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ABSTRACT

# Results of the 15-year program of chemical research and develop-
= ment for molten salt reactors are summarized in this document. These
. results indicate that 7LiF—Bng—UFh mixtures are feasible fuels for
thermal breeder reactors. Such mixtures show satisfactory phase be-
havior, they are compatible with Hastelloy N and moderator graphite,
and they appear to resist_radiation and tolerate fission product ac-
cumulation. Mixtures of 7LiF—BeFQ—ThFu similarly appear suitable as
blankets for such machines. Several possible secondary coolant mix-
tures are available; NaF-NaBF3 systems seem, at present, to be the

most likely possibility.

Gaps in the technology are presented along with the accomplish-
ments, and an attempt is made to define the information (and the
research and development program) needed before a Molten Salt Thermal
Breeder can be operated with confidence.
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to revision or correction and therefore does not represent a final report. The
information is not to be abstracted, reprinted or otherwise given public dis-
. semination without the approval of the ORNL patent branch, Legal and Infor-
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CHEMICAL RESEARCH AND DEVELOPMENT FOR MOLTEN-

SALT BREEDER REACTORS

Use of molten fluorides as fuels, blankets, and coolants offers a
promising and versatile route to thorium breeder reactors. Mixtures con-
taining fissile and/or fertile materials have been studied in consider-
gble detail, and sﬁown to possess liquidus temperatures, phase stability,
and physical properties which are suitable for the purpose. These fluo-
ride mixtures aépear to be compatible with structural metals and with
graphite suitable for use in a Molten Salt Breeder Reactor; such compati-
bility seems assured under irradiation at MSBR conditions. Cheap, low-
melting fluoride coolants for MSBR have not yet been demonstrated but
promising leads are available; the relative simplicity of the coolant
problem lends assurance that a reasonable solution can be found.

A reference design for a 1000 MW(e) Molten Salt Breeder Reactor has
recently been pu.blished.l The state of knowledge of molten salts as
materials for use in that reactor and in attractive alternatives or
improvements is described in some detail in the following pages. An at-
tempt is made to define those areasywhereradditional knowledge is neces-
sary or very desirable and té estimate the effort required to obtain this
knowledge for a molten saltrbreeder reactor and a breeder reactor experi-
ment.

SELECTION OF MSBR SALT MIXTURES®

General Requirements for the Fluids

A molten salt reactor makes the following stringent minimum demands

upon its fluid fuel. The fuel must consist of elements of low (and prefer-




ably very low) capture cross section for neutrons typical of the energy
spectrum of the chosen design. The fuel must dissolve more than the
critical concentration of fissionable material at temperatures safely be-
low the temperature at which the fuel leaves the heat exchanger. The mix-
ture must be thermally stable and its vapor pressure must be low over the
operating temperature range. The fuel mixture must possess heat transfer
and hydrodynamic properties adequate for its service as a heat-exchange
fluid. It must be relatively non-aggressive toward some otherwise suit-
able material--presumebly a metal--of construction andrtoward some . suit-
aeble modérator material. The fuel must be stable toward reactor radie-
tion, must be able to survive fission of the uranium--or other fissionable
material--and must tolerate fission product accumulation without serious
deterioration of its useful properties.

If such reactors are to produce economical power we must add to this.
list the need for reactor temperatures sufficiently high to achieve
genuinely high quality steam, and we must provide a suitable link (a
secondary coolant) between the fuel circuit and the steam system. We
must also be assured of a genuinely low fuel cycle cost; this presupposes
a cheap fuel and an effective turn-around of the unburned fissionable
material or (more reasonably) an effective and economical decontamination
and reprocessing scheme for the fuel.

If the reactor is to be a breeder we must impose even more stringent
limits on permissible parasitic neutron capfures by the reactor materials
and provide sufficient fertile material either in a breeder blankét or in

the fuel (or in both). If a blanket is used it must be separated from
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the fuel by some material of very low neutron cross section.

The demands imposed upon the coolant and blanket fluids differ in
obvious ways from those imposed upon the fuel system. Radiation intensity
will be considerably less in the blanket--and markedly less in the cool-
ant--than in the fuel. Efficiency of the blanket mixture as a heat trans-
fer agent may be relatively unimportant, but a high concentration of
fertile material is essential and an effective recovery of bred material
is likely to be vital.

Choice of Fuel and Blanket Composition

General Considerations

The compounds which are permissible major constituents of fuels or
blankets for thermal breeders are those that can be prepared from beryl-
lium, bismuth, boron-11, carbon, deuterium, fluorine, lithium-T7, nitro-
gen-15, oxygen, and the fissionable and fertile isotopes. As minor
constituents one can probably tolerate compounds containing the elements
listed in Table 1.

Of the known compounds containing useful concentrations of hydrogen
(or deuterium) only the hydroxides of the alkali metals, the saline hy-
drides of lithium and_célcigm, and certain interstitial hydrides (2ir-
conium hydride, for example) show adequate thermal stability in the 1000°F
to 1300°F temperature range. [Acid fluorides (NaHF5, for example] might
be permissible in low coﬁcentratipns at lower temperatures.] The hy-
drides arervery strong,réducingragents and are most unlikely to be useful
components of any uraniferous liquid fuel system. Alkali hydroxides dis-
solve extremely small quanfities of uranium compounds at useful reactor

temperatures and are very corrosive to virtually all useful metals at




such temperatures. One concludes, therefore, that hydrogen-rich: com=-
pounds, which might provide self-moderation to molten fuels, are not use-
ful in practical fuel or blanket mixtures.
The non-metals carbon, nitrogen, silicon, sulfur, phosphorus, and
oxygen each form only high melting and generally unsuitable binary com-
pounds with the metals of Table 1. From these non-metals, however, a
wide variety of oxygenated anions are available. Nitrates, nitrites,
sulfates, and sulfites can be dismissed as lacking adequate thermal sta-
bility; silicates can be dismissed because of undesirably high viscosi-
ties. Phosphates, borates, and carbonates are not so easy to eliminate
without study, and phosphates have, in fact, received some attention.
The several problems of thermal stebility, corrosion, solubility of urani-
un and thorium compounds, and, especially, radiation stability would seem s
to make the use of any such compounds very doubtful. : ‘h&
When the oxygenated anions are eliminated only fluorides and
chlorides remain. Chlorides offer mixtures that are, in general, lower
melting than fluorides; in addition UCl3 is probably more stable than UF3
with respect to the analogous tetravalent compounds. For thermal reactors,
fluorides appear much more suitable for reasons which include (1) useful-
ness of the element without isotope separation, (2) better neutron
economy, (3) higher chemicel stability, (L4) lower vapor pressure, and
(5) higher heat capacity per unit weight or volume. Fluoride mixtures
are, accordingly, preferred as fuel and blanket mixtures for thermal
reactors. The fluoride ion is capable of some moderation of neutrons;
this moderation is insufficient for thermal reactors with cores of reason- —_

able size. An additional moderator material is, accordingly, required.



