T™! - 4192 (1)*
StF, 15.7T+3.5% 1073 T2 — 4980 (26)*
S1;TiO4 38.45T+1.92 X 107> 1% + 4.67 x 10° T™! — 13,207 (300-1800°K) (38)*
SITiO3 28.23T +0.88 X 1072 T2 + 4.66 x 10° T~ - 10,058 (38)*
*References



THERMOPHYSICAL PROPERTIES

Vapor Pressure

SrO (Ref. 40)
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.Crystallography

Sr Metal39,41

a § Y

— 4m-1 ’
Log Pyt =307 X 107T 7 +13.12 fec — 215°C — hep ~ 605°C — bec
Tin 'K a=6085A a=4328  a=485A
St Metal (Ref. 57) c=T7.06A
T°C P StTiO5 SrO SI'F2 SI2TiO4
) atm C
(Ref. 39) (Ref. 39) (Ref. 14) (Ref. 15)
227 5 X 10::2 c ) Face Tegragonal
727 8.7 X 10 f”’“a Cubic centered  Cubic body
944 0.026 om cubic centered
1041 0.066
1116 0.13 Lattice o an _ _ a=3.88A
1127 0.129 constants a=3.907A a=5.150A a=5.781A c=12.60A
1254 0.47
1315 0.66
1327 0.585
1437 1.95 Spectral Emissivity
1527 1.9
1567 2.42 Sr Metal (Ref. 51)
1706 5.32
2 4.84 ) .
1727 — Will vary from 0.25-0.80 depending on state of the
Log Py =7.35 - 7370 T~ CK) sample such as oxide coating or impurities.
SrF, (Ref. 51)
Assume 0.9
StF; (Ref. 39)
SrO(BeO) (Ref. 40)
T.°C Pitmx 10 s
T,”C Total emissivity
1822 1.12
1880 1.98 1000 0.36
1927 3.49 1400 0.40
1959 4.09 1800 0.50
Thermal Conductivity
cal/cmesec°C
° SrF; (Ref. 50) S1TiO3 (Ref. 47) SrO (Ref. 47) S1,TiO4 (Ref. 47)
¢ St (Ref. 20,49) (x 10%) (x 10%) (x10%) (x 10%)
20 0.3(C2) 12.0
100 0.385(Be)
200 114+1.5 6.6+ 0.6 8.1+0.7
300 0.290(Be) 5.5
400 99+0.3 58+0.3 7.8+04
500 0.247(Be)
600 8.8+ 0.1 53+0.1 7.5:0.2
700 0.206(Be) 3.0
800 7.8+0.1° 4.8 + 0.2 7.2+04
1000 7.1+0.2 44+ 0.3 6.9 £ 0.6
1200 6.5+0.3 4.1+04 6.7 +0.8
1400 6.0+0.3 3.8+04 6.5+09




The following equations are derived from above data
by a method of least mean squares. The data covered
the range 350 to 900°C. Useful range of equation is 200
to 1400°C.

SrO 1/k =109.51 +0.0916T, k = cal/cm-sec’C -
(T in °K)

SrTiO;  1/k =55.76 + 0.0673T

Sr,TiO4 1/k =110.26 + 0.0268T

Composition of material simulating freshly prepared
Hanford product from which thermal conductivities
were measured

wt, %
Sl’Ti03 Sr0 St2Ti04
Sr0 51.03 91.69 65.56
BaO 1.92 3.46 247
Ca0 2.42 4.34 3.10
MgO 0.28 0.51 0.37
TiO, 44.35 28.50

Thermal conductivity of various SrO-TiO, composi-
. tions.

ORNL IWG. 67-7956
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0.010F—

é
I

1000°¢
1200°¢C
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Fig. 8.9. Thermal conductivity of various SrO-TiQ, com-
positions.
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The curves in Fig. 8.9 were obtained by interpolating
the data for the stoichiometric SrQ, Sr, TiO,4, StTiO;,
and TiO, . (Ref. 47, 48)

Thermal conductivity of radioactive strontium ti-
tanate.54,55

Data were obtained on three hot-pressed pellets
having 92, 92, and 98% theoretical densities with
TiO, /alkaline-earth oxide mole ratios of 0.86, 0.95, and
1.25. The ages of the SrTiO; in the pellets were 0.5,
3.5, and 4.25 years. It was found that the age of SrTiO,4
and the variation in pellet composition and theoretical
density did not have an effect on the results within the
limit of experimental error. A single equation for the
thermal conductivity as a function of temperature was
derived from the data by the method of least mean
squares:

1/k = 82.65 +0.112T (°K)

where k is the thermal conductivity in cal/cm-sec:°C.
The data were measured over a range of 350 to 850°C
and are considered usable from 200 to 1400°C. Values
of k as a function of temperature are given below at the
95% confidence level.

Thermal conductivity Temperature,

cal/cmesec+°C X 10° °C
7.37 + 0.90 200
6.32 +0.25 400
5.54 + 0.15 600
493 £0.16 800
4.44 + 0.23 1000
4.03+0.28 1200
3,70 = 0.31 1400

Thermal Diffusivity, cm? /sec

These values were obtained by dividing the thermal
conductivity by the product of the specific heat and the
density.

°c Sr StF,  SITiOs S0 Sr,TiO4
(Ref. 20) (Ref. 50) (Ref.47) (Ref.47) (Ref.47)
20 1.64 0.0219
200 0.01S1  0.0122  0.0124
300 0.0091 :
400 0.0124 00103 00114
600 0.0107  0.0091  0.0106
725 0.0043
800 0.0093°  0.0080  0.0099
1000 0.0083  0.0072  0.0094
1200 0.0075  0.0065  0.0089
. 1400 0.0068  0.0060  0.0085
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Thermal diffusivity of radioactive strontium titanate
(94.7% of theoretical density)

Thermal diffusivity,2 Temperature,
em?/sec °C
0.01068 200
0.00869 400
0.00739 600
0.00645 800
0.00574 1000
0.00511 1200
0.00461 1400

3These values were calculated by dividing the thermal
conductivity by the product of the specific heat and the
density.

Solubility

(1) Sr metal reacts vigorously with H, O (Ref. 39).
(2) StF, 0.9 X 1073 M 18°C (Ref. 39).

(3) Sr,TiO, (Ref. 50)

m/1 x 10*
°oC H,0 Natural Synthetic 0.1 M HCI
: seawater seawater
25 1.7 : 1.7 1.8 1.7
65 1.7 .24 2.9 2.7

(4) SrO hot pressed pellets d = 4.54 g/cm® Rate of
dissolution in H, O at 4.4 cm/min 1.49 g/cm? -day
(Ref. 55) :

(5) StTiO, (Ref.lSS)

Leach rates were determined on five °°SrTiO; fuels'

having densities ranging from 62 to 92% of theoretical.
The low density samples were recovered from SNAP-7A
fuel capsules after seven years of operation. The high
density samples were prepared by hot pressing. The
samples were intact after an immersion of 76 days in
distilled water. The data were fitted to a single equation
by a method of least squares and are presented in Fig.
8.10 with the 95% confidence limits. A single equation

to represent the data is as follows:

InR=-0.5235InT — 2.5987
where
R = leach rate, mg/cm? -day

T = time, days.

COMPATIBILITY WITH
CONTAINMENT MATERIALS

Oxidation and corrosion resistance of hastelloy
alloy C (HC), inconel 600 (1),
and platinum (P) samplés

Capsules exposed to air at 1100°C

Sample Time in furnace, Weight, g
- No. months Before After Loss Loss, %

HC-8 4 46446 2.3919 2.2527 485
1-8 4 4.2403 3.8670 0.3733 8.8
P-8 4 2.1740 2.1735 0.0005 0.023
HC-9 5 4.7473 2.2394 2.5079 52.83
I-9 R 4.4367 3.8044 0.6323 14.25
P9 5 2.1435 2.1430 0.0005 0.023
HC-10 6 47237 1.1604 3.5633 754
I-10 6 4.3377 2.8739 1.3538 32.0
P-10 6 2.0898 2.0859 0.0039 0.12
HC-11 7 47537 14191 3.3346 70.15
HC-16 12 4.8058 0.6172 4.1886 87.2
I-11 7 44127 3.8271 0.5856 13.3

" 1-16 12 44103 3.2946 1.1157 253
P-11 7 2.2027 2.2020 0.0007 0.03
P-16 12 24130 2.3393 0.0737 3.05
HC-1* 3 47003 44276 0.2727 5.8
I-1* 3 4.3887 4.2291 0.1596 3.64
P-1* 3 2.0524 2.0518 0.0006 0.03
HC-2* 6 47326 2.4655 2.2671 479
HC-4* 11 4.5738 1.3691 3.2047 70.1 -
I-2* 6 4.3861 - 3.6248 0.7613 17.36
I-4%* 11 4.2683 3.5832 0.6851 16.1
P-2%* 6 2.1696 2.1686 0.0010 0.05
P-4* 11 2.0899 2.0895 0.0004 0.02

*Samples after exposure to soil (East Tennessee red clay) at
1100°C
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Compatibilities of inactive strontium compound with container materials

Container material

Source material
and exposure

Superalloys

Refractory metals

Hastelloy alloy X  Haynes alloy No. 25  Ni-o-nel N-155 Mo Nb Ta w TZM

Strontium metal (Sr)

1000°C, 1000 hr SR NR SR MR NR SR NR NR

1000°C, 5000 hr MR MR SR NR

1000°C, 10,000 hr MR MR MR NR SR SR
Strontium oxide (SrO) .

1000°C, 1000 hr SR SR SR NR NR SR SR

1850°C, 168 hr SR MR SR SR
Strontium-9% beryllium

oxide (Sr0-9% BeO) .

1000°C, 1000 hr MR MR SR NR NR NR
Strontium fluoride (S1F,)

1000°C, 1000 hr SR SR. SR SR NR SR SR
Strontium disilicide (S1Si;)

1000°C, 168 hr DR DR DR DR DR DR DR DR
Strontium titanate (SrTiO3) -

1000°C, 1000 hr SR SR SR SR NR NR NR NR

1850°C, 1000 hr ‘'NR SR SR NR MR

Legend: NR — Negligible or no reaction (compatible)
DR — Destructive reaction (incompatible)

A number of reactions were dependent on time and
temperature; for example, Haynes alloy No. 25 with
strontium metal showed no attack at 1000°C up to
1000 hr but fell into the major reaction classification
after 5000 and 10,000 hr at 1000°C. This indicates that
Haynes alloy No. 25 should probably not be considered
for use with strontium metal at temperatures >1000°C
and times >5000 hr.

SR — Slight reaction
MR - Major reaction

After exposure of 2036 hr at 925°C to inactive liquid

strontium metal, it was found that molybdenum and

stainless steel 321 showed good compatibility with
liquid strontium metal; that wrought iron and Haynes
alloy No. 25 were worthy of further study; and that
Hastelloy C, Hastelloy alloy N, Hastelloy alloy X, and
titanium had dissolved and were incompatible with
strontium metal.

