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AN _EVALUATION OF STRONTIUM AND
-CESIUM COMPOUNDS FOR WASTE PACKAGING

T. S. Soine
H. T. Fullam

1. INTRODUCTION

As part of the overall waste management program at Hanford, various methods
have been evaluated for the long-term disposal of high level cesium and strontium liquid
vastes. The method selected involves conversion of the separated %%Sr and !37Cs liquid
streams to solid compounds followed by encapsulation of the solids in metal cans. Final

disposal of the solid-compact cans would be in - as yet unselected - storage sites.

The Atlantic Richfield Hanford Company has requested the Pacific Northwest
Laboratory to complete the development of the technology necessary for design and con-
struction of a waste packaging plant based on the solid-compact concept. The first
step in the development program involves: (1) an evaluation of the various strontium
and cesium compounds which could be considered for encapsulation, and (2) selection of
the two compounds which appear to be most suitable for packaging end long-term storage.

This report summarizes the results of the compound evaluations study.

2. SUMMARY

Cesjum chloride and strontium fluoride vere selected as the primary candidates
for packaging and long-term storage. The bases for their selection wvere three-fold:
;1) The shortest development time, prior to starting plant design, could be achieved
rith CsCl and SrF,, (2) Considerable compatibility data (up to nine years) is avail-
ible for the two compounds, and (3) It was felt that daCl and SrF; could be prepared

\nd packaged at the lowest unit cost.,
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Two secondary candidates, cesium diuranate and strontium pyrophosphate, were
slected as possible replacements for the chloride and fluoride if either or both

jould be rejected for any reason.

Initial studies indicate tﬁat the development of technology for.design of a
xmpacts waste packaging plant be based on the selection of cesium chloride and strontium
luoride as the compounds to be packaged. In addition, approximately 20% of the develop-
mt program should be devoted to developing the technology of the tvo secondary

indidates.

. BASES FOR COMPOUND SELECTION
In evaluating the various cesium and strontium compounds being considered

»r packaging and storage, the basic requirement which the compéunds must meet is

1at they be capable of storage for the required disposal times under consideration

»>100 years). In other words, the rate of reaction between the compound and its encap-
--11ating material must be sufficiently slow, at the temperatures involved, that premature

.adding failure will not occur. Since there is only a very limited amount of compat-

’3ility data for a few strontium and césium compounds available, it ig difficult to

ke an accurate estimate of the storage potential of each compound under considera-

.on. Therefore, it has been assumed in rating the compounds that by a proper selec-

.on of encapsulating materials all of the ccmpounds under consideration can be

iccessfully stored for the required times. However, tpose compounds for which com-

itibility data are available received much greater consideration than fhoae compouhds

i vhich no compatibility data is availsble.

Two other factors were considered as bases for compound selection: (1) the
rvelopment time required prior to plant design for each compound, and (2) the

1lative cost of preparing and packaging each compound.



3 BNWL-CC-1€95

Thé time required for development work before plant design can start has an
important bearing on compound selection. In order to meet the.proJected time schedule
*or the waste peckaging program, plant design should start by mid-1969. Therefore,

;he process development work should be close to completion by that time, This mesans
:hat these compounds for which little or no development data is available would require

\ much larger development program to meet the time schedule.

Economics also have an effect on compound selection, and other factors being
tqual, those compounds which can be prepared and packaged for the lowest unit cost are
;he logical candidates for storage. It is difficult, if not impossidle, to make an
iccurate cost anelysis of each compound under consideration because of the lack of
.echnical data. It is possible, however, to make a rough comparative analysis based
n certaiﬁ factors which affect the overall cost picture., These factors include

in order of importance):

.« The labor costs for compound preparaticn and encapsulation. A relative estimate

of preparative costs can be made based on thé coqplexities of the various flow-
sheets. Encapsulation costs:should be almost directly proportional to the number
of containers required for each compound. This in turn will depend on the compound
radionuclide density and on the size of the container, which in turn, depends on

& number of factors such és compound temperature limitations, thermal conductivity,

thermal expansion, etc.

'« Plant construction costs. A detailed analysis of plant construction costs for

each compound is impossible, but a rough comparison can be made by evaluating
the complexities of the process flowsheets, encapsulation techniques required,

and the materials of construction required.
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« Materials costs. These costs should be a very minor part of the overall packaging

costs for any compound, unless the compound under consideration should require
unusually expensive materials (i.e., if a compound should require a metal such as

platinum or tantalum) for encapsulation.