Table 1. Elements or Isotopes Which

May be Tolerable in High Temperature Reactor Fuels

Material ‘ Absorption Cross Section
' (Barns)
Nitrogen-15 0.000024
Oxygen 0.0002
| Deuterium 0.00057
% Carbon | 0.0033
| Fluorine 0.009
Beryllium 0.010
Bismuth 0.032
Lithium-7 0.033
Boron—li 0.05
Magnesium ' 0.063
" Silicon ' 0.13
- Lead 0.17
. Zirconium 0.18
Phosphorus 0.21
Aluminum 0.23
Hydrogen 0.33
Calcium 0.L43
Sulfur . L | 0.49
Sodium A 0.53
Chlorine-37 - | 0.56
Tin B E 0.6
Cerium S 0.7

Rubidium S 0.7




Choice of Active Material

Uranium Fluoride. - Uranium hexafluoride is & highly volatile com-

pound clearly unsuited as a,componept of high-temperature liquids. UOoFs,
though relatively nonvolatile, is a strong oxidant which should prove
very difficult to contain. Fluérides of pentavalent uranium (UF5’ U2F9,
etc.) are not thermally stable and should prove prohibitively corrosive
if they could be stabilized in solution.

Uranium tetrafluoride (UFh) is a relatively stable, non-volatile,
non-hygroscopic material, which is readily prepared in high purity. It
melts at 1035°C, but this freezing point is markedly depressed by several
useful diluent fluorides. Uranium trifluoride (UF3) is stable, under
inert atmospheres, to temperatures above 1000°C, but it disproportionates

at higher temperatures by the reaction
o
hUF3 S 3UF), + U

Uranium trifluoride is appreciebly less stable in molten fluoride solu-

L,5

tions. It is tolerable in reactor fuels only insofar as the equilibri-

un activity of uranium metal is sufficiently low to avoid reaction with

p

the moderator graphite or alloying with the container metal. Appreciable

concentrations of UF3 (see below) are tolerable in LiF—BeF2 mixtures such
as those used in MSRE &nd proposed for MSBR. In general, however, uranium

tetrafluoride must be the major uraniferous compound in the fuel.

Thorium Fluoride. - All the normal compounds of thorium are quadri-

valent; ThF) (melting at 1115°C) must be used in any thorium-bearing
fluoride melt. Fortunately, the marked freezing point depression by use-

ful diluents noted sbove for uranium tetrafluoride spplies also to thorium
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tetrafluoride.

Choice of Fluoride Diluents

The fuel systems for thermal reactors of the MSRE and MSBR types
require low concentrations (0.2 to 1 mole %) of uranium, and the proper-
ties (especially the melting temperature) of such fuels will be essential-
ly those of the diluent mixture. Blanket mixtures (and perhaps fuel
systems for one-region breeders) will require considerable concentrations
of high-melting ThFh. The fuels must, if they are to be compatible with
large steam turbines, be completely molten at 9T75°F (525°C).

Simple consideration of the nuclear properties leads one to prefer

T

as diluents the fluorides of Be, Bi, 'Li, Mg, Pb, Zr, Ca, Na, and Sn (in

that order). Equally simple considerations (Table 2) of the stability of
6,7

diluent fluorides toward reduction by common structural metals, how-
ever, serve to eliminate BiF3, PbF2, and probably SnF2 from consideration.

No single fluoride can serve as a useful diluent for the active
fluorides. BeF2 is the only stable compound listed whose melting point
is close to the required level; this compound is too viscous for use in
the pure state.

The:very sfable fluorideé of the alkaline earths and of yttrium and
cerium do not seem to be useful major constituents of low melting fluids.
Mixtures containing aboutllo molév% of alkaline earth fluoride with BeF,
melt below 500°C, but the viséoéity of such melts is certainly too high
for Serious consideiaﬁion; |

Soﬁe of thé poésible,ébmbinations of aikali fluorides have suitable_

freezing points.8 Equimolar mixtures of LiF and KF melt at 490°C, and

mixtures with 40 mole % LiF and 60 mole % RbF melt at 470°C. The ternary
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Table 2. Relative Stabilitya of Fluorides

For Use in High Temperature Reactors .

Free Energy . Absorption Cross
Compound of Formation Melting Section® for
at 1000°K Point - Thermal Neutrons
(kcal/F atom) (°c) (parns)
Structural Metal
Fluorides
CrFo =Th . 1100 3.1
FeFo -66.5 930 2.5
NiFy -58 1330 4.6
Diluent Fluorides
CaFo -125 1330 0.43
LiF -125 848 0.033°
BaFp -124 1280 1.17
SrFo ~-123 1400 1.16
CeF3 - -118 1430 0.7
YF3 -113 11hy 1.27
MgF» -113 1270 0.063
RbF ' =112 792 0.70
NaF -112 995 0.53
KF =109 856 1.97
BeFo -10k 548 0.010
ZrF), -94 903 0.180
AlF3 =90 1h0k4 0.23
SnF, -62 213 0.6
PbFo -62 850 0.17
BiF3 -50 T27 0.032
Active Fluorides
ThF), =101 1111 -
UF}, -95.3 1035 -
UF3 -100.4 1495 -

®Reference state is the pure crystalline solid; these values are, accord-
ingly, only very approximately those for solutions in molten mixtures.

bof Metallic ion.

CCross section for 'Li.

2

. O
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systems LiF—ﬁaF-KF end LiF-NaF-RbF havevloﬁer melting regiéns than do
these binaries. .All these systems.will dissolfe UFh at concentrations up
to several mole % at temperatures bgloﬁ 525°C. They might well prove use-
ful aé'reactor fuels/if no mixtures with more attfactivg properties were
available. .

Mixtures with useful melting points over relatively wide ranges of
composition afe available if Zthris a major component of the system.
Phase relati?nships NaF—Zth system’show low melting points over the
interval 40 to 55 mole % Zth. A mixture df UEh with NaF and Zth servéd
as fule for the Aircraft Reaétor Experiment. |

| The'léwest melting binary.mixtures of the usable diluent flﬁoriaes

are those containing BeF2 with NaF or LiF.8 (The ternary system

LiF—NaF-BeF2 hasibeen exemined in some detail, but it seems to have no

important advantage over either binary.) 'Since Be offers the best cross

T

section of the diluents (and 'Li ranks very high), fuels based on the

LiF-BeF, diluent system wére‘chosen for MSRE and are proposed for MSBR.