Comparison of chemical analysis of compatibility test materials
before and after exposure for 1000 hr at 1100°C

Concentration, ppm

Concentration, %

Material analyzed Material contacted Carbon Oxygen Strontium Chromium Manganese
Before After Before After Before After Before After Before  After
Haynes alloy S1TiO3 960 230 10 60 <50 <200 205 204 0.8 0.5
No. 25 S1,TiO4 960 1070 10 80 <50 700 20.5 21 0.8 0.7
: SrO 960 1210 10 490 <50 <200 20 19 0.8 0.8
Hastelloy alloy C  S1TiO3 490 60 15 60 <50 <300 16.1 16.4 0.45 0.6
- Sr;TiO, 490 510 15 110 <50 700 16.1 16.1 0.45 0.7
SO 490 670 15 1500 <50 <200 16.1 16.0 045 0.5
316 stainless S1TiO; 430 230 160 190 <50 <200 177 17.7 2.1 2.5
steel SryTiOg4 430 500 160 210 <50 500 17.7 17.9 2.1 2.0
SrO 430 950 160 620 <50 100 17.4 17.0 2.1 1.8
SrTiO5 Haynes alloy
No. 25 270 600 0.004 0.4 0.0004 0.1
Hastelloy alloy C 270 150 0.004 1.3 0.0004 0.4
316 stainless
steel 270 560 0.004 4.0 0.0004 0.4
Sr; TiOy4 Haynes alloy
No. 25 50 520 0.004 0.004 0.001 0.001
Hastelloy alloy C 50 940 0.004 0.04 0.001 0.010
316 stainless
steel 50 270 0.004 0.002 0.001

0.001




Chemical reaction

References Oxygen Nitrogen Inorganic acids H,0
20 Sr Fast No at RT reacts Reacts Reacts
elevated T
43 SrTiO3 No No Slightly soluble No
46 SrO No No Soluble ~ S1(OH),
46 StF, No Insoluble Slightly soluble
43 S1,TiO4 No No Soluble Slight
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S1-90 Heat sources produced at ORNL

Weight  Densit Pellet Numb Capsule  Pressing Capsule
Source o eSIY  Thermal . Specific eel  Number Number  Lmoer Capsule dimensions technique Specific P
Date StTi0g of ower Activity activit power of capsules pellets volume diameter Ogd  power Lovor
m:)me °T  completed (orSrO) pellet P W kCi Ci/, Y density units :r unit er em®  heisht Cold pW/ densit
uyer g glem® & wiem? p capsule & Press = ress & wiem
cm sinter
Weather 5/16 763 4.5 110 17.5 229 0.650 1 1 11 354 6.34 v 0.144 0.311
Bureau 13.0
SNAP-7A 9/61 1124 3.6 255 40.5 36.0 0.817 1 4 6 243 4.75 NA 0.227 0.263
13.7
SNAP-7C 8/61 1280 3.5 250 39.8 31.1 0.686 1 4 7 243 4.75 N 0.196 0.264
. 137
SNAP-7D 5/62 6738 3.5 1411 224 333 0.735 1 13 14 390 4.75 Vv 0.210 0.254
21.9
SNAP-7E 3/62. 850 3.0 195 30.9 36.3 0.690 1 4 6 243 4.75 N 0.230 0.201
13.7
RCA test 7/64 2541 39 526 83.5 32.8 0.806 1 1 S 1710 10.5 N 0.207 0.308
19.6
NUMEC-SrO 2/66 625 4.8 202 32.0 51.2 1.55 3 1 1 130 5.56 N 0.383 1.04
5.33
AGN 12/66 283. 4.9 45 7.2 25.3 0.79 3 1 1 77 4.28 v 0.182 0.585
4.6
SNAP-23 12/68 6018 4.3 1127 165.7 275 0.80 1 1 4 2590 12.7 Vv ' 0187 0.435
20.4
RIPPLE 8/67 554 45 100 15.3 27 0.82 2 1 1 116 5.08 N 0.181 0.45
AlV, 1&2 3.2
RIPPLE 8/67 1087: 4.5 200 30 27 0.84 2 1 1 206 5.08 N 0.185 0.49
AlIX, 1&2 6.2
Mitsubishi 8/67 18C 4.2 62 9.1 50.6 1.35 1 1 1 92 4.14 N 0.344 0.675
SrO 341
Sentinel 8 11/68 1214 4.4 254 374 30.8 0.92 1 1 1 896 9.5 v 0.209 0.28
Isotopes, 12.5
Inc.
LCG 1967 9.5
Sentinel-25 3850 4.3 720 106.0 27.5 0.80 10 1 3 1850 26.0 NG 0.187 0.39
Martin Co.* 1969
SNAP-21 8.1
3M/ORNL 1966 1100 4.7 _205 30.2 274 0.88 6 1 1 435 84 NG 0.186 0.47
NUMEC 6/67 90 4.6 16.6 2.45 27.2 0.86 3 1 3 41 2.5 N 0.185 041
8.3
TRACS-25 2/68 37117 4.8 800 117.7 31.6 1.04 1 1 3 1610 8.4 Vv 0.215 0.495
NUMEC 19

*Martin Co. nuclear operations were taken over by Isotopes, Inc., while order was in progress.
TQuantities, weight, activity, power, and dimensions are averages of the units if more than one unit was made.
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APPENDIX B

CHRONOLOGY, SOURCE DEVELOPMENT

Cesium co-precipitation with alum from acidic or basic waste solutions, ORNL. Purification of kCi
quantities of ! 27Cs.

Development and laboratory scale testing of D2EHPA solvent extraction process for strontium
purification, ORNL.

Use of Decalso ion exchange medium for Cs, ORNL. Completion of Fission Products Development
Laboratory. Beginning of strontium power program.

Selection of strontium compound, solubility tests, capsule material selection, generator design and
thermoelectric element tests, Martin Co. Nuclear Division.

First 7 kCi of °°Sr purified by precipitation methods, ORNL. Solvent extraction separation of
Ca-Sr with D2EHPA, ORNL. S1TiO; preparation. Pellet formation and encapsulation, ORNL.
Development PbSO, carrier precipitation process for Sr head-end purification, pilot plant scale,
HAPO. Ion exchange purification of Sr pilot plant scale, HAPO.

75 kCi Sr purified by PbSO, precipitation and ion exchange, HAPO.

Quehanna plant operation, Martin Company Nuclear Division. Preparation of SITiO; powder,
pellet fabrication and encapsulation.

HAPO-I A cask shipment.
HAPO purification, 1 MCi °°Sr. Pilot plant scale.

Weather station installed at Axel-Heiberg near North Pole. First radioactive thermoelectric
application.

HAPO-II cask shipment of ®°Sr.
8 MCi ®°Sr purified at HAPO by PbSO, carrier precipitation and solvent extraction, D2EHPA.

Hot pressed fuel ?°SrTiO5, °°SrO. Precipitation of tetraoxalate as a finishing process for Cs
purification.
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APPENDIX C

Excerpt from: A. F. Rupp, Large Scale Production of Radioisotopes, in Proc. Intern. Conf. Peaceful
Uses At. Energy, Geneva, 1955, Vol. 14, pp. 68-84, United Nations, New York, 1956.

Long-Lived Fission Products

Cobalt-60 is an extremely good source of radiation,
having two gamma rays per disintegration (1.17 MeV
and 1.33 MeV), and it can be obtained in extremely
high specific activity (a maximum of 70 curies per gram
obtained up to this time). However, the only moder-
ately long half-life of 5.3 years and the fact that it is
not a true by-product of the nuclear reactor suggest
that it may eventually become of secondary impor-
tance, especially as a source of industrial gamma
radiation as compared with fission-product cesium-137.
Cesium-137 has -a half-life of 33 years, gamma radiation
of 0.67 MeV from its short-lived barium-137 daughter,
and is a true by-product, being a fission product which
occurs in relatively high yield (6%). Therefore, much
attention has been devoted to the separation of large
quantities of cesium-137 from reactor wastes. Other
fission products in the reactor wastes can be separated
at the same time if there is a market for these materials.
Other long-lived radioisotopes in wastes which are of
greatest interest are strontium-90, cerium-144, ruthe-
nium-106, europium-155, promethium-147, and techne-
tium-99,

In 1948, work was started on the development of
industrial-type processes for economically removing
these important fission products from reactor wastes
and fabricating the radioactive material into suitable
sources; The processes have been taken through the
laboratory and semi-works stages, during which 1000-
curie quantities of '37Cs and 100-curie quantities of
20gr, 144Ce, and !°Ru have been produced. Most
emphasis has been placed on the césium separation and
purification process, since it was deemed most valuable
of all the fission products. During the development
period, many types of processes were tried for the
separation of cesium. Since cesium has relatively few
insoluble compounds, the first methods tried were all
based upon isolating cesium by removing all the other
elements in the solution by ion exchange or precipita-
tion. However, many of the reactor wastes are contami-
nated to a very great extent with Group I elements,
such as sodium and potassium, Therefore, a more direct
means of isolating cesium was necessary. Various
precipitants were tried, such as silico-tungstic acid,
phospho-tungstic acid, ferrocyanides, and other com-
pounds of this type which have been long known and

used for analytical purposes. However, most of these
were not well-adapted to industrial type processes and
the most promising process appeared to be the one in
which advantage is taken of the co-crystallization of the
relatively insoluble cesium alum with potassium or
ammonium alum,'® By saturating the solution with the
potassium alum (or as now used, ammonium alum) at
approximately 80—90°C, and then cooling to bring
down a crop of alum crystals, it was found that the
cesium was quite selectively co-crystallized with the
batch of crystals that was brought down, more than
99% of cesium being removed from the solution.'* By
decanting off the supernatant liquor, another batch of
material containing cesium could be put into the
crystallizers and the previous crystals redissolved. More
ammonium alum was added to saturate the solution at
80°C, and a new crop of crystals grown, this time
including all the cesium that has been brought down
during - the first step plus the newly added cesium.
Successive crystallizations of this type are made, and
the crop of crystals grown after each crystallization
becomes progressively richer in cesium. This procedure
can be followed until cesium losses in the supernatant
liquor become higher than desired. In the semiworks
equipment designed for this process, a number of
crystallizers are used, some of which handle the
supernatant liquor for recrystallization and recovery of
small amounts that have been passed into the super-
natant liquor; others are used to concentrate the cesium
by dissolving the alum crystals in pure water and then
growing smaller batches of crystals to get the cesium
into progressively’ smaller volumes of liquid. If enough
cesium is accumulated, it is possible to precipitate pure
cesium—ammonium alum. Cesium-137 'in the process
comes down almost radiochemically pure (>99%) after
one crystallization. Only insignificant amounts of ceri-
um and ruthenium-106 superficially contaminate the
first-batches of crystals. However, some inactive fission
products, such as rubidium,. accompany the cesium and
must be removed by selective, controlled crystalliza-
tions near the end of the process; by these successive
crystallizations, one can enrich certain fractions in
cesium and others in rubidium. At all stages of the
process, the various fractions can be recycled to an
appropriate previous point in the crystallization cycle
and, in this way, losses can -be easily kept to a
minimum.



The crystallization process is also well adapted to
removing cesium, either before or after the other fission
products are removed from a fission product mixture.
However, in most cases it is probably desirable to
remove the other constituents, such as alkaline earths,
ruthenium, and rare earths, before the cesium is
removed.

Because of its complex chemistry, ruthenium-106 has
always been one of the most difficult of the fission
products to cope with in fission mixtures. The proce-
dure developed for separating ruthenium from fission
product waste consists of controlled homogeneous
precipitation of iron at a pH of 2.0 by the hydrolysis of
urea, or the controlled addition of very small quantities
of ammonia gas into the mixture with high-speed
agitation, producing a granular precipitate of hydrated
iron oxide which coprecipitates over 90% of the
ruthenium and technetium in the solution. This fraction
is then removed for storage and combining with other
similar fractions from succeeding batches passing
through the plant.

All second-stage processing is done by combining
portions of similar fractions going through the plant
until a large enough quantity is accumulated to process
in the later steps in the process, thereby giving a more
economical operation. )

The effluent from the ruthenium-—technetium—iron
hydroxide precipitation contains cesium, alkaline
earths, and rare earths. The next step is to remove the
rare earths as the hydroxides by precipitation from a
carbonate-free solution, thus allowing the alkaline
earths to pass into the filtrate. The rare earth precipita-
tion is made by passing airborne ammonia gas into the
solution with high-speed agitation. The rare earth group
precipitates quite completely, there being a plentiful
supply of inactive neodymium, lanthanum, and other
rare earths to carry down all of the cerium, prome-
thium, and europium that are present. It may be well to
remark at this point that with procedures of this kind,
where one is dealing with large quantities of fission
products, classical methods are usually quite satisfac-
tory, since high enough concentrations of the fission
products are present for ordinary precipitations. This is
in contrast to the early radiochemical work where only
minute concentrations of fission products were avail-
able.

After removal of the rare earth group as the hydrox-
ides,* the filtrate containing cesium and the alkaline
earths is treated with sodium carbonate to precipitate

*Or, the hydroxide and carbonate groups may be brought
down together for later separation.
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the alkaline earths, mostly inactive barium and radio-
active strontium-90. After this precipitation, there
remains only cesium in the effluent for removal by the
previously described alum crystallization process.

The constituents of the main groups are further
separated and purified in the following manner. The
iron—technetium—ruthenium precipitate is dissolved
and the technetium is selectively precipitated as the
tetraphenyl arsonium (TPA) pertechnetate.! S The ef-
fluent containing iron—ruthenium is re-precipitated as
Fe(OH); and is dissolved in concentrated sulfuric acid,
treated with potassium permanganate and the ruthe-
nium is distilled, as ruthenium tetroxide, into hydro-
chloric acid or nitric acid containing sufficient quan-
tities of hydrogen peroxide to reduce the ruthenium to
the Ru*3 state. The ruthenium chloride solution is then
used for the preparation of large sources.

Ruthenjum is one of the few fission products that can
be easily prepared in metallic form as an electroplated
metallic source. The ruthenium chloride (or nitrate)
solution is treated with red fuming nitric acid and/or
hydrochloric acid, depending upon the starting solu-
tion, to produce ruthenium nitroso-chloride. Very
satisfactory ruthenium electroplating can be done from
a bath of ruthenium nitroso-chloride, producing smooth
metallic surfaces. Sources have been made by electro-
plating ruthenium-106 having a specific activity of
approximately 40 curies/g onto copper surfaces, in
sufficient thickness to indicate that 10,000 curies could
probably be plated onto an area of one square foot.
Immediately after electroplating the radioactive ruthe-
nium, the plated source is transferred to a wash solution
of sulfurous acid and then placed in a ruthenium
nitroso-chloride bath, where a flash covering of inactive
metallic ruthenium is placed over the active ruthenium.
The plate is then rewashed and placed in a silver
cyanide electroplating bath and plated with a thin
coating of silver. The plate is finally slipped into an
envelope made of thin stainless steel and sealed by
welding. The stainless steel envelope has handling
projections for placing the source in carriers and
inserting it into radiation devices.