. Process development costs. Process development costs for the design and construc-

tion of the waste packaging plant should be a relatively small part of the overall
cost picture. However, they can vary over a wide range depending on the compounds
under consideration. For example, a great deal of development data is already
.available on the preparation and encapsulation of cesium chloride, while only a

limited amount of information is available on other cesium compounds.

In the preceding discussion, there was one factor which was not included as
basis for evaluation; that is, compound water solubility as it felates to safety
\d radionuclide containment. In making the selection of the primary candidates for
icapsulation, it was assumed that water solubility was not a criterion for compari-
m, that sufficient protection would be achieved through double encapsulation and
ndestructive testing techniques. If safety considerations negate this assumption,
en water solubllity does play an important part in compound selection and the
mpounds chosen should have & low water solubility. The secondary compounds chosen

backups to the two primary compounds were picked in a large part because of their

w water solubility.
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, COMPOUND EVALUATION

As stated previously, it was assumed that all the strontium and cesium
smpounds would meet the requirement of being storable for the required disposel
imes. However, there was one material which was rejected as not meeting this require-
snt, namely, strontium me;al. It was felt that metal-metal diffusion was sufficiently

reat at the temperature involved to preclude the use of strontium metal,

.1 Cesium Compounds

A number of compounds were considered as potential candidates for encapsu-
lation. Table I lists the compounds evaluated and summarizes their pertinent
physical properties such as cesium density and melting point. Except for the
chloride, the data available on the preparation and encapsulation of most of
the cesium compounds are extremely limited. For those compoundﬁ vhere little
data are avallable, process development costs and time requirements have an
important bearing on their relative ranking in the selection of the primary

candidate for encapsulation.

.1.1 Primary Candidate - Cesium Chloride

Of all the c:sium compounds evaluated, the chloride appears to be :he logical
hoice for encapsulation based on the requirements set forth in Section 3. Examina-
fjon of the literature shows that most of the work that has been done on cesium
ackaging haos involved the chloride, It is relatively simple to prepare and the

reparation technology is fairly woll developed. A minimum of process development



Compound
CsCl
CsF

0320207

Csilb03

Cs 2O

CsTa.O_.,

Cs.‘ SO,‘
C3,07(8,0,)
C320 'A1203'28£02
C“xm'l-xOB

Ca, 30y

C32T103

2C520 . 2Al20 3 '98102 . IL‘,O
Cesiun Glass

Csbr

Csl

C32603

TABLE I

PHYSICAL AND CHEMICAL PROPERTIES OF CESIUM COMPOUNDS

Theoretical Approxinste Packaged Melting Transition
Density Packege Density Cs Density Point Phase Teuperature
_{g/cm3) (g/ca3) (g/en3} (%) Transitions (°c)
3.99 3.79 3.00 646 yes h51(2)
k1 ~3.80 3.3 682 no
Se 5.2 1.62 1000
~4.8 4.8 1.84% 940
k.25 ~3.6 3.4 190 (in N,)
6.6 5.5 2.02 1400
h.2a ~3.6 2.6  Decom. 1010 yes 660
a3.h 2.9 2.2 650-700 (Est)
2.9 2.5 1.5 1k00
. 3.92 1.90 »1000
a7 6.15 0.97 950
ah 3.\ 2.5 8uo
3.0 2.9 1.2 >1000
3.0 1.5 815
kb ~3.8 2.4 636
NS ~3.8 1.9 621
33 2.7  Decom. 610

* olubility increases with temperature about 6 grams/liter at 65°C.

% ualitative teats.

Water
Solubility

g/diter)

1620
3670
<.l®

<, 19"

Very Soluble

<, 1w
1670
Soluble

< 100

<.10e

<, 1%
Soluble®
<.l
0.01
1243
Luo
2600

I i

e e e e e = fen e W

Hygroscopic

yes
yes
no
no
yes
no

yes

no

no

no
no
ao

ao

yes

yes

$69T-00~1mKa
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rork would be required for plant design. The chloride has a very high cesium density
3.13 g Cs/cm3), which would reduce the numper of storage containers to a minimum.
larious encapsulation techniques have been studied in some detail and only &

limited amount of development work would be required for plant de?ign. Compat-
{bility studies of the chloride with various encapsulating materials have been under-
ray for at.least nine years.(l) There is no problem of radiolytic decomposition as

long as the chloride is anhydrous.