2
The binary system.LiF—Ber has melting points below 500°C over the

concentration range from 33 to 80 mole % BEFZ.8 The presentiy.accepted
LiF—BeF2 system diagram, pfesented in Fig. 1, is characterized by a single

eutectic (52 mole % BeF,, melting at 360°C) between BeF,, and 2LiF-BeF,,.

The compound 2LiF-BeF, melts incongruently to LiF and liquid at L58°cC.

LiF-Ber is formed by the reaction of solid BeF2 and solidVZLiF-Ber be-

low 280°cC.




ORNL-DWG 66-7632

900

848
800
700 N
LiF+LIQUID
S
(J
% 600
w \ 555\
2
é /
% 500 . 4/ A
w ) -
- 458 \ , —
. ~—. BeF, (HIGH QUARTZ TYPE)
\ / +LIQUID
400
\\/ 360
LiF+2LiF-BeF, : - '
2
2LiF-BeF, +BeF, (HIGH QUARTZ TYPE)
| |
300 . =S l i 80
\ B8] 2LiF-BeR, & . LiF-BeF,+ BeF, (HIGH QUARTZ TYPE)
= "+ 2 @[ LiF-BeF, + BeF, (LOW QUARTZ TYPE) 220
200 - LiF-BeFp % i — -[ X
LiF 10 - 20 30 40 50 60 70 80 90 BeF,
BeF, (mole %) :
Fig. 1. The System _I..J'.F-BeF2

4y

@

¥

n

[ -



)

a)

_’}

'y

13

© LiF-BeF,, Systems with Active Fluorides

;2“\
The phase diagram of the BeF,-UF) system (Fig. 2) shows a single
eutectic eentaining very little UFh°9 That of the LiF-Ufh system (Fig. 3)

shows three.eqmpounds, done of which melts congruently and;one of which
shews a low temperature limit of stability.lo The edtectic mixture of
hLiF-UFh and LiF-UF) occurs at 27 mole % UF), and melts at 490°C. The ter-
nary system LiF—BeF2-UFh, of primary importance in reacter fuels, is shown
as Fig. h.9 The system shows two euteeticsf These are at 1 mole % UFh
and 52 mole %VBeFé and at 8 mole % UF) and 26 mole % BeF,; they melt at
350 aﬁd 435°¢C, respectirely; Moreover, the system shows a very wide ranged

of compositions melting below 525°C.

The system BeFé—ThFh is very similar to the analogeus UFh ’system.ll

‘The Li?—ThFh system (Fig. 5) contains four compounds.12 .The compound

3LiF-ThF) melts congruently at 58060 and forms eptectics at 570°C and 22
mole %,ThFh and 560°C and 29 mole % ThF), with LiF and with LiF-ThFh,
respectively. .The compounds LiF-ThFh,.LirlzThFh, and LiF*YThF) melt in-
congruently at 595°C and 890°C. The ternary system LiF-BeF -ThFh (see

Fig. 6) shows only a 31ngle eutectlc with the comp051t10n 4T7.0 mole % LiF

“and l 5 mole % ThFh meltlng at 356°C.11 In spite of small differences due

to the phase flelds of LiF- 2ThFh, 3L1F ThFh, and 4LiF- UFh’ the systems

represented by Figures 4 and 6 are very similar.
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ThFh‘and UFh form a continuous series of solid solutions with neither

-maximum nor minimum. The LiF—ThFh-UFh system (see Fig. T) shows no ter-

nary compounds and a siﬁgie eutecticld (which contains 1.5 mole % ThF),
with 26.5 mole % UF), and freezes at 488°C). Most of the area on the dia-

gram is occupied by primary'phase.fields of the solid solutions UFh-ThFh,

LiF-hUFh-LiF;hThFh, and LiF'UFh-LiF'ThFh. Liqﬁidus temperatures deorease,

generally, to the LiFeUFh edge of the diagram.

" It is clear from exemination of the diagrams shown that fuel systems

_melting below 500°C are availsble over a wide range of compositions in the

LiFfBéFerFh system. Since (see Fig. 6) wp to 28 mole % of ThF) can be
meltedkat temperaturés below 1100°F, blaoket syétemg with very large ThFh
concentrations can be obtaiped. Moreover, the very great similarity in
behavior of ThFu and UFh permits fractional roplacement of ThFh by UFh with
little.effect.on freezing tempefature overlthe composition range of .
interest as fuel. Fuels for single region/feactors shoﬁld, accordingly,
be availeble in the LiF-BeF,~ThF)-UF, quaternary system. |
Phase behaviorvio the ternary systems LiF—BeFE-UFh ond LiF—BeFQ-ThFh
has,'as a cohsequence,of stodiesrcited above; been examined in consideréble
detéil and the phase diagraﬁs are ﬁollldefined. If,‘asris 1ike1&, fuels

and blankets for two-region breeders can be chosen from these ternaries

then the only necessary gdditionalvstuay of phase behavior is a more de-

tailed examination of liquidus and especially of~éolidus relationships\ahd

crystallizetion path -behavior in the regions near those chosen as fuel and

as blanket'compositions. 7;

S S §
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Oxide-Fluoride Equilibria

The phase behavior of pure fluoride systems is such that adequate
fuels and blankets seem assured, but the behavior of such systems is mark-
edly altered by appreciable concentrations of oxide. Since all commercial
fluoride preparations contain some oxide (and water which reacts with the
fluorides at high temperature to produce oxide) methods must be devised
to remove this contaminant to safe levels before use of the fluoride mix-
ture in the reactor. Avoiding contamination by oxide of the molten mix-
tures during reactor operation and maintenance was possible in principle
but, before the excellent operating experience with MSRE, was not at all
certain in practice. Accordingly, careful studies of oxide-fluoride equi-~
libria in fluoride melts have been made to establish (1) the effect of
contaminant oxide on MSRE fuel, and (2) the ease of removal of oxide to
tolerable levels prior to reactor usage of the melts.