The technetium precipitate of phenyl arsonium per-
technetate is further purified by several re-precipita-
tions as the pertechnetate and then as the technetium
sulfide, followed by dissolution in ammonia and hydro-
gen peroxide to produce ammonium pertechnetate
solution as a final product. '

The rare earth group contains three main constit-
uents, cerium-144, promethium-147, and europium-
155. Of these constituents, cerium-144 is present in by
far the largest quantity. Since it provides most of the




103

Table C.1. Characteristics of separated fission products

137 90g, 144 oo 106p % 147p 155p, 6000t
Stable nuclides also 133¢ 88gr 140¢, 9%Ru None 153gy 59¢co
present 1350 (l 42Ce) 101py
(1°2Ry)
(*%%Ry)
Active nuclide, 12.7g S1g 0.31g 03g 1.07 g 0.87¢g 0.88¢
weight/kCi
Active + stable, 31.7g 95g ~2g ~26¢g 1.07¢g ~5g 20¢g
weight/kCi
Weight/KCi 40.0 g 11.2g ~2.5¢g 2%g 1.25¢ ~64 g 20¢g
compound (CsC) .. (St0) (Ce0,) (Metal) (Pm,03) (Euz03) (Metal)
Weight/kCi 39.8¢ ~70¢g . 268 30g ~7g . - 20g
obtained (CsCl; (Sr0) (Ce03) (Metal) (Pm5,03) (Metal)
experimentally - ) ’
Practical 15 cm® ~23 cm® 1.3 cm® 2.5 cm® ~1 cm® - 2.25 cm®
volume /kCi (CsCD) (S10) (Ce0y) (Metal) (Metal)

*After one year of decay.
TFor comparison purposes, using 50 curie/g material.

radiation in moderately old fission product mixiures, it
is important to separate it from promethium and
europium so they can be further purified in lightly
shielded equipment. Several methods are available for
removing cerium-144: namely, selective extraction from
concentrated nitric acid into tributyl phosphate solu-
tions, or a carefully controlled precipitation of ceric
phosphate in acid solution. Cerium may also be
separated from the other rare earths as a ceric iodate;
however, this process produces a relatively large quan-
tity of the very voluminous ceric iodate precipitate in
which large losses of europium-155 occur. Furthermore,
the conversion of the iodate to more usable forms of
cerium oxide or hydroxide is very difficult because of
the large quantity of iodine to be removed. However,
by close pH control, cerium can be removed with about
90% efficiency by precipitating as the ceric phosphate.
If the cerium is then reduced to the Ce*3 state, it can
be re-precipitated as the hydroxide and thus separated
from phosphate. The next step after dissolving the
cerium hydroxide is to re-precipitate cerium as the
oxalate, in which form it can be ignited to ceric oxide.
Ceric oxide can either be packed by vibration into thin
stainless steel tubes which are sealed by welding, or
combined with silica and other ceramic ingredients and
fused into thin layers on iron plates, which are then
encapsulated within thin stainless steel jackets and
sealed by welding. Experiments are still in progress to
determine the best way of fabricating cerium sources.
However, it appears that it will be necessary in any case
to fabricate the cerium in fairly thin layers to prevent
self-absorption of the radiation, since only a fraction of
the *#*Ce radiation is hard gamma radiation.

(Pm2 03)

The fractions of rare earths containing promethium
and europium are purified by taking up on a steam-
heated cation exchange column and selectively eluting
with ammonium citrate solution, as previously noted.
Radioactivity “peaks” are obtained indicating which
fractions are rich in europium and promethium; after
separation, these fractions are again fractionated on ion
exchange columns to produce products of the desired
purity. Europium may be further purified by reducing
to the Eu*? state by electrolytic reduction or passage
through a zinc metal reductor, followed by coprecipita-
tion with barium sulfate, or direct precipitation if the
quantity of Eu is large enough. By oxidation of the
europium to Eu*3, it can be separated from barium
carrier and sulfate. Further purification may be made
by reduction with sodium amalgam and re-extraction
from the amalgam as the hydroxide, finally precipitat-
ing as the oxalate.

The characteristics of the fission product preparations
are shown in Table C-1. . -
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Excerpt from: E. Lamb, H. E. Seagren, :,and E. E. Beauchamp, Fission Product Pilot Plant and other
Developments in the Radioisotope Program at the Oak Ridge National Laboratory, in Proc. Intern,
Conf. Peaceful Uses At. Energy, 2nd Geneva, 1958, Vol. 20, pp. 38-43, United Nations, Geneva, 1958.

Since the first radioisotope shipment from the Oak
Ridge National Laboratory in 1946, research and

development in its radioisotope program has been .

directed toward increased production efficiency and the
production of a greater number of radioisotope prod-
ucts. The number of radioisotope products offered for
sale has grown from two, 1*C and *3'1, to over 100 at
present, The annual sales and shipments have grown
steadily.

The processes used to separate and purify radio-
isotopes encompass such diverse methods as ion-ex-
change chromatography, extraction, chelation, distilla-

tion, cryogenics, electrochemistry, adsorption and gas-

phase chromatography. Chemical process development
is directed at first to the selection of standard chemical
reactions applicable without modification to the small-
scale production of a radioisotope. As production
requirements increase, refinements to the process are
developed to allow for radiation effects, for limitations
imposed by remote handling, and for scale-up effects
resulting from larger batch sizes. In general, more
latitude in the selection of chemical reactions is possible
during the initial, lower production phase because
processing is done in laboratory-scale glass vessels.
However, as production increases, the process is usually
transferred to stainless steel equipment in which the
chemical system mmist be limited to one not corrosive to
stainless steel. '

As the chemical procedure used to process a radio-
isotope evolves, a similar evolution must follow in
equipment development. Much production may be
done initially in temporary experimental glassware
shielded by lead-brick barricades. As radiation levels rise
with increased production, a permanent installation of
glass equipment is made in a lead or concrete cubicle.
Transfers of process liquids in such an installation are
made by vacuum and are controlled by valves or glass
cocks operated by handles' extending through the
shield. A further increase in volumes to be processed
often requires that the processing be done in stainless
steel equipment ranging from a volume of 10 to 2000
gallons, In this kind of equipment, standard compo-
nents are used as much as possible for economy, but
restrictions are imposed by the effect of radiation on
organic materials such as plastic gaskets and lubricants.

Liquid transfers are made by steam jets, mixing
operations are done by motor-driven agitators, and
precipitates are separated from solution in centrifuges.
Intensely radioactive solids, such as °Co or powdered
137Cs, are handled, in thick-walled concrete cells
equippped with master-slave and power-operated ma-
nipulators and viewing windows filled with lead glass or
zinc bromide solution.!

Fission Product Pilot Plant

An excellent example of process evolution and
equipment development is presented by the processing
of long-ived fission products. At first produced in curie
amounts in glassware by ion-exchange methods, and
then in hundred-curie quantities in liter-size stainless
steel equipment, the fission products, '*7Cs, 1% Ce,
147pm, 19€Ry, ?°8r, and °°Tc, are now processed in
quantities of hundreds of kilocuries annually in the
Fission Product Pilot Plant (F3P).

The historical development and status of the chemical
processes and plant construction of the F3P were
reported by A. F. Rupp at the 1955 Geneva Confer-
ence.” Since that presentation, many refinements have
been made in the process chemistry, resulting in the
simplification of equipment and greater recovery effi-
ciencies. These improvements are shown in the flow
sheet in Fig. D-1.

The recovery of fission products from the waste
streams of the two commonly used metal-recovery
processes is being demonstrated during the first phase
of operation of the F3P. The Redox process for metal
recovery results in a waste stream which is high in
aluminum and mercury content and neutralized by the
addition of NH, OH. The Purex process produces wastes
containing nitric acid as the major constituent.

Certain chemical reactions are common to the proc-
essing of both types of waste, although the sequence in
which they are used differs. Cesium alum is co-crystal-
lized with ammonium alum by cooling to 15°C the
solution which has been saturated with ammonium
alum at 80°C.> In the case of Redox waste the
crystallization operation is performed first to remove
the major portion. of the aluminum prior to further
processing, Since both ammonium and aluminum ions
are present in the waste solution, the alum is formed by
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the addition of Na,;SOQ,4. After the removal of mercury
from the solution which has been decanted from the
crystals, ruthenium, strontium, and the rare earths are
precipitated from a caustic solution in which the
aluminum remains soluble as sodium aluminate. The
nitric acid solution of this precipitate is treated the
same as the acid Purex waste to separate ruthenium,
strontium, and the rare earths by successive precipita-
tions in which gaseous ammonia is metered into the
solution to adjust the pH. Technetium is coprecipitated
from both waste streams with hydrated ferric oxide in a
solution made 0.1 M in hydrazine hydrate at pH 3.0.In
the case of Purex waste, cesium is precipitated by the
addition of ammonium alum to the solution to form
crystals after all other fission products are removed.

The precipitates obtained in the first-stage processing
according to either flowsheet are dissolved in nitric acid
and are processed further to obtain purified fission
products as described by Rupp.? In the case of '>7Csa
notable advance has been made in the purification
method in the past three years. The process for the
recovery of '37Cs previously included a precipitation
of aluminum from the cesium alum and an ion-
exchange metathesis of Cs;SO4 to CsOH, which was
converted to CsCl. Although this method has been
proved feasible by the production of kilocurie amounts
of '37Cs, the organic contaminants resulting from the
radiation damage to the anion exchange resin are
undesirable in that additional processing is required to
-remove them, A reaction in which ' *7Cs is precipitated
as cesium chloroplatinate directly from the cesium alum
solution has replaced the ion-exchange step with a
resultant improvement in product quality and simpli-
fication of equipment.

The cesium is first concentrated in the alum crystals
by performing successive ammonium alum crystalliza-
tions from fission product solutions. Then the ammo-
nium alum is removed by two or three crystallizations
from water solutions of the alum., The alum remaining
contains about 15% by weight of stable fission product
rubidium which must be removed if a cesium product
of high specific activity is desired. This removal is
accomplished by fractional crystallizations from the
concentrated alum solution with the loss of less than
0.5% of the cesium.

After the removal of the rubidium alum, cesium is
precipitated as cesium chloroplatinate from a slurry of
alum in 1.0 N HCI with a recovery of ' *7Cs exceeding
99.9%. The platinum is recovered and the cesium is
converted to a soluble form by treating a water slurry
of the cesium chloroplatinate with an excess of hydra-
zine hydrate. The excess N, Hy is destroyed by boiling
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the solution and the platinum is dissolved in aqua regia
for reuse in the process with an overall loss per cycle of
about 0.1%.

The filtrate from the platinum reduction step, con-
taining CsCl, NH,Cl, and HCI, is concentrated by
evaporation, and the ammonium ion and any residual
hydrazine are destroyed by successive additions of aqua
regia. The excess nitrate ion is removed by the addition
of HCl, with boiling. The HC] is finally removed by
evaporation to a low volume with successive additions
of water. The purified solution is then evaporated to
yield dry CsCl, which is incorporated in welded stainless
steel source units. - '

This process was tested on a semi-plant scale by
processing 8870 curies of !7Cs. The purified product
solution contained 8760 curies of * 37 Cs accounting for
an over-all process efficiency of 98.8%.* The solution
was evaporated to dryness to obtain the powder. The
specific activity (curies per gram of '*7CsCl) was
determined as 22.0 curies per gram. The only significant
impurities detected in the product were sodium, rubid-
ium, and iron chlorides, which averaged approximately
1% each by weight.

The dry CsClis readily compressed into pellets. These
pellets are then encapsulated in two concentric stainless
steel capsules, each of which is sealed by inert-gas-
shielded arc welding.

The processes for the separation of '**Ce and ' *”Pm
from the rare-earth solution contain refinements result-
ing from recent developments. The recovery of cerium
is improved by precipitating ceric oxalate from the
rare-earth solution instead of ceric phosphate as shown
in the original flowsheet. After the removal of cerium,
the solution containing promethium, europium, and
americium is removed from the F3P to be separated on
steam-heated ion-exchange columns,

When the !*7Pm is to be used to activate phosphois
it must contain less than 200 alpha counts per min per
millicurie of '*7Pm. The method developed for the
purification of large quantities of '*7Pm involves the
precipitation of promethium fluoride from a solution
made 3.0 M in H,SiF;.* The fluoride precipitate,
which contains about 7% of the original americium, is
dissolved in a solution of boric acid and nitric acid. The
fluoride precipitation is repeated until an acceptable
alpha decontamination is obtained.
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Strontium-90 Process

The alkaline-earth separation process is outlined in
App. D, Fig. D-1. Subsequent °°Sr-purification proc-
esses have been modified. Barium is a normal fission-
product contaminant of ?°Sr and is present in approxi-
mately equal weight ratio to the strontium isotopes.
Calcium is introduced as a contaminant by reagent
additions in the F3P chemical processes and from
process water, which contains small amounts of cal-
cium, ‘

Barium is separated by the classical chromate precipi-
tation method. A suitable precipitation process for the
separation of large amounts of calcium from the
remaining °%Sr is not yet available. A liquid-liquid
extraction process was developed which will separate
calcium from a mixture containing calcium and stron-
tium in a 20 to 1 weight ratio.’