The chloride does have certain disadvantages, however, which keep it from being

she ideal compopnd tor packaging.

1. At about US1°C the chloride undergoes a phase transition which results in a

(2) This means that if the package is loaded to

17% increase in volume.
greater then 80% of theoretical density, the container must be maintained at

s temperature below 450°C to prevent a rupture due to chloride expansion.

b. Use of the chloride requires processing equipment and facilities compatible with

a chloride systen.

¢. The chloride is very soluble in water. This is not too serious & factor,

hovever, since all cesium compounds show some degree of water solubility.

While the disadvantages listed are important, they are not enough to outweigh
the obvious adventages of the chloride which meke it the first choice for encapsu-

lation.
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1.2 Secondary Candidates

Although cesium chloride was selected as the primary candidate for
icapsulation, there are three other compounds which appear promising, and
1ich should be considered as a replacement for the chloride if it is rejected
r any reason. Each of the three is discussed beluw in order of their relative

nking.

Cesium fluoride -'The fluoride has a cesium density about the same as

the chloride (3.14 g Cs/cm3). It has a big advantage over the chloride in
that it does not undergo & phase change below the melting point. This could
increase the temperature limit from <450°C for the chloride to asbout 680°C

for the fluoride. In addition, the fluoride would not require that the
précessing equipment and facilities be compatible with a chloride systen.
Also, the fluoride should not suffer radiolytic decomposition as long as it

is anhydrous. The fluoride is, however, very soluble in water and is very
hygroscopic (on the same order as calcium chloride). This might require

that the preparation and packaging be carried ouﬁ in a dry or inert atmosphere
to prevent moisture pickup. Little or no work has been done on the preparation
and encapsulation of the fluoride. Therefore, a great deal of development
vofk would be required prior to plant design. Little is known of the
compatidility of the fluoride with encapsulating gaterials at elevated
temperatures so a long-term compatibility program would be needed to seliect

the best cladding material.

Cesium diuranate - The diuranate (Cs,U,07) is easy to prepare since it can be

precipitated from an aqueous solution.(B) It 1s less soluble in water than tie
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balides, but has a cesium density of only about one-half that of the
chloride. Its upper temperature limit would be about 1000°¢, Little
vork has been done on encapsulation of the diuranate, and an extensive

compatibility program would be required. Process development requirezents

for plant design would be moderate,

c. Cesium Niobate - The niobate (CsNb03) has two advantages over the chloride
in that: (1) it is relatively insoluble in water, and (2) its temperature
.limit would be about 900°C. However, its cesium density is relatively
lov, and it is quite difficult to prepare, requiring a high temperature
fusion (>1100°C) of C52003 and Nbaos.(3) Volatilization of 0820 during the
fusion step may be a problem. Extensive process development work and

compatibility studies would be required’prior to plant design.

Both the diuranate and niobate would rate considerasble attention if water
solubility becomes an important factor in compound selection. However, both
compounds are at least slightly soluble so the question is one of degree. If a
capsule develops a leak while in an aqueous media, a contamination_spread will
result regardless of the compound encapsulated. The contaminatiqn spread would
be less if the encapsulated material is the diuranate or the niobate, but it would

8till be a problen.

4,1.3. Discarded Candidates

A number of other compounds (which have been studied by other investiga‘cri
previously for use as isotopic heat sources) were also evaluated, They were
discarded as candidates for encapsulation for the reasons stated below. Any cesfur
compounds not listed were eliminated from consideration because they had nc agparern
edvantages over the primary and secondary candidates, and because they were ail

soluble in water.
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Cesium borate - The borates (Csao'(8203)x) all haeve & low cesium density
and a high water solubility. Little information is available on their
physical properties. Their stability to radiolytic decomposition is

questionable.