Measurements of reaction equilibria between water vapor in hydrogen
carrier gas with LiF--BeF2 melts over a wide composition interval have been

14,15

examined in detail by Mathews and Baes. Equilibrium quotients for

the reaction

Heo(g) + BeF 3 BeQ(S) + 2HF(8) (1)

2(2)
(where £, g, and d refer to liquid, gaseous, and dissolved étates and s
indicates thét BeO was presentvas a saturating solid phase) were measured
from 500 to 700°C over the composition range xBeFe = 0.3 to 0.8. The

results are summarized by

2 _ 2 L
1og (PHF/PHQO xBer) SatbxppteXyp (2)

vherein a, b, and ¢ all were linear functions of 1/T°K,
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3.900 - h.h18(103/T),

o
il

b = 7.819 - 5.hho(103/T),

fl

c = -12.66 + 5.262(103/T).
In the same investigation, measurements were made upon melts not saturated

with BeO. In addition to the reaction

- o
0 + %0
i (g) 2F (

2 )+ P () (3)

a) (a
for the formation of oxide ion, it became evident, both from these measure-
ments and from those upon Be0 saturated melts, that hydroxide ion also was

formed

B0e) * F (@) ¥ ¥ (a) * () (4

Because of limitations inherent in the transpiration method used, the

equilibrium quotients for these two reactions were less aécurately deter-

mined than was the previous one for Be0O saturated melts (ca. i.lO%,
respectively, compared to + 5%). They were sufficient to show, however,
that both oxide and hydroxide increase in stability with increasing tem-
perature. The stability of hydroxide with respect to oxide, however,
decreases with increasing temperature. Hydroxide can, accordingly, be
readily decomposed in these fluoride melts by sparging with an inert gas
(e.g., hydrogen).

O  +F 2 HF(g) + 02‘, log K = 5.23 - 6.56(10/T) (5)

16

Similar measurements have also been made by Baes and Hitch™  in

which the 2LiF-BeF. contained added ZrF,. With x,_ >~ 3 x lO-h, Zr0
2 L Zth

2

is the stable saturating oxide aolid, and hence the following equilibrium

mey be written

)

»
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2H20(g)7+VZth(d) pa Zr02(s) + hHF(g) (6)

It was also found that the equilibria (3 and 4) for the formation of oxide

and hydroxidevions were shiftedrtokthe-right with increasing x y i.e.,

Zth

in the direction of greater stability of these ions.

These results are consistent with previous observations that LiF—BeF2 .-

melts are readily freed of oxide‘contamination~by'treatment with gaseous

mixtureS'of H, and HF. The measured equllibrium quotlents in 2LiF- BeF

2 2

were used to’ calculate the eff1c1ency of HF utillzation in such a treat-
ment as a function of temperature and HF partial pressure with the assump- '
tion,that equiliorium is maintainedlbetween.the éas stream, the molten
salt, and any BeO.solid preSEnt.‘,This'calculation (Fig. 8) shows that the
efficiency in the removal of,OXide to a final value of;l6‘ppm o

- (xoé_.=’3.3 xAlOfS) is quite high over a wide‘range\of_conditions.

Bj combination of reactions (l)'and (6), it is possible to calculate
that both Bel and Zr02 will coexist at equilibrium uith 2LiF°BeFé contain-
ing oxide ion -

24 " '
VZrO2(S) +723e (a) ZZr (a) + 2Be0(s) . (7)

when Zth is present at'concentration of approximately 3Ax‘lO-h mole ' E

‘

.fraction. With larger amounts of addedAZth,‘ZrO2 becomes the less soluble

(stable) oxide..
When & molten mixture containing only LiF, BeF » and UF; is treated

with apprec1able quantities of a reactive oxide (such as H,0, €07, Fe0)

3,

’precipitation of UO2 results.h’5 The UO2 s0 produced‘1s'stolchlometric,

and if it is mainteined . in:contact with the melt for sufficient time it

Such precipitation has been

‘ ) forms transparent ruby crystals of UO2 00"
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assumed to pfesent a denger for the MSRE since slow precipitation of UOé
followed by a sudden entrance ef'the material into the core could permit

. | -
uncontrolled increases in reactivity. Precautions were taken with the

MSRE to assure cieanliness of the system, the fuel mixture, and the cover

gas, but it was anticipated that some inadvertent contamination of the

_system might occur. Accordingly, 1t was decided to 1nclude Zth in the

MSRE fuel comp031t10n since measurements of the metathesis reaction
' .\ + UF, .\ % ZrF,. ‘
have shown that the mole ratio of ZrF) to UF) at equilibrium with both
U02 and Zr02, while verying somewhat with temperature and melt composition,

remains very far below that chosen for the fuel salt. As a consequence a

: . D ,
considerable amount of Zrh -—-an amount easily detected by chemical analysis

of the fuel salt—-would be prec1p1tated by oxide contamlnation ‘before an

apprec1ab1e quantity of UO should prec1p1tate.h<’5 '

In connection with theserstudies, it was ascertained that, contrary

to published UOzleO phase diagramsiyronly very dilute solid solutions

2

are formed in'the temperatﬁre range 500-700°C. Because of the obvious

iimportance of thls to the MSRE experiments have been carried out in which

both U0,-2r0, mixtures and (U Zr)O SOlld solutlons prepared by fu51on

were equilibrated with LiF-BeF melts; The resulting phase diagram18 for
u , befF, me. P

2

the>U0 leOQ syetem over'the'temperature interval of reelrconcern is shown

in Fig. 9.

The oxide concentrationrin 2LiF-BeF2 saturated w1th Bel was estimated

by combining the equillbrium results for reactions (l) and (3) to be'

log xgp- = 0.0k - 2.96 x 103/T (9)
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 ty product of Zr0, could be estimated. - With inereasing X

~ tion of a camplex ion, Zr0

cemposition on the activity coefficients of the specieg Zrh+ and 0~ .

o

. The solublllty 1ncreased w1th temperature but no strong dependence on
Xpe F was found. In these measurements the mole fraction of ox1de at BeO
saturatlon probably was less than O. 002.

From the similar measurements in Zth—containiné meltsl§ the solubili-

, the concen-

2 Zr Fh

4tratlon of oxide at ZrO saturatlon at first falls as would be expected

from the equilibrium

O T ‘ - E
Zr0yg) $88 7 (g) ¥ 207 4y (10)

However, it then levels pff and subsequently rises with further increases

N I

o inx (Fig.- 10). This could be caused, at least in part, by the forma-

ZrF .
4 2+

- b - oo o+ , :
T @ @R [

or it could be caused entirely by the influence of the changing melt
. o y o

" The plot in Fig. 10 ‘indicates approximately the "oxide tolerance" of MSRE

fuel salt-flush salt mixtures; i.e., the amount of dissolved oxide these

‘mixtures can contain without oxide precipitation. It is seen that the

‘oxide tolerance increases raﬁidly7with‘temperature, especially near the.

fuel composition (x £ 0.05), indicating that any excess oxide present

Zr Fh

‘mlght be removed by collectlng ZrO on a relatlvely cool surface in the

MSRE system.