- Laboratory experiments showed that the dlstrlbutlon
coefficients of calcium jons between D2EHPA and
aqueous solutions in the pH range 1 to 5 were several
times greater than those of strontium ions. The data
suggested that excellent separations might be achieved
in a mixer—settler countercurrent solvent-extraction
system. The flowsheet development was directed
toward the utilization of a 20-stage mixer—settler unit.

The use of an ion-exchange-type organic such as
D2EHPA in a solvent-extraction cascade introduces
certain unusual problems. When metallic ions pass from
one phase to the other, an equivalent number of

hydrogen ions pass in the opposite direction. Thus, in a
separation process which is sensitive to pH conditions,
such as the one in question, a method of buffering must
be used to control large potential variations in the
distribution coefficients within the stages of the cas-
cade.

The hydrogen ion concentration is controlled by
converting the strontium and calcium to acetates and
adjusting the aqueous solution to 0.1 M in acetic acid,
which results in a self-buffering system with a pH value
of approximately 2.5.

In this process, essentially all the calcium concen-
trates in the D2EHPA organic phase and the strontium
in the aqueous phase. The variation in the distribution
coefficients, caused by the variation in organic “load-
ing” and consequent reflux, produces a buildup of
materials near the feed point and subsequently results
in a highly unstable system. The control of excessive
variation of the distribution coefficients in the cascade
is effected by the addition of 2-ethylhexanol to the
D2EHPA—Amsco organic phase. The alcohol reduces
the distribution coefficients under conditions of low
organic-phase loading but causes only a small reduction
at high loading. This effect.is probably due to an
association compound formed between the alcohol and
the D2EHPA which acts in a manner analogous to that
of a weak acid when titrated by a strong base. At low
organic-phase loading, a small amount of free D2EHPA
is present; however, as the free D2EHPA is complexed
by reaction with metallic ions, it is replaced by
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dissociation of the D2EHPA—alcohol compound. As a
result, the free D2EHPA concentration — and conse-
quently the distribution coefficients — are only mod-
erately sensitive to organic-phase loading.

A flowsheet, shown in Fig. E-1, was developed which
uses 0.4 M D2EHPA in Amsco, modified by 2-ethyl-
hexanol so as to be 2.5 M with respect to the alcohol.
This flowsheet, within the limits of analytical error,
gives a nearly quantitative separation of calcium from
strontium without loss of the strontium product.

Strontium-90 sources which are intended for use as
heat sources are prepared as strontium titanate in the
form of sintered pellets. Strontium titanate powder is
prepared by precipitating a strontium—titanium oxalate
compound which is converted to SrTiO; by calcining at
1200°C. Pellets are formed from the powder in dies
under 50,000 Ib/in® hydraulic pressure and then sin-
tered at 1450°C to a density of about 4.7 g/cm®.
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Excerpt from: R. E. Bumns, R, L. Moore, A. M. Platt, and W. H. Swift, Recovery and Purification of
Megacurie Quantities of Strontium-90, Chem. Eng. Prog. Symp. Series, 60(47): 1-8 (1964).

PbSO, Carrier Precipitation

Background and objectives of the recent Hanford
campaign for the recovery and purification of stron-
tium-90 from separations plant waste for the Atomic
Energy Commission’s (A.E.C.) SNAP (Systems for
Nuclear Auxiliary Power) program have been de-
scribed.! The Hanford program consisted of four parts:
(1) recovery of a crude strontium concentrate from
Purex waste, (2) purification of a portion of this
material by ion exchange in the shielded, manipulator-
equipped, high-level chemistry cells, (3) processing of
the remainder (and larger part) in an idle solvent-extrac-
tion pilot plant known as the Hot Semiworks, and (4)
design and fabrication of shipping casks for the prod-
uct. At the time that the Hanford strontium projéct
began, laboratory development had fortunately already
been in progress for some time on the first portion of
the program and large-scale tests had been initiated at
the Purex plant (in the head-end centrifuge cell and
associated equipment, which are no longer used for
Purex feed clarification). This work was aimed at
developing precipitation technology for the recovery of
fission-product concentrates, technology which could
be used in one of the idle Hanford precipitation
canyons (bismuth phosphate plants) if a multimegacurie
demand for fission products should develop. A load-out
station for ‘“‘crude” had also been constructed at the
Purex plant. The processing of Purex waste was
accordingly able to start almost at once, by use of a
lead carrier precipitation process, and a megacurie of
strontium-90 was recovered in a period of about six
months, The recovered concentrate was stored in two
available 15,000-gal stainless steel tanks (both equipped
with agitators and cooling coils) to age for strontium-89
decay. The Purex strontium concentrate was -well
purified from most of the major components of the
Purex waste but still required additional decontamina-
tion from cerium—ruthenium and zirconium—niobium-
95, as well as purification from the other alkaline
earths (calcium and barium). The technology for
solvent extraction and ion exchange purification was
much less advanced and required extensive development
in a short time. - :

When the strontium commitment was received,
modest-sized research equipment had been installed in a
hot cell to prove out an ion exchange process for the

recovery of highly purified promethium-147. Larger
tanks and columns were fabricated and installed and the
flowsheet was modified for strontium purification and
used to purify the first 60,000 Ci of strontium, which
made possible completion on schedule of the Weather
Bureau unit and its shipment to the Arctic before the
shipping lanes froze. SNAP-7-A and SNAP-7-B were
fabricated from a blend of hot-cell and semiworks
strontium. During the hot<ell strontium campaigns, the
hot semiworks was taken out of mothball status and
extensively re-equipped to purify strontium by a
di-2-ethylhexyl phosphoric acid (HDEHP) solvent-
extraction process, initial development of which was
carried out at Oak Ridge. The solvent-extraction proc-
ess was further developed in the laboratory, scaled up in
a pulse-column-equipped cold Hanford pilot plant, and
finally demonstrated in a series of hot-cell runs. When
the high-capacity semiworks process went on stream,
the hot-cell equipment used for ion exchange purifica-
tion reverted to research use. The Hanford program was
completed and over 1 million Ci of strontium recovered
and purified within about a year from A.E.C. authoriza-
tion to proceed. The Hanford purified stroritium was
shipped to Oak Ridge and to Martin Company for
conversion to titanate and loading into the heat sources.
The hot-cell strontium was shipped on Decalso, an
inorganic ion exchange medium, and eluted with
ammonium nitrate at Oak Ridge; the semiworks prod-
uct was shipped both to Oak Ridge and Martin as dried
strontium carbonate in a special filter cask. .

Details of the precipitation concentration of stron-
tium from Purex waste are described in the following
section. The ion exchange purification process which
was used for purifying the first 60,000 Ci is discussed
in detail elsewhere.'

Isolation of Crude Strontium Concentrate
From Purex Waste

The Hanford Purex plant, operated by the Chemical
Processing Department of General Electric and previ-
ously described by Irish,?> is one of the largest radio-
chemical processing plants in the United States: The
plant employs a tributyl phosphate solvent-extraction
flowsheet for the processing of plutonium-production
reactor fuels, producing purified plutonium and ura-
nium as the primary end streams. A major by-product



of the operation is a highly concentrated aqueous
raffinate stream containing essentially all the fission
products initially associated with the reactor fuels. This
acidic waste stream, termed 1WW, is normally made
alkaline with caustic prior to storage in underground
waste tanks, The stream can, however, be processed for
the recovery of a number of valuable fission products,
of which strontium-90 is the one of greatest current
interest.

Since the start-up of the Hanford Purex plant in
1956, aggressive programs directed at plant and chemi-
cal flowsheet improvements have resulted in process
simplification and the freeing of a number of costly
equipment pieces and their auxiliaries, forming the
nucleus for a large-scale fission-product recovery sys-
tem. This equipment has been isolated from the rest of
the Purex plant and is available for pilot plant testing of
fission-product recovery processes and for interim
production use. Thus, Hanford, having installed equip-
ment available and a ready source of fission products,
has become the major U.S. supplier of semirefined
fission-product fractions.

Table 2.1 in Chapter 2 shows the approximate
composition of Purex 1WW, the starting material for
recovery of fission products. As can be seen, 1WW is an
aqueous solution of predominantly nitric and sulfuric
acids with comparatively large quantities of metallic
ions such as iron and sodium, The fission-product, and
particularly strontium, content on a weight basis is, of
course, extremely low compared to the inert constitu-
ents. The radioactive material content is, however,
sufficiently high that self-heating of the solution by
radioactive decay energy is one of its principal charac-
teristics.

The chemical processing equipment, made available
for fission-product recovery by improvements in the
main Purex plant operation, consists essentially of three
stainless steel tanks servicing two 48-in.-diameter solid-
bowl centrifuges in parallel. These machines perform
the separative function, Auxiliary solution make-up
vessels and other normal services are also provided. All
equipment is remotely installed and operated behind
massive shielding and containment structures.

With the advent of the strontium-90 program, chemi-
cal flowsheets were extensively evaluated in laboratory
and plant tests to find optimum conditions matching
the raw material (the 1WW raffinate) to the equipment
available for processing. The main process function was
to achieve a gross strontium separation from nonradio-
active materials as well as from other fission products
such as the rare earths, cerium-144, ruthenium-103 and
106, zirconium—niobium-95, and cesium-137. Addi-
tional strontium concentration was also desired.
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Figure 2.1 in Chapter 2 outlines the chemical process
flowsheet as it finally evolved. Strontium, and inciden-
tally a large portion of the rare earths, is initially
coprecipitated with lead sulfate at a pH of 1 to 2.
Tartrate ion is added prior to pH adjustment to
complex and prevent precipitation of the relatively
large quantities of iron present in the 1WW. Following a
one-hour digestion period at 90°C, this material is
centrifuged and the centrifugate (containing the great
majority of the zirconium-—niobium, ruthenium, and
cesium) discarded along with the gross inert impurities
such as iron and sodium. As no special cooling
provisions were made in the centrifuges, the batch size
employed in this step is limited primarily by the ability
of the centrifuge to dissipate the very sizable amount of
radioactive decay heat.

Following centrifugation, the lead sulfate carrier is
essentially leached from the centrifuge bowl by a
metathesis reaction employing a sodium hydroxide—
sodium carbonate solution. This dissolves most of the
lead and converts the strontium and rare earths to
insoluble hydroxides and carbonates. In the leaching
step the centrifuge is operated in a manner similar to a
household washing machine; that is, reagents are added
and the centrifuge is alternately started and braked to
“slosh” the contents around. At the end of this
operation the solids remaining in the bowl are the
strontium and rare earth carbonates. Dissolution of
these is accomplished with nitric acid prior to the next
step.

Following nitric acid dissolution of the carbonates, a
fairly classical oxalate precipitation of the undesirable
rare earths and cerium is accomplished by addition of
oxalic acid followed by adjustment to 0.5 to 1.0 M
nitric acid in the precipitator tank. After centrifugation
for removal of the oxalates, the cemtrifugate is further
neutralized to a pH of 10, and carbonate added to a
concentration of 0.2 M, to achieve concentration by
coprecipitation of remaining traces of iron and stron-
tium. This final precipitate, when centrifuged and
dissolved, constitutes the so-called Purex “Crude” and,
after storage for initial strontium-89 decay (50-day
half-life), served as feed material to the two refining
processes described below. Performance of the stron-
tium crude recovery process is represented by an overall
recovery to 50 to 60% with some loss due to the
equipment limitations. Radioactive decontamination
factors ranged from 5 to 10 for cerium-144 and
zirconium—niobium-95 and greater than 50 for ruthe-
nium-103 and 106 and cesium-137. All waste streams
were neutralized with sodium hydroxide and routed to
the underground waste-storage tanks associated with
the Purex plant.
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E. J. Wheelwright, Recovery and Purification of Multikilocurie Quantities of Fission-Product
Strontium by Cation Exchange, Chem, Eng. Prog. Sym. Series, 60(47): 9-19 (1964).