Cesium aluminum silicate (Cseo-A1203-23102) - This compound is soluble

in water, has a low cesium density, and requires a high temperature fusion

(1000°C) for preparation.(3)

Cesium oxide - The oxide (0320) is soluble in water and hygroscopic
to the extent that it would probably have to be haendled in a dry or inert
atmosphere during the encapsulation process. Studies in this laboratory

have shown that formation by calcination of the 082003 or CsNO3 results

in large losses due to the volatility of the oxide.(T)

Cesium sulfate - The sulfate (Csasoh) is very soluble in water. Its
radiation stability is questionable,.and it has a slightly lower cesium

density. It undergoes a phase transition at 660°C.

Cesium tantalate - The tantalate (CsTaO3) has the same characteristics as

the niobate which is discussed in the previous section/ Volatilization of

(3)

Cs.0 during preparation of the tantalate would be a definite problem.

2

~

Cesium tungsten niobate - This compound (Cswabl_xo3) has the same
characteristics as the niobate but it is much more difficult to

(3)

prepare.

Cesium tungsten bronze - This compound (Cs0 32WO3) has & low solubility
in water, bu%t is difficult to prepare and the cesium density is quite

1ow.(3)
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Cesium titanate - The titanate (CsTiOB) is difficult to prepare, requiring
a high temperature fusion (1470°C) unuer carefully controlled conditions.

The volatilization of Cs20 is a problem during the fusion step.(3)

Pollucite ~ This compound (2C320-2A1203'95102'H20) is relatively insoluble
in water. However, it has a low cesium density and is difficult to prepare.
The preparation involves high temperature fusions which require homogeneous

slurries of 8102, CsCO3 and organcaluminum compounds.(u)

Cesium bromide - Cesium bromide (CsBr) has about the same characteristics

as cesium chloride except that the cesium density is lower. Its preparation

 involves the use of HBr rather than HCl.

Cesium iodide - Cesium iodide (CsIz) is in the same category as the chloride

and brcmide. It has the lowest cesium density of the three.

Cesium carbonate - Cesium carbonate (C82C03) is very soluble in water,

decomposes on heating and is hygroscopic.

Cesium glass - Cesium borosilicate glass is reported to have very favorable
qualities as far as water sﬁlubility and compatibility with container materials
are concerned. However, both of the current methods of preparation involve
high temperature fusions which rely on intipate mixtures of solid materials.
These procedures do not appear to be too appliceble to high through put

hot cell operations which would be necessary to handle large quantities of

(5)

cesium waste.

Strontium Compounds

As vas the case with cesium, a number of strontium compounds were considered

as potential candidates for encapsulation. Tadble II lists their pertinent

properties. Unlike the case of cesium, however, a number of strontium ccmp:unds



TABLE I1I

PHYSICAL AND CHEMICAL PROPERTIES OF STRONTIUM COMPOUNDS

Theoretical Estimated
Density Packege Density
Compound  __(g/cm3) (x/ca3)

SrF2 §.2 3.8
Sr2r207 3.k 2.9
Srr103 5.03 3.8
sro N.63 5.2
SroTi0y 4.93 3.60
Srir03y 5.48 b.57
Srcoy . 3.7 2.9
Sr{tvo3)2 L.8 k.1®
srsi03 3.54 3.0
35r0-A1203 3.3 2.8
Srhboy 3.5 3.0*
Sradk 3.96 3.4*
Srbg 3.3 ‘2.80
Srs 3.70 3.1A®
Srio0)y k1 3.5
SrBrp N2 3.6
SrCp 3.9 3.3
srCla R % | 2.6
Srla A6 3.9*
Srioy 6.2 5.3

Ststimated et 85% of theoretical density.
®8Converts to Sr2P207 on besting.
#88iicasured at 0°C.
ssetiepsured at 20°C.

Packaged
Sr Density
em3
2.7
1.5
1.9
3.7
2.3
1.8
1.7
0.98
1.6
1.2
1.5
1.6
1.6
2.3
1.3
3.0
2.9
1.5
1.6
1.6

Melting
Pglut

) I
1400
1100
1910
2430
1860

»1100

>1700

>1L00
15%0

qee
1605
2235
>2000

q
643
»1500
813
802

Decompoees

Phase
Transitions

Transition Water
Temperature

Solubility

(%) a/yiter)

no
no
no
no

no

yes

yes

920-929

0.01108»
nil

1 mg/cu?/day
o_69.|.|
10

.OLnens

.001....

nil

nil

pK = 8.1

1152 11 .