TheSe studies have defined relatively well the situation‘in LiF—BeF2

~and in LiF—BeFQ-Zth melts."They have been of real value in'assessing

the initial purification process (see below) and in assuring the inad-

vertent precipitation of UOz,should prove no problem in MSRE.
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Fuel and Blanket Compositions

The fuel chosen for MSRE was a mixture of 7LiF, BeF Zth and UFh

o3
consisting of 65-29,1-5-0.9 mole %, respectively, of these materials. The
Zth we:: added, as indicated above, to eliminate the possibility of pre-
cipitation of UO2 through inadvertent contamination of the system with
reactive oxide. [The general precautions regarding cleanliness in MSRE
and the apparent success of the fuel preparation and handling procedures
for that operation have gone far to remove apprehension from this source.
No samples removed from MSRE have contained more than 100 ppm of oxide,
"and no precipitated oxides have been observed on examination by optical
microscopy.] Since chemical reprocessing techniques (probably distilla-
tion) will certainly be applied to the MSBR fuel system and since such a
reprocessing scheme can be expected to remove oxides, it seems very likely
that Zth need not be a constituent of MSBR fuel.
On the basis of information presented above the reference fuel select-

ed for use in the MSBR is a ternary mixture of TLiF—BeF2—233UFh (68.3-
31.5-0.2 mole %) (see Fig. k) which exhibits a liquidus temperature of ap-
proximately 450°C. Equilibrium crystallization of this fuel mixture
proceeds according to the following sequence: On cooling in the tempera-
ture interval 450 to 438°C, éLiF-BeFQ is deposited from the fuel. At
438°C, the salt mixture solidifies and produces a mixture of the two
éfystalline phaées, 2LiF'BeF2 and LiF-UFh, comprised of approximately 89
wt % 2LiF-BeF, and epproximately 11 wt % LiF-UF),.

- The blanket salt selected for the MSBR is the TLiF—Ber—ThFh ternary

mixture (71-2-2T7 mole %) (see Fig. 6), which exhibits a liquidus tempera-

ture of approximately 560°C. Equilibrium crystallization of this blanket
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mixture is as uncomplicated as that of the fuel. Only the two solid
phases, LiF-ThFh and a solid solution of 3LiF-ThFh which incorporates Be2+
in both interstitial and substitutional sites, are formed during solidifi-
cation, and these solids are coprecipitated throughout the crystallization
of the salt.ll

Choice of Coolant

The secondary coolant is required to remove heat from the fuel in the
primary heat exchanger and to transport this heat to the power generating
systen. Iﬁ the MSBR the coolant must transport hest to supercritical
steam at minimum temperatures only modestly above TOO°F; in MSRE the heat
was rejected to an air cooled radiator at markedly higher temperatures.

The coolant must be possessed of adequate heat transfer properties
and must be compatible with Hastelloy N structures. It should not react
energetically with fuel or with steam, it should consist of materials
whose leskage into the fuel would not necessitate expensive separations
procedures, and it should be relatively inexpensive. To assure easy com-
patibility with the steam generation circuit the melting temperature of
the coolant should be below (and preferably considerably below) TOO°F.
Other demands (especially in the neutron economy and in radiation stabili-
ty areas) are clearly less stringent than those upon fuel and blanket
mixtures.

The coolant mixture chosen for MSRE and apparently shown to be satis-

TLiF. Use of this

factory in that application is BeF, with 66 mole % of
mixture would require some changes in design of equipment for the MSBR
since its liquidus temperature is 851°F; moreover, it is an expensive

material. The eutectic mixture of LiF with BeFo (48 mole % LiF) melts at
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near TOO°F (see Fig. 1) but it is both viscous and expensive. The alkali
metals, exéellent coolants with real promise in other systems, are un-
desirable here since they react vigorously with both fuel and steam. Less
noble metal coolants such as Pp° or Bi® might be tolerated, but they may

not prove compatible with Hastelloy N.
19

Several binary chloride systems are known™~ to have eutectics melting

below (in some cases much below) TOO°F. These binary systems do not, how-
ever, appear especially attractive since they contain high concentrations

of chlorides [T1Cl, ZnCl,, BiCl CdClz, or SnCla], which are easily re-

2’ 2’

duced and, accordingly, corrosive or chlorides [AlCl ZrClu, HfClh, or

3°
BeCla] whichvare very volatile. The only binary systems of stable, non-
volatile chlorides are those containing LiCl; LiC1l-CsCl (330°C at 45 mole
% CsCl), LiC1-KCl (355°C at L2 mole % KCl), LiCl-RbCl (312°C at 45 mole %
RbCl). Such systems would be relatively expensive if made from 7LiCl, and
they could lead to serious contamination of the fuel if normal LiCl were
used.

Very few fluorides or mixtures of fluorides are known to melt at tem-

peratures below 370°C. Stannous fluoride (SnF2) melts at 212°C. This

material is probably‘not-établé during long term service in Hastelloy N;

moreover, its phase diagrams with stable fluorides (such as NaF or KF)

probebly show high ﬁelting points at relatively low alkali fluoride concen-

trations.

_Coolant‘mixtﬁfes of mostrintefest at present are those based on
flﬁoborﬁtes of the alkali metals,' The binarj sysfem NaF-NéBFh is describ-
as having a eutecfic (at 60 mole % NaBFh) melting at 580°F. Pre-

liminary unpublished studies at this Laboratory suggest strongly that this
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published disgram is in error, and that the NaF—NaBFh eutectic melts at
near T16°F. There is some evidence to suggest that boric oxide sub-
stantially lowers the freezing point of NaF—NaBFh mixtures and we believe
that the Russian workers may have used quite impure materials. It is like-
ly, however, that the material (perhaps even with a moderate amount of
B203) may be useful. It should prove sufficiently stable to radistion

for service as coolant, and the equilibrium pressure due to

NaBth 2z BF3 + Nan

should prove satisfactorily low. Estimates of the heat transfer and fluid
properties of this material appear attractive. The extreordinarily high
cross section of boron should permit small leaks in the heat exchanger to
be recognized immediately, and removal of traces of BF3 from the fuel by
continued treatment with HF should be possible. Compatiblity of the
NaF—NaBFh mixture with Hastelloy N will probably be satisfactory (see sub-
sequent sections), but such compatibility remains to be demonstrated.