Fission Product Chemistry Operation was given the
two-fold responsibility of (a) devising the necessary
precipitation-type flowsheet by which a strontium
crude concentrate might be isolated from the Purex
1WW waste and (b) developing a final purification ion
exchange process and then, with Purex strontium crude
as feed solution, producing 60,000 curies of highly
purified fission-product strontium-90. Chemical Devel-
opment Operation was given the task of developing a
solvent-extraction flowsheet and processing the major
part of the Purex strontium concentrate in an idle
solvent-extraction pilot plant known as the Hot Semi-
works. The two approaches were taken to give an added
margin of success and to meet the tight time schedule
for the Weather Bureau unit. This document reports the
work performed by the Fission Product Chemistry
Operation, _ , _

Because of operational and new equipment diffi-
culties, the PbSO, carrier precipitation flowsheet was
not successfully used until late November 1960, and so
the composition of the Purex strontium crude was not
known until early December. The approximate composi-
tion was as follows:

Sr = 0.32 gfliter (25.6 curies/liter)
Ca=0.1 g/liter
Ba = 0.05 g/liter
Fe = 8.0 g/liter
Pb = 5.6 g/liter
Na = 10.0 g/liter
Zr-Nb-95 = 70 curies/liter
Ce-Pr-144 = 750 curies/liter
At the time the strontium purification program was
~ initiated, A-Cell of the 325A facility contained a
six-column ion exchange processing unit. The unit had
been designed for testing a process for the separation of
promethium-147 from the adjacent rare earths, and
three successful “cold” runs had been completed in the
equipment. Because of the availability. of in-cell equip-
ment and a- preliminary flowsheet, ion exchange was
used for the final strontium purification to be done in

the 325A facility. Conseqﬁently, the five-month period
beginning in: August 1960, was devoted to “cold”

flowsheet demonstration runs, in-cell equipment
changes, and associated laboratory work leading to the
final flowsheet. The research conducted during this
period was severely handicapped because the composi-
tion of the feed solution could only be guessed and was
not known until December, just prior to the first
full-scale “hot” run.

Hot-Cell Ion Exchange Equipment

A-Cell of the 325A Building High Level Facility is a
stainless-steel-lined cubicle 15 ft wide, 8 ft deep, and 11
ft high (from the floor up to the General Mills’ track).
The cell is equipped with three large lead-glass viewing
windows, two sets of Model-8 manipulators, a through-
the-wall periscope, and a sufficient number of through-
the-wall services. The six-column ion exchange unit
shown in the piping schématic of Figure 1 (not shown)
was installed in the cell. The columns were mounted on
two racks toward the rear of the cell and the stainless
steel tanks 1, 1A, 3, 4, and 7 were placed under the
windows at the front of the cell. A heavy 4 by 6 ft
stainless steel tray was placed over tanks 1A, 3, and 7
immediately in front of one of the two.operating:
windows. Tanks 5 and 6 (calibrated 5-gal Pyrex glass
carboys used to collect, sample, and measure the
volume of effluent solution from the columns) were
placed on one corner of the stainless steel tray. The
columns were so placed that by use of all three
windows they could be viewed over their entire length.
All valves not operated by air pistons were placed to be
operated by the Model-8 manipulators. The air-operated
valves are %-in. Durimet 20 screwed-end type-F plug
valves. All other valves are Hoke stainless steel needle
valves or Dahl stainless steel demidiaphragm valves. The
last two kinds of valves were modified with extended
handles, so that they might be easily operated by the
Model-8 manipulators. All solution lines within the cell
are stainless steel tubing (type 304, 304L, or 347) and
the fittings are stainless steel Crawford Swagelok.

One piece of equipment that proved to be invaluable
to the success of this project, was a four-position
lead-shielded sample holder placed at the front of the
cell in such a_position that slits in the sample holder
lined up with two through-the-front-face step ports.



Thus, with scintillation crystals in the two ports,
connected to a 400-channel pulse height analyzer, it is
possible to determine the gamma spectrum of analytical
samples without removing them from the cell.®
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Resin is slurried into the columns from the front face

of the cell through the resin-addition line (wall 115) by
applying a 10- to 15-1b air pressure to a 6-gal polyeth-
ylene bottle containing a slurry of resin in water. The
resin-addition line extends into the resin and terminates
at a point near the bottom of the bottle. Resin is
removed from the columns by pumping water upflow
through the columns and backwashing the resin out the
top of the columns, then diverting the resin through the
resin line (wall 257) to a shielded resin-disposal cask.
No difficulty has been encountered in adding resin to
the columns. A water backwash is sufficient to remove
resin from 1-in. and 2-in.-diam. columns but not
sufficient to remove all of the resin from 4-in.-diam.
columns. The remaining resin is removed from the
4-in.-diam. columns by floating it out on a dense
solution of aluminum nitrate,

The vacuum-vent-pressure system for each column is
used to adjust the liquid level height in the column, for
column degassing, and for a variety of other uses during
column operation. ’

The pump is a remote-head, stainless-steel, double-
diaphragm, Lapp Pulsafeeder Model CPS2. The reagent
head with one diaphragm is located in the cell and a
second diaphragm is mounted near the pump, external
to the cell. A 1-in,-diam. line, hydraulically connecting
the two diaphragms contains water.

Raw feed solution is transferred to feed tanks 1 or 1A
from B-Cell or directly from a shielded transfer cask by
vacuum transfer. After feed adjustments, the prepared
feed is pumped through one or more of columns 1, 2,
or 3 in series and to tanks 5 or 6, where it is measured
and sampled. The feed-effluent solution is then trans-
ferred by vacuum to waste tanks 3 or 4. The column
piping is such that the columns may be used singly or
with two or more of them in series.

On the initial installation, columns 1, 2, and 3 were
2-in.-diam. Pyrex glass pipe 6 ft. long with stainless steel
end fittings. These columns were jacketed with 3-in.-
diam, Pyrex glass pipe through which thermostated
water circulated for temperature control. Columns 4, 5,
and 6 were l-in.-diam. Pyrex glass pipe, 6 ft long,
jacketed with 2-in.-diam. Pyrex pipe for temperature
control. This system of six columns was used success-
fully for the three ‘“cold” rare earth runs and for the
first three “cold” strontium runs. The columns were
then removed and replaced by larger columns when it
became evident that a production effort would be

made. On revision, columns 1, 2, and 3 are 4-in.-diam.
Pyrex glass pipe 9 ft long jacketed with a 6-in.-diam.
Pyrex glass pipe. Columns 4, 5, and 6 are 2-in -diam.
Pyrex glass pipe 9 ft long jacketed with a 3-in.-diam.
Pyrex glass pipe. The end fittings are of stainless steel.

Summary of Full-Level Production Runs
and Results Obtained

Since the operational procedure was similar for each
of the runs, a brief description will be given prior to a
more detailed description of each run. The strontium
crude was transported from the Purex Chemical Separa-
tions Plant to the 325A Building in 200-gal shielded
casks. Once in the 325A Building, a loaded cask was
placed in a special enclosed loading station and con-
nected via %-in. polyethylene tubing to a shielded
1, -in. stainless steel line leading directly to one or more
in-cell storage tanks. Fresh resin was used for each run,
The resin placed in the elution columns was completely
saturated with barrier ion X by passing a nitrate
solution of ion X through the columns, followed with a
water flush.

A stock solution of (N-hydroxyethyl)ethylenedi-
aminetriacetic acid (HEDTA) was prepared by dis-
solving the organic acid in water and ammonium
hydroxide followed by a final volume and pH adjust-
ment to give a solution of 2.3 M HEDTA at pH 4.0.
Because of the large volume of feed solution required
per run and the relatively small size of feed tanks 1 and
1A, it was necessary to make up more than one batch
per run. Raw feed solution was measured into either
tank 1 or 1A, a given volume of HEDTA was added,
and then ammonium hydroxide was added to give a pH
of 3.9 to 4.2. The usual practice was to add 40% excess
HEDTA beyond that required to complex the iron and
lead (in order to assure that an excess was indeed
present and that all the cerium would be complexed).

The prepared feed was then pumped through the feed
absorption columns (column 1, 2, or 3) until an
appreciable strontium breakthrough occurred. At that
point the feed cycle was terminated and the columns
were washed free of excess feed solution with a wash
solution, 0.1 M HEDTA adjusted to pH 4.0 with
ammonium hydroxide. The wash caused little or no
movement of strontium.

Following the washing cycle, the absorption columns
were connected in series with column 4 and the system
was eluted with a 0.030 M solution of ethylenediamine-
tetraacetic acid (EDTA) adjusted to pH 8.40 to 8.82
with ammonium hydroxide. All operations were at
ambient cell temperature (30° to 35°C). As the elution



progressed, the strontium banded between the calcium
and the barium, The position of the strontium could be
determined visually by turning off all cell lights and
observing the radiation glow produced by the stron-
tium, Column 5 was valved into the system when
needed. ,

By the time the strontium band moved to the bottom

of column 5, the band was relatively free of calcium,

barium, or any other extraneous impurity. Elution was
continued with the column effluent solution going to
waste until all the calcium was removed from column 5
and the strontium appeared in the effluent. At this
point column 6 was valved into the system and the
strontium band eluted onto the resin in column 6.
When the strontium was entirely on column 6, a valve
manipulation isolated column 6 from column 5, thus
separating the strontium from the trailing barium band.
The barrier ion X on colamn 6 served to confine the
strontium on column 6. Thus, at the end of the elution
cycle, the purified strontium was absorbed in a compact
band on the top portion of column 6 with the barrier
ion occupying the resin bed below the strontium band.

During the several runs, copper, yttrium, and neo-
dymium were used as the barrier ion on column 6. Each
forms a much more stable complex with HEDTA than
does strontium and could therefore be removed from
column 6 by pumping a 0.1 M solution of HEDTA
(adjusted to pH 4.0 with ammonium hydroxide)
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The greatest difficulties encountered in the run were
the presence of excessive solids in the Purex crude feed
and the unexpected reduction of some of the copper to
metal on the resin. This reduction is accomplished by
the intense radioactive field in the presence of EDTA.
No reduction takes place in the absence of EDTA.
These results were duplicated in cobalt source experi--

‘ments. In addition, an unexpectedly low resin-absorp-

through the column without significant movement of

the strontium band. A wash of water. removed the
complexing agent from the column and the purified
strontium was then removed from the column by one
of several desorbing agents. A 0.10 M solution of

HEDTA adjusted to pH 9.0 with ammonium hydroxide .

quickly and completely removed the strontium at an
average concentration of 9 gfliter. A 5 M solution of
ammonium nitrate will effectively remove the stron-
tium at an average concentration in excess of 40 g/liter.
Four- to six-molar nitric acid is also a very effective
eluting agent.

Run 1

Dowex 50W, X-12 (50-80 mesh) resin was placed in
each column. The resin in columns 1 and 2 (used as
adsorption columns) was in the ammonium cycle.
Columns 3, 4, 5, and 6 were used as elution columns
and contained resin in a mixed hydrogen—copper cycle.
The feed-cycle flow rate averaged 10 ml/(min)(sq. cm).
The absorption and elution cycles were performed at
ambient cell temperature. Following the removal of
copper from column 6 and a subsequent water flush,
the strontium was removed with 6 M HNO;. The results
of the run are given in Table G-1.

tion capacity resulted from the very high monovalent
ion concentration in the feed solution (ammonium ion .
from neutralization of excess acid in the Purex feed).
Several thousand curies of strontium-90 passed through
the adsorption columns and to waste because the
analytical results on the feed effluent samples were Slow_
coming from the analytical laboratory.

Run 2

Columns 2 and 3 were filled with ammonium cycle
Dowex SOW, X-12 (50-80 mesh) resin and were used as
adsorption columns. Columns 4, 5, and 6 were filled
with the same resin. The resin in columns 4 and 5 was
then converted to the calcium cycle by passage of a
calcium nitrate solution through them and the resin in
column 6 was saturated with copper and hydrogen from
a solution of 0.5M CuSO,, 0.5M H,SO,. The use of
calcium as the barrier ion on columns 4 and S served to
restrain the strontium while permitting cerium as well
as the strontium-90 daughter, yttrium-90, to pass
through and on to waste and avoided the partial column
plugging caused by reduction of cupric ion to metallic
copper. The strontium was removed from column 6
with 3 M HNO;. Flow rates and temperature were
similar to those of run 1. The results are shown in Table
G-1. A considerable quantity of cerium-144 was inad-
vertently loaded onto column 2 from one batch of
prepared feed because of an error in the HEDTA
addition. The resin darkened and exhibited a higher
pressure drop in a matter of 2 to 3 hr. The cerium was
selectively removed by washing the resin with 0.1 M
HEDTA buffered to pH 4.0 with ammonium hydroxide
and loading then continued.