8light Sol.

d

.1

85_20!0
Decomposes

53.80000

165000

(LI

Hygroscopie

no

no

yes
no
no
no
no
no
yes
no
no
no
no
no
yes
yes
yes
yes
no

et

$69T-00~1nNd
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have been studied quite extensively for use as isotopic heat sources, including
the oxide, fluoride and titanates. This makes it easier to compare the variocus

compounds, and means that development costs have a lesser effect on compound

selection.

4.2.1, Primary Candidate - Strontium Fluoride

Based on the requirement set forth in Section 3 above, strontium fluoride
was selected as the most suitable strontium campound for encapsulation. The
fluoride has a number of advantages which influenced this decision. It is easy
to prepi}e and can be precipitated from an aqueous solution. The method of
preparation is fairly vell developed and a minimum of process development time
and money would be required for plant design. The fluoride has a high strontium
.dansity (2.94 g Sr/cm3) and s high melting point (1400°C) vhich would reduce the
number of packages required to a minimum. There are no phase transitions which
would present an expansion problem and the thermal conductivity is average. The
fluoride is very stable and radiolytic decoxposition is not a problem. The
fluoride is not hygroscopic so the encapsulation wvould not have to be done in a
dry or inert atmosphere. Some encapsulation vork has béen done and cély a
poderate development effort would be required in this area. BScme container
compatibility studies have been nade(l's) which would reduce the development
time required. Strontium fluoride does have one disadvantage compared to scme
other strontium compounds in that it is llightl& soluble in vater. As in the

case of cesium chloride, it is felt that this problem should not preclude its use.

4.2.2. Becondary Candidates

There are three other strontium compounds vhich have many degirable
features and vhich should be considered as possible replacements for the fluoride
in case ivs use is rejected for any reason. The three are discussed belov in

order of their relative ranking.
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Strontium pyrophosphate - The pyrophosphate (Sr2P207) was rated best of
the three secondary candidates. It is easy to prepare and can be pre-
cipitated from an aqueous solution. It hes a high melting point (»1200°¢).
It is relatively insoluble in vater.(T) Its major disadvantages are tLat

little development work has been done on the compbund, it has a low strontium

density, and its radiation stability is unknown.

Strontium metatitanate - A considerable amount of work has been done on
strontium titanate (SrTiO3) for use as isotopic meta-heat sources. It has
e lover vater solubility than fluoride and has a high melti:.g point. The
preparative metaods are well worked out, but they are complex and involve
high temperature rusions.(a) It has a lov strontium density and this,
combined with its difficult preparation, makes it less attractive than

either the fluoride or the pyrophosphate.

Strontium oxide - The oxide is a borderline secondary candidate. Besides
its high strontium density, tne main fact.. in its favor is that it can be

(n This is &

prepared by the direct calcination of strontium nitrate.
relatively simple process and could be easily adapted to a hot cell operaticn.
However, the oxide is quite hygroscopic which would require that it be handled

in a 4dry or inert atmosphere.

4.2.3. Discarded Candidates

The following compounds were considered and discarded for the reasons

stated. Any compounds not listed were discarded because of their known vater

solubility and lack of advantages over the primary and secondary candidates.

a. Strontium silicate - The silicate (Sr8103) has & low thermal conductivity

and a lov strontium density. It is soluble in hot vater.(a’ Could be a

possible secondary cundidate

=y

PR R ey — A s VR ee
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Strontium zirconate - The zirconate (SrZr03) is soluble in water and its
preparation requires a high temperature fusion of SrCO3 and Zr02. Its

strontium density is 1ov.(9’1°)

Strontium orthotitanate - The orthotitanate (SraTiOh) is comparable to the

metatitanate discussed above except that it is more soluble in vater.

Strontium carbonate - The carbonate gives off CO2 when heated to >1000°C

and its radiation stability is questionable.

Strontium niobate - The niocbate Sr (Nb03)2 is relatively insoluble in
wvater, but has a very low strontium density and its preparation involves

s high temperature fusion.

Strontium aluminate - The aluminate (3Sr0'A1203) has a low thermal
conductivity, is difficult to prepare, and is hygroscopic. In addition,

compact densities are not reproducible.(a)

Strontium hydrogen phosphate - This compound (SrHPOh) has a low Sr demsity

and is susceptible to rediolytic decomposition.(e)

Strontium sulfate - The sulfate decomposes at elavated temperatures and

is susceptidble to radiolytic decompoaitzon.(a)

Strontium molybdate - The molybdate (SrMoOh) is soluble in water and

decomposes on heating.