If the NaF-NaBFh eutectic system proves unsuitable by virtue of its
freezing point, preliminary date (see Fig. 11) suggésts that freezing
points below TOO®°F can be obtained in the ternary system NaF-KF-BF3.

Should experience prove the NaF—NaBFh mixture (or its close relatives)

unsuitable, coolant compositions which will meet the low liquidus tempera-
8,19 or

»19

ture specification may be chosen in the NaF—BeF2 NaF-LiF—Ber,
KF—Zer'-AlF?’zl systems. These materials are almost certainly compatible
with Hastelloy N, and they possess adequate specific heats and low vapor
pressures (see section below). They (especially those including LiF) are

moderately expensive, and their viscosities at low temperature are certain-

O

#
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Physical Pfopgrties of MSBR Liquids

Estimates of some of the physical properties of the proposed MSBR

possible secondary coolants are given in Table k.

‘blanket and fuel salts are listed in Tablé 3. Estimated values for four

Table 3. Composition and Properties of Fuel and Blanket Salts -

Composition -
(mole %) - Fuel Blanket
. “ LiF 65.9 LiF . E
BeFé 33.9 ThFh 27
' UFh 0.2 BeF2 2
Liguidus Temperature:
°c 457 560
°F . 855 1040
Physical Properties: At 600°C At 600°C
1112°F 1112°F
Density, 1b/ £t3 125 280
Heat Capacity, Btu 1b~1(°F)~! 0.55 0.22
Viscosity, centipoise 8.6 21 _
Vapor Pressure, mm ‘ Negligible Negligible
Thermal Conductivity, . ) .
0.011 0.07TT

watts/(°C-cm)
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ly higher than are desirable. It is possible that substitution of Zth

or even AlF3 for some of the BeF2 will provide liquids of lower viscosity

at no real expense in liquidus temperature.

Table 4. Composition and Properties of Four.

Possible Secondary Coolants

Composition :
(mole %) A B c D E

NaF L NaF 7.7 LiF 5 LiF 23
NaBF) 96 NaBF) 83.65 NaF 53 NaF 41 ©NaF 57
KBFh 8.65 BeF2 Lo BeF2 36 BeF, 43

Liquidus Tem-

perature:
°c 380 370 318 328 340
°F 716 700 604 622 634

Physical Proper-
ties at 850°F

Lshyoc)®
Density, 1b/ftS 130 130 138 136 139
Heat Capacity
Btu. 1b-l1(°F)-1 0.k 0.k 0.45 0.47 0.k
Viscosity, centi- .
poise 15 (436°C) 25 50 35 55
Vapor Pressure at o c
1125°F (607°C)°, mm 310¢ 2537 Negligible Negligible Negligible

Thermél Conductiv-

“ity (watts/°C-cm) 0.008 - 0.007T5 0.01 0.01 0.01

®Mean temperature of coolant going to the primary heat exchanger.
bHighest normal operating teﬁperature of coolant.

CRepresents decomposition pressure due to MBFh -+ BF3 + MF.
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The densities were calculated from the molar volumes of the pure com-
ponents by assuming the volumes to be additive. The heat capacities were
estimated by assuming that each gram atom in the mixture contributes 8
calories per degree centigrade. The value of 8 is the approximate aver-
age from a set of similar fluoride melts.22
The viscosity of the fuel and coolants C, D, and E were estimated

23,2h,25 the viscosity

from other measured LiF—BeF2 and NaF—BeF2 miﬁtures;
of the blanket salt was estimatedrfrom megsurements2h of mixtures which
contained UFh instead of ThFh. rThé viscosity of coolant A could not be
reliably estimated because of the‘absence of measurements on this compo-
sition. However, the viscosity of the maJor.components, NaBFu, is about
14 cp at h36°C.26

The vapor pressures of the fuel, blanket, and coolants C, D, and E
are considered negligible; extrapolation of measurements on similar mix-
tures yielded pressures less than 0.1 millimeter. The partial pressure
of BF3 above the fluoroborate coolant mixture was calculated from measure-
ments on pure Ne.Bbez7 by assuming that NaF, NaBFh, and KBFh form an ideal
(in the sense of Raoult's Law) solution.

The values given are unlikely to be in error to an extent sufficient
to remove the fluid from consideration. It is clear from the’ fact that
estimates, rather than experimentally determined values, are used in tﬁese

tables that a progrem must be devoted to measurement of physical proper-

ties for the pertinent materials.
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CHEMICAL COMPATIBILITY OF MSRE MATERTIALS

Successful operation of the MSRE requires compatibility of the molten
fuel mixture with unclad graphite and Hastelloy N during years of rapid
circulation of the fuel through an sppreciable temperature gradient. Such
compatibility must, moreover, be assured while the fission process produces
its intense radiation field and the buildup of fission product species.

To evaluate these implied problems has required a large research and de-
velopment program in which many tests have been conducted over a period of
several years.

Details and specific findings of the large program of corrosion test-
ing are presented as a separate paper in this series.28 In brief, com-
patibility of the MSBR materials is assured by choosing as melt constitu-
ents only fluorides that are thermodynamically stable toward the moderator
graphite and toward the structural metal, Hastelloy N, a nickel alloy con-
taining about 16% Mo, 7% Cr, and 5% Fe. The fuel and blanket components

(LiF, BeF UF, , and ThF, ) are much more stable than the structural metal
I L

2’

fluorides (Nin, FeF,, and CrF2); accordingly, the fuel and blanket have

2’
a minimal tendency to corrode the metal. Such selection, combined with
proper purification procedures, provides liquids whose corrosivity is
within tolerable limits. The chemical properties of the materials and the

nature of their several interactions, both with and without radiation and

fission, are described briéfly in the following.

Stability of UF3 and UF),
Pure, crystalline uranium trifluoride is stable, under an inert at-

mosphere, to temperatures in excess of 1000°C, but it disproportionates at
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sufficiently high temperatures by

, s .
hUF3 3UFh + U .

Long, who studied the reaction

UFh + %Hz 2 UF3 + HF

obtained data28 which when combined with other accepted values indicate
that the free energies (in kcal/mole) for the pure crystslline materials

can be reﬁresented by

AFSF = 351 + 52.8 x 10~3 T%K
3 o

and
AFf AFf = +97.0 - 15.6 x 10~

UF3 - UFh

However, uranium trifluoride is apprecisbly less stable in molten fluoride

3 T°K.

solutions than in the crystalline state. Long's data for the reaction in

29

2LiF°BeF2 solution yield the following equations™ for activity coef-

ficients of the materials in this solution

-1.62 + 3.77 x 1073 ok

log v
UF3
and

3

log YUFh -0.99 + 1.31 x 10"~ T°K.