Run 3

At the start of run 3, columns 2 and 3 were filled
with ammonium cycle Dowex 50W, X-12 (50-80 mesh)

"~ resin and were used as adsorption columns. Columns 4

and 5 contained the same resin but in the calcium cycle
and column 6 contained the same resin in the copper-
hydrogen cycle. :

The first portion of the prepared feed contained an
unusually large amount of solids and column 2 plugged
after a very short feed cycle. The feed was then diverted



Table G.1. Fission-product strontium recovery and purification

Run § Run 6
Run 1 Run 2 Run 3 Run 4 Run7
A B A B
Feed solution
Purex crude ,
Volume, 1 673 250 435 617 537 345 558 211 762
Sr 90, Ci 15,000 9,250 11,300 10,200 7,700 8,100 14,800 5,200 19,800
Zr-Nb-95, Ci . 40x10*  17x10° - 43x10° 14x10* 6,800 5,700 6,300 3,500 8,700
Ce-Pr-144, Ci 46x10° 18x10° - 27x10° 21x10° 17x10° 15x10°  25x10°  9.1x10*  34x10°
Fe, g/l 8.0 8.1 9.0 447 4.5 7.8 10.9 7.8 : 7.8
Pb, g/1 4.5 5.7 4.0 3.9 3.9 2.7 2.6 2.7 2.6
Na, g/1 7.8 7.8 9.1 5.0 5.0 29.0 32 29 29
HNO3, g/l 0.6 0.6 0.6 56 60 62 63 62 63
Prepared feed
Volume, 1 763 287 506 710 1,150 1,442 2.460 929 3,398
Dilution factor 1.14 1.15 1.17 1.15 2.14 4.24 4.4 4.4 4.46
Rework of Waste from Previous Runs -
Volume, | 816 30
Sr 90, Ci 3,800 1,500
Product
Sr 90 in product, Ci 5,100 8,350 9,500 12,400 13,600 11,200 16,500
Sr 90 in rework, Ci 1,600 200 500 1,500
Product purity
Sr, g 62 102 97 156 166 137 201
Ca, g 2 2 2 3.8 3.2 <1 <1
Ba, g. 3 2 2 1.8 1.8 <1 <1
Ce-P1-144,Ci <1 <1 <1 0.04 0.07 34 <1
Z1-Nb-95, Ci <0.05 <0.05 <0.05 0.03 0.01 0.47 <1
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to column 3 and column 1 was filled with Dowex S0W,
X-12 (20-50 mesh) resin in the ammonium cycle. After
column 3 had been loaded to a high breakthrough and
the resin water washed, the feed was diverted to column
1. The larger-mesh resin in column 1 permitted a higher
feed flow rate and allowed most of the solids to pass
through. Following the complete loading of column 1,
the resin was water washed and an attempt was made to
load more feed through column 2 with only limited
success. The loading cycle was therefore discontinued
and the elution cycle initiated. The solution flow rates
and temperature were approximately the same asin the
first two runs.

119

Following the removal of the copper barrier from |

column 6 with an HEDTA wash, the strontium was
removed with 0.1 M HEDTA adjusted to pH 8.8 with
ammonium hydroxide. The eluted strontium was col-
lected in 4-liter Pyrex glass jugs. The strontium-90
concentration in the eluate was approximately 8 g/liter.
The results of the run are given in Table G-1.
Acidification of the strontium—HEDTA solution to pH
2.0 permitted direct: adsorption of the strontium in the
Decalso shipping cask and gave higher Decalso-loading
capacities than can be obtained in the presence of
competing sodium, ammonium, or hydrogen -ions.?
Consequently HEDTA elution was favored, when the
shipping cask was available for loading. At other times
it was necessary to elute with ammonium nitrate or
nitric acid, since the HEDTA underwent radiolysis - on
prolonged storage. "

Run 4.

Columns 1, 2, and 3 were filled with Dowex SO0W,
X-12 (20-50 mesh) resin in the ammonium cycle and
were used as adsorption columns. Columns 4 and $
were filled with Dowex 50W, X:12 (50-80 mesh) resin
in the calcium cycle. Column 6 contained Dowex 50W,
X-12 (50-80 mesh) resin in the yttrium cycle. Except
for occasional loading of some cerium due to insuf-
ficient HEDTA addition to the feed, the feed adsorp-
tion and elution cycles were quite uneventful. The feed
solution flow rate, elution flow rate, and temperature
were the same as for the other runs. The Purex crude
feed for this run and all subsequent runs was clarified
by centrifugation at the Purex plant and was relatively
free of solids. Use of the coarser resin and centrifuged
feed effectively eliminated difficulty with column
plugging. : ,

Prior to charging of freshly prepared feed to the
absorption columns, 816 liters of rework material from
the previous runs were passed through the adsorption
columns. The results of run 4 are given in Table G-1.

The strontium was removed from column 6 by
elution with a 5 M ammonium nitrate solution adjusted
to pH 1.0 with nitric acid. All the strontium was eluted
in 8 liters with over 11,000 curies being eluted in only 4
liters.

Run s

Once again columns 1, 2, and 3 were filled with -
ammonium-cycle Dowex 50W, X-12 (20-50 mesh) resin,
columns 4 and 5 with Dowex 50W, X-12 (50-80 mesh)
resin in the calcium cycle, and column 6 with yttrium-
cycle Dowex 50W, X-12 (50-80 mesh) resin. In an
attempt to increase the resin capacity for strontium, the
feed solution was diluted with water by a factor of 2.14
during the preparation step. This does not change the
ratio of divalent to monovalent ion concentration in the
feed, but the dilution does increase divalent ion
distribution factor relative to that of the monovalent
ion. A second type of raw feed in which the sodium
concentration was very high was used as part (column
B, Table G-1) of the run 5 feed. This material was
diluted by a factor of 4.24 during the feed preparation
step. '

The flow rates, temperature, and elution sequences
were the same as in run 4. The results are given in Table
G-1. The higher yield of strontium from a much less
desirable feed indicates the success of the feed dilution
step.

Run 6

Column and resin conditions at the start of run 6
were the same as those for run 5 except that neo-
dymium was used as the barrier ion on column 6 in
place of yttrium. Two different feed solutions were
used in the feed preparation step (columns A and B,
Table G-1), but the dilution factor of 4.4 was kept
constant throughout the loading steps. In an attempt to
increase the yield of strontium per run, the three
absorption columns .were loaded twice. Feed solution
was passed through columns.1, 2, and then 3 — each
column was added to the series when needed — until a
25% breakthrough from column 3 was experienced. The
columns were then washed free of feed solution with
0.1 M HEDTA at pH 4.0 and then water. The three
columns were then connected together in series with
column 4.and the strontium eluted from columns 1, 2,
and 3 onto 4 with 0.03 M EDTA (adjusted to pH 8.4
with ammonium hydroxide). Following a water wash of
column 4 to remove the EDTA, columns 1, 2, and 3
were then reloaded. The reloaded -columns were then
washed first with the HEDTA solution and then water.




Columns 1, 2, 3, and 4 were then connected together in
series and the elution commenced again.

The strontium band on column 6 was more than 200
cm long. The strontium was removed from column 6
with 5 M ammonium nitrate at pH 1.0. Unfortunately,
a valve leak in the product removal line permitted a loss
of approximately one third of the strontium so the
product yield was less than run 5. The results are shown
in Table G-1.

Run 7

This run was a duplicate of run 6 except that a
rerouting of the product prevented any losses via the
defective valve. Nearly 15,000 curies of strontium-90
were collected in one 4-liter product fraction, and all
the strontium was collected in 8 liters. The results are
given in Table G-1.

Resin Radiolysis

At no time during the seven runs was the resin
damaged sufficiently to affect the run adversely. The
resin was discarded after each run and was not
excessively “hot.” No quantitative determination of
residual resin activity was made. Following the comple-
tion of run 7, the resin in columns 1 and 4 was loaded
to breakthrough with copper from a copper sulfate
solution. The capacity of the resin was found to be not
altered significantly, indicating little damage to cross-
linkage. The resin in column 1 had received a dosage of
approximately 2 X 10® r.

Process Applications

During the adsorption cycle of the first strontium
production run, the capacity of the resin in the
adsorption column. was limited to approximately 3 g
Stfliter of resin. The low strontium capacity was a
direct result of the high mole ratio of monovalent ions
(sodium and ammonium) to strontium ions. The ratio
in the prepared feed solution was 500. In both run 1
and run 2 nitric acid was added to the low-acid Purex
crude in unsuccessful attempts to dissolve the precipi-
tate. This acid caused an increase in the final ammo-
nium ion concentration when neutralized by ammo-
nium hydroxide during the feed pH adjustment step.

Laboratory runs using synthetic feed solutions indi-
cate the existence of a direct relationship between feed
dilution and strontium adsorption on the resin. Without
dilution, feed containing 0.4 g Sr/liter and an ammo-
nium-to-strontium mole ratio of 167 gave a loading of
12 g Sr/fliter of resin. In a second experiment a feed
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Table G.2. Effect of feed dilution on
strontium absorption capacity of
Dowex 50W, X-12 resin

Runl Run2 Run3 Run4
St (g/) 0.4 04 0.2 0.1
Ca (g/b 0.15 0.15 0.077 0.038
Pb (g/h) 1.62 162 0.81 0.40
Fe (g/1) 834 834 4.2 2.1
NH,4 (g/1) 13.7 30 15 7.5
HEDTA (g/) 50 50 25 12.5
Dilution factor 1 1 2 4
Feed pH 4.0 4.0
Resin capacity at 10% break- 12.0 2.8 6.4 11.7

through (g. Sr/1 of resin)

containing 0.4 g Sr/liter and an ammonium-to-stron-
tium ratio of 364 gave a loading of 2.8 g Sr/liter of
resin. A twofold dilution of the feed used in the second
experiment yielded a loading of 6.4 g Sr/liter of resin
and a fourfold dilution gave a loading of 11.7 g Sr/liter
of resin. The results of the four runs are summarized in
Table G-2.

These results indicate that a reduction of the mono-
valent jon concentration in the feed, combined with a
dilution of the feed during the final feed preparation
step, would yield a substantial increase in-the resin
adsorption capacity of future production runs. Since
the resin capacity for strontium during the feed cycle is
the limiting factor on the amount of pure strontium
produced per run, the strontium production per run
would be substantially increased.

In future Purex production runs, if the carbonate
concentration step is used, if the strontium crude feed
is clarified by centrifugation, and if advantage is taken
of the feed-dilution technique, it would be possible to
load 12 g of Sr/liter of resin. This would allow the
recovery and purification of 58,000 curies of stron-
tium-90 in a single loading cycle run in the High Level
Cell ion exchange equipment. If a double-feed-cycle
technique like that in production run 7 were used, the
production of pure strontium would be increased to a
little over 100,000 curies/run.

In a new production facility designed for this process,
a three-column system would be satisfactory. One 8-in.
diam ‘adsorption column containing a 10-ft resin bed
would contain 98.6 liters of resin and thus would have a
one-cycle adsorption capacity of 95,000 curies of
strontium-90. Two 4-in.-diam elution columns of the
same length would be adequate to yield a product
purity comparable to that of production run 7.




Summary and Conclusions

In seven production runs, 75,000 curies of ®°Sr was
isolated and purified in the ion-exchange equipment of
Hanford Laboratories High Level Cells.> The produc-
tion goal (60,000 curies of purified 298r) and the time
schedule were met or exceeded, and the product
exceeded the customer’s purity requirements. The
hot-cell-purified strontium made possible the comple-
tion on time of the Weather Bureau power source and
the Martin 10-W SNAP 7-A and 7-C units. The isotopic
purity of the strontium product was 56% °°Sr. The
chemical purity was greater than 95% strontium. The
zirconium—niobium-95 contamination of the product
was less than 5 X 107° curies/curie of ?°Sr, and the
cerium—praseodymium-144 contamination was less
than 1 X 1075 curies/curie of °°Sr.

The final run yielded 16,500 curies of °®Sr in an
eight-liter product solution. The product was >98%
strontium and contained less than one curie of zirco-
nium—niobium-95 or cerium—praseodymium-144. Elev-
en days of continuous operation was required to
complete the run.
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APPENDIX H

Excerpt from: Members of the Chemical Development Operations Hot Semiworks Strontium-90
Recovery Program, USAEC Report HW-72666, Hanford Atomic Products Operation, General Electric

Co., 1963.

SECTION 5. HOT SEMIWORKS STUDIES
C. R. Cooley and G. L. Richardson

Introduction and Summary

In 1960,
Hanford was selected for the strontium program.
Previously the contact maintained Semiworks had been
used for development work on the Redox and the
Purex processes which required similar solvent extrac-
tion equipment. In September 1960, design, construc-
tion modifications, and testing started concurrently and
continued through to March 1961.

Principal modifications to the facility included provi-
sions for a cross country feed line, product load-out
cell, and modifications to increase reliability, i.e.,
duplication of services, adoption of long shaft pulser
design, all welded piping and alternate routings to
provide multiple cycles of solvent extraction through
the same equipment. '

Actual .hot processing for strontium was initiated in
early May and was completed in October of 1961, The
process used in the Hot Semiworks was developed by
the Cold Semiworks and laboratory studies. Essentially,
this process consisted of extracting strontium from a
‘buffered, complexed feed with a D2EHPA solvent,
followed by preferential stripping of the strontium
from the solvent with 1 M citric acid. Additional cycles
of solvent extraction or jon exchange were used as
needed to provide the necessary product purity.