Strontiun sulfide - The sulfide (SrS) decomposes in water and is difficulr

to prepare, requiring a high temperature gas-solid reaction.

Strontium boride - The boride (Sr36) {s difficult to prepare, soluble ip
(9,10"

water and gives an inzuuplete rie-up of <he streontium,
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Strontium bromide - Strontium bromide (SrBrz) has a relatively high strontium
density. However, compared to strontium fluoride, it is more goluble in
vater, has a lower melting point, volatilizes at 770°C, is hygroscopic end

is more difficult to prepare (requires evaporation of SrCO3 with HBr).

Strontium carbide - Strontium carbide (SrCe) requires the fusion of strontium
oxide and charcoal. It reacts with water in the same manner as calcium car-

bide to produce acetylene.

Strontium chloride - Strontium chloride (SrClz) has a low strontium density,

lov melting point, is soluble in water and is hygroscopic.’

Strontium iodide - Strontium iodide (SrIz) has a low melting point, is
extremely soluble in water, and is hygroscopic forming iodine and strontium

hydroxide on stunding in moist air.

Strontium tungstate - Strontium tungstate (s:woh) decomposes vhen heated and

had a low strontium weight for the total weight of the material.

RECOMMENDATIONS

As described in the section above, cesium chloride and strontium fluoride vere

chosen as the most suitable compounds for encapsulation and long-term storage. The
bases for selection of these compounds was the availability of process teéhnology

and compatibility data for the two compounds and economics. However, if safety
considerations become an overriding factnr, then water solubility becomes a controlling
factor in compound selection. In this case, strontium pyrophosphate and cesium d:uraza‘e

sppear to be the most logical compounds for eacapsulaticn.

Since the importance of water solubility has not been well defined, {t is proposed

that the following cuusse vi wction be taken with regard to the future develcpment progr

\
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;rontium bromide - Strontium bromide (SrBra) has a relatively high strontium
msity. However, compared to strontium fluoride, it is more soluble in
iter, has a lower melting point, volatilizes at 770°C, is hygroscopic and

i more difficult to prepare (requires evaporation of SrCO3 vith HBr),

;rontium carbide - Strontium carbide (s:ca) requires the fusion of strontium
tide and charcoal. It reacts with water in the same manner as calcium car-

.de to produce acetylene.

;rontium chloride - Strontium chloride (SrCla) has a low strontium density,

w melting point, is soluble in water and is hygroscopic.

;rontium iodide - Strontium fodide (SrIZ) has a low melting point, ie
ttremely soluble in wvater, and is hygroscopic forming iodine and strontium

rdroxide on standing in moist air.

;:rontium tungstate - Strontium tungstate (s:woh) decomposes vhen heated snd

Wd a lov strontium weight for the total weight of the material.

.ON8

:wribed in the section above, cesium chloride and strontium fluoride vere

le most suitadble compounds for encapsulation and long-term storage. The
tlection of these compounds vwas the availability of process technology

’ility data for the two compounds and economics. However, if safety

ms become an overriding factor, then vater solubility becomes a ~ontrolling
ympound selection. In this case, strontium pyrophosphate and <esium 4d:uraza‘e
y the most logical compounds for encapsulaticn. |

:he importance of water solubility has not been well defined, it is proposed

Llowilg Cvuise vl action be taken with regard to the future develcpment program.
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1. Development of the technology for design of a compacts vaeste packaging plant will be}

based on the selection of cesium chloride and strontium fluoride as the two compoun-:

vhich will be encapsulated.

2. In addition, a limited amount of development work will be carried forwvard on the twa
alternate compounds, cesium diuranate and strontium pyrophosphate, concurrently witiy
the work on the two primary compounds.‘ This would serve as a backup effort in case
unexpected problems arise vith one or both of the primary selections which prevent ¥
use, or in case the emphesis on vater solubility becomes an overriding factor. Appx
imately 20% of the developmental effort should bde devoted to study of the backup
compounds. This would shift to & full-scale effort if the primary compounds are

dropped from consideration at any time during the program.
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