Uranium trifluoride is permissible in reactor fuels only insofar as
the equilibrium activity of U° which results is sufficiently low to avoid
reaction with the moderator graphite or appreciable alloy formation with
. the Hastelloy N. Use of the activity coefficients shown above to predict
at 1000°K (727°C) the activity of uranium in equilibrium with melts con-

L

taining various U’+3/U+ ratios leads to the data of Table 6. It is obvi-

ous that large quantities of UFh must be reduced if apprecisble uranium
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activities are to be obtained. UC, would form, for example, if 68% of the

UFh were reduced to UF3.

Table 6. Calculated Values of the Fraction of the Total Uranium
in Solution Present in the Trivalent State (UF3/Total u)
in Equilibrium at 1000°K with Various Phases

(Total uranium in solution = 1 mole %)

Phase U° Activity UF3/Total U(%)
U Metal 1.0 > 99
uc 3 x 1077 89
uc, 5 x 1077 68
Ni alloy 1078 L9
Ni alloy 2 x 10710 20
Ni alloy - 1x 1074 1

In fuel processing, hydrogen reduction of the fuel mixtures (as
described in the section on Production Technology below) should lead to
reduction of no more than about 72% of the UFh' Corrosion reactions such

+ 2UF, would increase the UF, concentration to a

2 3 3

negligible extent sgbove this value. -Thus , under reactor conditions, it

as 2UF) + Cr Z CrF

seems clear that the reduction of'the‘UFh normally encountered would intro-
duce no problems; only through drastic and virtﬁally unimaginable reduc-

tion could serious consequences arise.
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Oxidation (Corrosion) of Hestelloy §3->

30

Blood™" has made & careful study of the reaction

Ma(a) * Bara) ¥ Me) * F(g)

where M represenfs Cr, Fe, or Ni, ¢, g, and d indicate that the species is

crystalline solid, gaseous, or dissolved in molten»LiF—Ber mixture. His

15

data (Table 7) when combined ” with accepted values for HF, yield free

Teble 7. Experimentally Determined Equilibriﬁm Constants
. for the Reaction ‘

+H ; +
Mata) * Ha(g) ¥ M(e) * HF(g)
in LiF-BeF, Mixture Containing 62 mole % LiF

Temperature KN for CrF2 KN for FeF2 KN for NlF2
1000°K bk x 10'1‘ 1.9
800°cC 1.3 x 10’1‘ 0.80
700°C 7.5 x 102 0.53 7 x 10°
600°C 1.2 x 10~ 0.13 1.5 x 101‘
where = —
KN NMF b4 PH

energies of formation (along with those of Long for UFh and UF3) in

Tgble 8.
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Table 8. Free Energies® for Solutes in
Molten 2LiF-BeF, (773-1000°K)

Solute iy AGT (1000°K)
(kcal/mole) (kcal/F-)
U™+ WFT BLLL6 - 58.1 x 1073 Tk 96.6
St o+ 3F 336.7 - 40.5 x 1073 Tok 98.7
Ni%* + 2FT  146.9 - 36.3 x 1073 1K 55.3
Fe2t + 2FT  15L.7 - 21.8 x 1075 T%K 61.5
cr?t + 2F  171.8 - 21.L x 1073 19K 75.2

'8 The reference state is that hypothetical solution
with the solute at unit mole fraction and with the
activity coefficient it would have at infinite
dilution.

These data reveal clearly that chromium is much more readily oxidized
than iron or nickel. Accordingly, any oxidative attack upon Hastelloy N
should be expected to show'selective attack on the chromium. Such oxida-
tion and selective attack follows from reactions such as the following:

1. Impurities in the melt

Cr +'NiF2 > CrF2 +‘Ni, or

Cr + 2HF -+ CrF. + H

2 2

2. Oxide films on the metal
Ni0 + BeF, - NiF,, + Beo’
followed by reaction of NiF

5 with Cr

3. Reduction of UF), to UF,

+ CrF2
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Reactions implied under (1) and (2) sbove will proceed essentially
to completion at all temperatufes within the MSBR circuit. Accordingly,
such reactions can lead (if the system is poorly cleaned) to a noticeable
repid initial corrosion rate. however, these reactions do not give a sus-
tained corrosive attack. |

The feaction of_UFh'with Cr, on the other hand, has an equilibrium
constent with a small temperature dependence; hence, when the salt is
forced to circulate through.ea tempgrature gfadient, 8 possible mechanism
exists for mass transfer and continued attack.

If nickel, iron, and molybdenum-arg essumed to be completely inert
diluents for chromium (as is approximately true), end if the circulation
rate in the MSBR is very raspid, the corrosion process can be simply de-
scribed. At high flow rates, uniform concentrations of UF3 and CrF2 are
maintained throughout the fluid ciréuit; these concentrations satisfy (at
some intermediate temperature) the equilibrium constanf for the reaction.
Under these steady-state conditions, there exists some température inter-
mediate between the maximum and minimum temperatures of the circuit, at
which the initial surface composition of the structural metal is at equi-
librium with the fused salt. Since the equilibrium constant for the chemi-
cal reaction increases with increasing temperature, the chromium concen;
tration in the alloy surface tends to decrease at temperatures higher than
T and tends to increase at temperatures lower than T. [In some melts (NaF-
LiF—KF—UFh, for exasmple) AG for the mess transfer reaction is qﬁite large,
and the equilibrium constant changes sufficiently es & function of tem-
perature to cause formation of dendritic chromium crystals in the cold

zone.] For MSBR fuel and other LiF-Ber-UFh mixtures, the temperature

1)
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dependence of the mass-transfer reaction is small, and the equilibrium is
satisfied at reactor temperature conditions without the formation of
crystalline chromium.

Thus, in the MSBR, the rate of chromium removal from the salt stream
by deposition at cold-fluid regions is controlled by the rate at which
chromium diffuses into the cold-fluid wz;ll; the chromium concentration
gradient tends to be small, and the resulting corrosion is well within

tolerable limits. In the hot-fluid region, the alloy surface becomes

’

depleted in chromium, and chromium from the interior of the wall diffuses
toward the surface. This rate of diffusion is dependent on the chromium
concentration gradient. ©Since diffusion occurs by a vacancy process and
in this particular situation is essentially monodirectionsal, an excess of
vacancies can accumulate in the depleted region. These vacancies precipi- .
tate in areas of disregistry, principally at grain boundaries and impuri-

- ties, to form voids. The voids in turn agglomerate and grow in size with
increasing time and temperature. The resulting subsurface voids are not

interconnected with each other or with the surface.