Approximately 744 kilocuries of ®°Sr meeting cus-
tomer purity specifications were produced for shipment
from an input of 1184 kilocuries of Purex crude feed.
In addition, 169 kilocuries requiring further purifica-
tion were isolated awaiting product storage space. The
total recovery of °°Sr, including the impure fraction,
was 1044 kilocuries, or 88% of that entering the
process. This total includes 131 kilocuries- of purified
strontium which were lost or otherwise unaccounted
for during between-run operations. Four runs com-
prised the recovery program. '

The run flowsheets were based on the Cold Sem#
works flowsheet; however, during the runs, several
important modifications were made. These resulted
eventually in the -demonstration of a satisfactory
one-cycle process for producing a specification stron-

the idle Hot Semiworks Pilot Plant at

tium product and a multicycle process for producing
both a strontium and a cerium product. Significant
stages in the evolution were:

1. A twofold concentration of the strontium product
was achieved with no adverse effects by backcycling
“about 50% of the first cycle solvent extraction
product to the feed. The back-cycle concept dou-
bled the amount of product that could be accumu-
lated during a run (without boildown) and, theoreti-
cally, provided a twofold improvement in the cerium
DF (decontamination factor).

. Although the ion exchange cycle produced a very
high purity product, it was batch-size limited to

_ about 200 kilocuries of ®°Sr and was replaced by

solvent extraction methods after the first run.

Two cycles of solvent extraction using ethylenedi-
aminetetraacetic acid (EDTA) as the complexing
agent would provide acceptable cerium DF’s only if
both cycles used citric acid as the stripping agent.
Typical cerium DF’s in the extraction (A) columns
were only 3 to 10, compared with 40 to 100 in the
citrate-stripped partition (B) columns.

A -one-cycle process was attained by substituting
ethylenetriaminepentaacetic acid (DTPA) for EDTA
in the feed. The substitution improved the first cycle
cerium DF about tenfold without significantly in-
creasing the chemical cost of the process.

. Over 50% of the cerium and promethium in the feed
could be extracted along with the strontium by
substituting citric acid for most of the EDTA or
DTPA in the feed. However, poor material balances
leave some uncertainty about the extent to which
rare earths can be routinely extracted from com-

" plexed Purex wastes.

One product loadout was made during the program
using a bicarbonate precipitation procedure. Inability to
slurry all- of the precipitate into the filter cask pre-
vented loading more than 120 kilocuries of °®Sr out of
150 kilocuries precipitated.

The plant and process as a whole performed exceed-
ingly well. The process fully demonstrated the feasi-
bility of using solvent extraction on a large scale for
removing strontium from Purex-treated wastes and
tentatively .the feasibility of coextracting cerium and



other rare earths. For the short-term program the
contact-maintained plant was operable about 70% of
the time through the addition of all-welded piping,
duplication of services, and the use of long vertical-shaft
pulsers.

Description of the Facility

The Hot Semiworks is a miniature processing plant
consisting of four basic components: 1) a three-cell
arrangement of concrete shielding to serve as the hot
processing building using contact maintenance, 2) a
cold processing building serving as a remote operation
center and auxiliary source of services to the hot
processing portion, 3) a ventilation and off-gas handling
building to treat and discharge effluent gases through a
200 foot stack, and 4) general miscellaneous service
buildings, i.e., offices, shops, storage, etc., to house
supporting personnel and auxiliary functions.

The functions of the three cells were subdivided into:
the high-level feed, waste and product handling in A
Cell (a 22 by 40 foot cell 20 feet high, containing 13
processing tanks with a total of 3500 gallons of
storage); the solvent extraction and ion exchange
processing in B Cell (a 20 by 38 foot cell 50 feet high);
and the solvent treatment and storage plus the conden-
sate storage in C Cell (identical to A Cell but containing
14 processing tanks with a total capacity of 4900
gallons of storage).

An example of the flowsheet for the Hot Semiworks
processing is shown in Figure 2.2 in Chapter 2. The
crude feed from the Purex plant separations was stored:
in two 15,000 gallon tanks at C Tank Farm vault. For a
run period, the feed was pumped through a 2-inch
underground transport line to A Cell in about 500
gallon batches. After feed preparation, it was pumped
to B Cell and through the two solvent extraction pulsé
columns using D2EHPA solvent extraction as described
in other portions of this report. Once started, a run
would continue until the capacity of the receiver tanks
or of the ion exchange column was reached. The
product was collected in A Cell and stored to await
loadout in a slurry filter cask'® as the carbonate for
transcontinental shipment to ORNL or Martin Com-
pany. The wastes were concentrated about threefold in
A Cell and discharged to C-Farm waste tanks through
an existing waste effluent line. Condensates were
accumulated in C Cell and periodically discharged. The
organic was collected and batch washed in C Cell for
recycle. The spent organic was discharged to a specific
organic retention crib at the end of the program.

Only two solvent extraction pulse columns and one
fixed-bed ion exchange column were installed in this

124

program. This provided equipment simplicity and per-
mitted duplication of services such as feed and waste
routes. Considerable operating flexibility and additional
reliability were thus attained. Successive passes through
the same equipment could be made if additional
strontium purification was required for product stron-
tium. In flowsheets describing the runs, the 1A, 2A, and
3A columns are the same columns but refer to the first,
second, and third passes.

The compound extraction, or A column, was 4 inches
in diameter with a 10-ft extraction section and a 15-ft
scrub section. Both disengaging sections were 8 inches
in diameter and 5 feet long. The top disengaging section
contained a temperature element, interface-specific
gravity dip tubes, and a rate indicating overflow orifice.
The bottom disengaging section contained an interface
jet line, a remote-indicating interface float, a tempera-
ture element, a differential pressure cell to indicate
column loading (flooding), and the pulse transmission
lines from the long vertical shaft piston pulser, as
described later. Bottom interface control was used
exclusively in the A column to give an organic-continu-
ous column.

The 4-in.-diam stripping, or B column, was 16 feet tall
and was operated exclusively aqueous continuous. The
disengaging sections were 8 inches in diameter. The top
section was 3 feet long and contained dip tubes for
interface detection. The bottom section was 5 feet long
and contained a temperature element, an interface float
(used to detect floods), a differential pressure cell, and
the pulse transmission line.

The cartridge assembly for the columns as developed
in Cold Semiwork studies (Section 4, not shown) is
given below:

Nozzle plate cartridges

Column

1A Extraction 1A Scrub* 1B Strip
Cartridge height, ft 10 15 16
Plate spacing, in. 4 4 - 4
Hole diameter, in. 0.188 0.125 0.125
Plate free area, % 23 10 10
Nozzle depth, in. 0.05 0.05 0.05
Nozzle orientation Down Down Up

*19% free area louver-type redistributor plates inserted at
3-foot intervals.

Flow control to all columns was maintained through
remotely operated valves and indicating-controlling
rotameters. Cold streams were fed by gravity flow; the
feed and solvent streams were pumped with modified




canned rotor-type pumps, described later under equip-
ment performance.

The ion exchange column was a single fixed-bed unit
containing 100 liters of 50-100 mesh Dowex 50W X 12
cation exchange resin. The 8 in. diam, 15-ft-high
column was serviced by a temperature element, a
water-cooling jacket, and numerous remotely operated
valves. Spent resin was jetted into a filter container for
burial.

In addition to the normal cell radiation detection
units, three collimated ion chambers were installed on
several of the process streams to indicate relative
activity readings. A beta and gamma monitor was
installed on the effluent line of the ion exchange
column to detect ?°Sr and ' **#Ce breakthrough.

Run Results

A total of seven runs was made in the Hot Semiworks.

The first three runs, using cold and traced feeds, were
intended primarily for training and plant shakedown.
They satisfactorily demonstrated the operability of the
equipment and the Cold Semiworks flowsheet and are
not discussed further.
" The final four runs, designated Sr-4, -5, -6, and -7
were designed not only to recover °°Sr but also to
obtain data applicable to the development of improved
processes for use in the Waste Management Program at
Hanford. The flowsheet for each run contained signifi-
cant variations from the flowsheets tested in the
laboratory and Cold Semiworks. For example, Run Sr-4
demonstrated the feasibility of recycling a portion of
the solvent extraction product to the feed stream. Run
Sr-5 demonstrated the replacement of the tail-end ion
exchange column with a second cycle of solvent
extraction. Run Sr-6 demonstrated the use of DTPA in
place of EDTA with the elimination of a tail-end cycle.
Run Sr-7 attempted the recovery of cerium and
promethium together with strontium using a citrate-
complexed feed.

The feeds were prepared Purex crude, derived from
Purex concentrated waste by the procedure of Bray and
Van Tuyl.?2 The results of Run S1-6 are discussed below.

Run Sr-6

The flowsheet for Sr-6 is presented in Figure 2.2 in
Chapter 2. Significant differences from the flowsheet
for Sr-4 were the substitution of DTPA for EDTA and
the use of only one purification cycle. About 90 liters
of 1BP were backcycled to each 2000-liter feed batch.
In addition, the solvent (used in the earlier runs) was
continuously washed with a mixture of nitric and oxalic
acids and recycled.
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This run provided the first valid comparison of DTPA
as a complexing agent. Before its use in the HSW, only a
few laboratory experiments had been made showing its
effect on distribution ratios. These data indicated that a
mole per mole replacement of EDTA with DTPA would
affect the strontium distribution very little but would
depress the cerium distribution ratio about 100-fold at
the optimum 4.7 pH. As shown in the run summary,
definite improvement in cerium DF was obtained.

First, and most significantly, the product from this
one-cycle DTPA process was within specifications with
respect to all impurities. Second, the strontium losses,
though about threefold higher than normal, were not
excessive. This performance was achieved despite the
use of reused solvent (part of it had received a radiation
dose of over 300 watt-hours/liter) and operation at
rates 10 to 20% above the rates used in previous runs.

The 1A column efficiency should have given lower
strontjum losses if flowsheet conditions were optimum.
Conceivably the oxalic acid-nitric acid mixture used to
wash the solvent during the run may have been
entrained to some extent with the 1AX and perhaps
contributed to the 1A strontium loss through formation
of a strontjum oxalate precipitate.

Sr-6 Run summary

sro° Input: 363 kCi
$r%° Product: 305 kCi
Column _
1A 1B Overall
Strontium loss, % 13 3 16
Strontium product DF’s:
Ce14‘; ~24 ~100 2400
ZNb®S >510 >1800
Ru!%¢ >30 >90
Calcium 40 40.
Barium 9.4 9.4
Product purity
Ci/Ci sr°° Grams/grams Sr total
Element
Actual Specification Actual Specification
Ce!®® 1L1x107° <1073
ZiNb®® <35x 1075 <8x 107*
Ru'®®  <7x107° <6x107™*
Calcium 0.020
Barium 0.020 <0.33

At the end of the run, the citric acid product solution
was concentrated twofold and allowed to sit undis-
turbed for about one month. During this period,
radiation (which averaged 6.7 watts/liter) was expected



to destroy over 99% of the citrate. However,-at the end
of this period, most of the strontium had precipitated
and the system was highly buffered. Eventually, about
1200 gram-moles of nitric acid was added to ensure
dissolution of the precipitate (indicated by solution pH
less than 3). This represented about one mole of nitric
acid per mole initial citrate, or nearly four moles per
equivalent of metal ion.
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APPENDIX I

FUELING WEATHER BUREAU GENERATOR

Monthly Report for May 1961, E. E. Pierce to R. A.
Robinson (Oak Ridge National Laboratory)

The 5 watt (Electric) Weather Bureau Generator was
successfully fueled with StTiO3 pellets and welded. The
following is a summary of the completion of the
project:

208rTi0; Processing and Pelletizing

1. Precipitate (Batch 1, Sr11%*). Two filters were used
in series in Cell 11 to assure that all of the
precipitate was collected. An Al, O, filter assembly
was placed down stream from the stainless steel
filter. Inspection of the Al, O, filter revealed a trace

of white precipitate on the lower one-third of the

unit which was estimated to be less than three
grams. The precipitate was removed from the stain-
less steel filter and placed in the Al,Oj filter for
calcining.

A period of nine hours elapsed between the filtra-
tion and the precipitate removal. The precipitate was
dry and caked on the stainless steel filter. Consider-
able scraping was required to remove the precipitate.

. Calcining. The Al, O filter containing the strontium
titanyl oxalate precipitate was placed in the furnace
in Cell 11. The furnace temperature was raised at
100°C per hour to 1200°C, held for four hours and
lowered at 100°C per hour to 200°C. The SrTiO,
was transferred from the Al, O3 filter to a porcelain
vessel. Total weight of the powder was 172.4 grams.

Batch 2, Sr11 was handled in a similar manner and
contained 210.5 grams.

. Blending.- Each batch of the powder was blended
thoroughly in a stainless steel Waring Blendor vessel.
Both batches of powder were then blended together.
A plastic cover was placed over the stainless steel
cover to minimize the loss of powder during the
blending operation. The weight of the blended
powder was 382.5 grams. The loss durmg the total
blendmg operation was 0.4 grams.

*Refers to SrTi03 powder history.

4. Pelletizing. Six pellets were fabricated from the
above powder, three containing 65 grams .each and
three containing 56 grams each. A pellet was also
pressed from a previous batch of powder containing
69.67 grams. '

5. Sintering. Seven pellets were sintered in the furnace
in Cell 11. The pellets were placed on Al, O3 trays
containing a layer of zirconium oxide granules
approximately one-eighth in. thick. The temperature
was raised at 100°C per hour to 1400°C, held at
1400°C for 8 hours, and then lowered at 100°C per
hour. The zirconium oxide granules stuck slightly on
the bottom of each pellet but were easily removed
with a spatula. ‘

6. Cutting Oversized Pellet. A pellet fabricated with the
2.52 inch diam die failed to shrink to the required
diameter of 2-%; ¢ inches. The pellet was made from
Batch 2 .containing 90 grams of powder. The
diameter of the pellet was 2-% inches.

A device was assembled consisting of a rotating brass
cylinder 2-% ¢ inches I.D. and a holder for the pellet
mounted in a machinist vise. The rotating cylinder
was mounted on a guide that permitted limited
vertical travel. A slurry of 320-mesh silicon carbide
~and water was used with the brass cylinder to
provide a cutting. surface. Approximately 8 hours
were required to complete the operation. The pellet
weighed 69.58 grams, and pieces from the pellet
weighing 9.80 grams were recovered. :

7. Pellet Summary. The following table contains a

description of the pellets as assembled for insertion
into the fuel capsule.

Pellet Batch Weight, g Density

No. No. gfcm Remarks

1 1 65 3.5 (est) Pellet broken. Placed in Pt cup
2 1 65 3.5 (est).  Pellet broken. Placed in Pt cup
3 - 1 100 3.5 (est) Pellet broken. Placed in Pt cup
4 2 69.57 3.0 Pellet intact

5* 1-2, Sr11 64.65 4.49

6* 1-2, Sr11 64.94 -  4.56

7 1-2, Srll1 65.05 4.52 Pellet intact

8 1-2, Srll 56.07 4.40 Pellet intact

9 1-2, 8r11 55.85 4.46 * Pellet intact

10 1-2, 8rll 56.60° 4.39 Pellet intact

11 2 69.67 3.50 Pellet intact

*A total of 20.24 grams of powder from Batch'1 was sintered in two platinum
cups. Also added to the cups were pieces of the residue from cutting pellet No. 4
totaling 9.80 grams and the two pellets as listed in the above table.



The following table shows the total amount of
powder used from each batch and the thermal output
of the powder as determined by calorimetry.

Specific power

Batch Weight, total power
No. g
Wig w
1 250.24 0.10 25.02
2 149.04 0.103 15.35
1-2,Sr11 363.16 0.192 69.72
110.09

Fuel Capsule Loading

The eleven SrTiO; pellets were placed in a special
holder to permit the loading of the Hastelloy alloy C
capsule without disturbing the pieces in the platinum
cups. The pellets were alternated as to specific activity
in order to get an even distribution of heat. The capsule
was placed on top of the holder and the assembly was
inverted thus transferring all of the pellets into the fuel
capsule. The free space above the pellets was approxi-
mately % ¢ of an inch. The fuel capsule was then
transferred to Cell 14 for the welding operation.

Fuel Capsule Welding

The capsule cover was installed with a vacuum tool to
prevent contacting the area to be welded. A special tool
with three contact points was used to place the capsule
in the welder.

The fuel capsule was welded in a helium and 3°Kr
atmosphere at 30 psig. Approximately 0.2% of the
inert-gas atmosphere was fission-product gas containing
100 millicuries/cm® of K.

The welder was purged by evacuating to 26 inches of
Hg vacuum and pressurizing to 30 psig with helium.
This was repeated nine times. During the ninth evacua-
tion 35 cc of fission-product gas was introduced and the
welder was pressurized with helium prior to the welding
operation. '

The first welding attempt was not successful. Expand-
ing gas inside the capsule raised the cover slightly at the
beginning of the welding operation. The capsule was
removed from the welder and the cover was pressed
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vessel. The vessel was evacuated to 26 inches of Hg
vacuum and held for 20 minutes. The pressure was
raised to atmospheric and a gas sample was obtained in
an evacuated counting chamber. The results were 621
¢/min with a background of 658 c¢/min. After five hours
another sample showed 636 c/min with a background
of 528 ¢/min. The samples were counted for a total of
five minutes.

Assuming a leak rate of 1.0 cm®/year or 3.15 X 1077
cm®/sec., 0.2% fission product gas, 1 cm® of fission
product gas = 100 millicurie of ®3Kr, and one hour
accumulation, the sample would register S X 10° cpm.
This is based on calibration data of 2.2 X 10® cpm/1 X
107" microcuries of ®3Kr for the counting chamber.

Fuel Capsule Smear Results

The fuel capsule was decontaminated by scrubbing
with a brush in a detergent solution, rubbing with
stainless steel scouring pads, and cleaning finally with
wet wipes.

Paper smears with an area of 4.25 cm and attached to
wooden handles were used to check the fuel capsule for
surface contamination. Six smears were made on the
capsule with the following results.

Smear Location on Approx. area Results, d/m
No. capsule covered, cm
1 Top (ORNL weld) 20 280
2 Bottom (Martin weld) 20 850
3 Side (~90° apart) 30 1410
4 Side (~90° apart) 30 280
5 Side (~90° apart) 30 250
6 Side (~90° apart) 30 870

back in place. The capsule was replaced in the welder -

and the complete purge operation repeated. The welded
closure was completed successfully.

Fuel Capsule Leak Test

After the welding operation was completed, the
capsule was transferred to a water cooled pressure

Moderate pressure was used and the smears were
obtained by contacting the fuel capsule and removing
the smear papers several times. This was necessary to
prevent charring of the papers by the hot surface of the
capsule. All smears were removed from the cell in
plastic bags to prevent contamination from handling.

Generator Loading

- The generator was mounted on the special welding
and handling fixtures. During the examination and tests
it was found that the outside diameter of the generator
was not uniform. A weld bead caused a bulge on the
side that interfered with the performance of the welder
and with the leak detector cover. The leak detector
cover was enlarged in order to fit down over the top but
it was impossible to get a seal. It was decided that the
85Kr could be pressured into the space inside the cover



and would be pulled into the evacuated generator if a
leak existed. The welder would be adjusted after the
first pass if necessary.

The generator was assembled with the fuel capsule,
retaining plate, snap ring, insulation, and cover plate.
The weld bead pulled to the outside on the first pass
due to the bulge on the generator. The position of the
electrode was adjusted and a second pass was made.
Visual inspection indicated that the weld was satisfac-
tory.

Generator Leak Test

The generator was tested by placing the leak test
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cover over the weld area and introducing a mixture of

approximately 2% fission product gas and 98% argon.
The generator was evacuated to 1000 microns and held
for 10 minutes. A mixture of 95% argon and 5%
hydrogen was used to return the generator to atmos-
pheric pressure. A sample was obtained from the
generator in the ®°Kr counting chamber. The results
were 684 ¢/min with a background of 635 ¢/min. Tests
of longer duration were not made because of the rapid
temperature rise of the unit. The internal temperature
was 355°C prior to installing the generator in the
shielded cask.

Generator Smear Test

Five smears were made on the sealed generator as
follows.

Smear Location on Approx. area Results,
No. Generator covered, cm d/m
1 Top 100 240
2 Side 75 90
3 Side 75 50
4 Side 75 90
5 Plug and flange 100 150

Transferring Generator into Shielded Cask

The special welding and handling device was lifted
and the generator was rotated 180°. This oriented it to
a position for lowering it into the shielded cask.
Fourteen pounds of Hg in the cask provided a thermal
bond between the generator and the cask. The genera-
tor was lowered into the cask and disconnected from
the welding and handling fixture. It was then secured in
place and removed from the cell.
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APPENDIX J

ORNL DWG. 68-2170

Fig. J.1. Oak Ridge National Laboratory uranium shielded cask.
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DEPARTMENT OF TRANSPORTATION
HAZARDOUS MATERIALS REGULATIONS BOARD
WASHINGTON, D.C. 20590

SPECIAL PERMIT NO, 5595

This special permit is issued pursuant to the authority of
46 CFR 146.05-U4 of the U. S. Coast Guard Dangerous Cargo
Regulations, and 49 CFR 173.22(a)(1), Department of Trans-
portation (DOT) Hazardous Materials Regulations, as amended.

l. The OAK RIDGE NATIONAL LABORATORY, 1is hereby authorized
to ship radiocactive material, n.o.s., further described as
encapsulated non-fissile radionuclides under the provisions
of 46 CFR 146.25-30 and 146.25-400 of the U. S. Coast Guard
Dangerous Cargo Regulations, and 49 CFR 173.393(f)(9) of

the U. S, Atomic Energy Commission (USAEC), Oak Ridge Opera-
tions Office, approval dated January 19, 1968, and as further
provided for herein.

2. The authorized packaging shall consist of a DOT Specifica-
tion 55 uranium shielded cask, approximately 25 1/2 inch 0.D.
by 43 inches long, with cooling fins with 35 5/8 inch 0.D.

All radioactive material will be either singly or doubly
encapsulated, or contained in DOT Spec. 2R inner containers.
The package 1is identified as Model Nos. "L" or "M", and is
described on Paducah Plant, Union Carbide’'s drawing numbers
E-M-12176-A, -B, -C, -D, and -E; and E-M-11920-D, -E, and

-F.

3. The closure device must have affixed to it a tamperproof
lock wire and seal, or equivalent, adequate to prevent inadver-
tent opening of the container, and of a type that must be
broken if the package 1s opened.

4, The authorized contents of each package shall consist of
not more than 400,000 curies of any non-fissile solid radio-
nuclide, having a heat load not to exceed 6130 watts in
Model L or 4000 watts in Model M.

5. The maximum temperature at any accessible point on the
external surface of the package shall not exceed 150° F.,
under normal conditions of transportation.
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6. The authorized package meets the criteria of the Inter-
national Atomic Energy Agency for Type B packaging for large
quantity radioactive materials.

7. Prior to each shipment authorized by this permit, the
consignee shall be notified of the dates of shipment and
expected arrival.

8. The outside of each package shall be plainly and durably

marked "DOT SP 5595" and "RADIOACTIVE MATERIAL", in connec-
tion with and in addition to the other markings and labels
prescribed by the DOT regulations. Each shipping paper
issued in connection with shipments made under this permit
must bear the notation "DOT SPECIAL PERMIT NO. 5595" in
connection with the commodity description thereon. In
accordance with 49 CFR 173.9(c) of the DOT regulations, the
special permit identification may be either tag or label
securely affixed to each package. For export shi?ments,
the outside of each package shall be also marked "TYPE B".

9. The permit does not relieve the shipper from compliance
with any requirement of the DOT regulations, inecluding 46
CFR Parts 146 to 149 of the U. S. Coast Guard Regulations,
except as specifically provided for hereiln.

10. Shipments are authorized only by cargo vessel, motor
vehicle, rail freight, and rall express, For shiPments
by water, stowage shall be "on deck in open", or "on deck
protected" in such a manner as not to impede air circula-
tion. ‘

11. For shipments by water, the shipper or agent shall
notify the U. S. Coast Guard Captain of the Port in the
port area through which the shipment is to be made, of the
name of the vessel on which the shipment 1s to be made,
and of the time, date, and place of loading. When the
initial notification is given in a port area, it shall be
accompanied by a copy of this permit, addressed to the
attention of that Captain of the Port.

12. The shipper must furnish a record of experience to the

Board if any extension or amendment to the permit 1s requested.

This report must include the approximate number of packages
shipped and the number of packages involved in any loss of
contents. The modes of transportation used for these ship-
ments must also be shown. -
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13. This permit shall expire April 30, 1970.
Issued at Washington, D.C., this 8th day of April 1968.

/}e //’ —-"7/
E. @. Grun;;, Eaggigg*f
For the Commandant
U. S. Coast Guard

. ste

For the Administrator
Federal Highway Adminlatration

f:::ff:;ion .

Pelleral Railroad

Address all inqﬁiries to: Secretary, Hazardous Materials
Regulations Board, U.S. Department of Transportation, :
Washington, D.C. 20590, Attention: Special Permits. .
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