The mechanisms described above lead to such observations as (a) the
complete independence of cofrosion rate from flow rate for a given system
and (b) the increase in corrosion with increasé in temperature drop as well
as with increase in mean temperature,withinia system{

The results of,nﬁmeroué~long—§erm tests have shown that Hastelloy N
has excellent corrosion resistance to molten fluoride mixtures at tempera-
tures well above thoserantiCipaYed in MSER. The attack from mixtures

similar to the MSBR fuel at temperatures as high as 1300°F is barely ob-

‘sj servaeble in tests of as long as 12,000 hr. A figure of 0.5 mil/yr might
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be expected.31 Even less corrosion occurs in the blanket where the UFM

concentration is very low. Further, the mechanical properties'of '
Hastelloy N are virtually unaffected by long-time exposure to the molten
fluoride fuel and blanket mixtures. Corrosion of the container metal by
the reactor fuel and blanket does not seem to be an important problem in
the MSER.

This encouraging status for metal-salt compatibility certainly applies
to the coolant mixture if a reasonable NaF-BeF2 or NaF-LiF-BeF2 mixture is
chosen. It is likely that the NaF—NaBFh coolant mixture will also prove
compatible with INOR-8, but no detailed experimental pfoof of this is

available. The free energy change for the chemical reaction

BF3(8) + 3/20r(s) > 3/2CrF2(2) + B(s)

is about +30 kcal at 800°K.32

The reaction is, therefore, quite unlikely
to occur, and similar reactions with Fe, Mo, and Ni are much less so. In
addition, the above reaction becomes even less likely (perhaps by 10 kcal

or so) when one considers the energetics of formation of the conpound

NaBFh and dilution of the NaBFh by Na¥F. However, the following reaction

BF3(g) + (X + 3/2)M(s) > MxB(S) + 3/2MF2(2)

is almost certainly the one to be expected. Thermochemical'data for the
borides of Cr, Ni, Mo, and Fe do not seem to have been established. Very

stable borides such as TiB, and ZrB2 show free energies of formation of

2
-67 and -68 kcal/mole (or about -34 kcal/boron atam) at 800°K.33 The

borides of Mg (MgB2 and MgBh) show free energies of formation of less than

33

-10 kcal per boron atom. Unless the borides of the Hastelloy N constitu-

ents are very stable, it would appear that the alloy will prove resistant

it}
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to this coolant. However, such compatibility must be demonstrated by ex-
periments.

Compatibility of Graphite with Fluorides

Graphite does not react chemically with molten fluoride mixtures of
the type to be used in the MSBR. Available thermodynamic data6 suggest

that the most likely reaction:

hUFh + CZ CFh + hUF3

should come to equilibrium at CFh pressures below J,O-8 atm. CFh concen-
trationé over graphite-salt systems maintained for long periods at elevat-
ed temperatures have been shownBLl to be below the limit of detection

(> 1 ppm) of this compound by mass spectrometry. Moreover, graphite has
been used as a container material for many NaF—Zth-UFh, LiF-Ber-UFh, and
other salt mixtures with no evidence of chemical instability.

The MSBR will contain perhaps 20 tons of graphite. Several potential
problems in addition to that of chemical stability have been considered.
These include (1) hazardous increase in uranium content of core through
permeations of the graphite by fuel, (2) reaction of fuel material with
oxygenated gaseous species desorbed from the graphite, and (3) carburiza-
tion of the Hastelloy N structure by éarbon dissolved, suspended, or other-
wise carried in fhe circﬁlating salt. These possibilities have been
studied'experimentailyband'found to be inconsequential or to have practic-
able solu.'bions.lf’5 | | |

fdraphite is notrwétted,by'MSB-fuel mixtures (or by other similar mix-

tures) at elevated temperatures; The'extent to which graphite is permeat-

ed by the fuel is, accordingly, defined by well-known relationships among
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applied pressure, surface tension of the nonwetting liquid (about 130
dynes/cm), and the pore size spectrum of the graphite specimen. However,
since the void volume of the graphite may be about 16% of the core fuel
volume, detailed testing of permeation behavior has been necessary. Typi-

cal tests35

with MSRE graphite have exposed evgcuated specimens to MSRE
fuel mixtures at 1300°F;>applied pressures were set at 150 1b, a value of
three times the reactor design pressure. The observed permeation did not
change with time after a few hours. In these tests 0.18% of the graphite
bulk volume was permeated by the salt; such permeation is well within that
considered tolerable during MSRE operation. Specimens permeated to this-
extent have been given 100 cycles between 390 and 1300°F without detect-

able change in properties or appearance.

Radiation Effectsl’3'5’3h’36

A considerable body of information about the stability and compati-
bility of MSBR materials under irradiation from fissioning fuel has been
obtained. These studies were motivated by the concern that neutrons, beta
and gemma rays, and fission fragments might cause radiation damage to fuel,
metal, and graphite structural components. Fission fragments, which should
produce localized regions of dense ionization and radiolysis in the molten
salt, might affect fuel stability and corrosion behavior.

Early In-Pile Tests on Na.F—Zth-UFh Fuels

The earliest studies of radiation effects on molten fluoride systems
were done in the molten-salt ANP program. These tests used NaF—Zth-UFh
mixtures and Inconel containers. Such ifradiations, with melts and metal

chemically similar to those proposed'for the MSBR, were performed over &

o
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wider range of power density and temperature than were used in more recent
irradiation work in support of the MSRE. More than 100 static capsule
tests were carried out in thermal neutron fluxes from 10ll to 101h neutrons
cm sec_l, with fission power densities from 80 to 8000 w/c, at tempera-
tures from 1500 to 1600°F, and for irradiastion times from 300 to 800 hr.
Chemical, physical, and metallographic tests indicated no major changes in
the fuel or the Inconel which could be attribﬁted to the irradiation
conditions. Corrosion of Inconel was comparsble to that found in unir-
radiated controls. Three types of Inconel forced-circulation in-pile
loops were operated with NaF—Zth-UFh melts at fission power densities of
400 to 800 w/cc, maximum temperatures of 1500 to 1600°C, and for 235 to
475 hr at full power; corrosive attack on the Inconel was no greater than

in corresponding out-of-pile tests (wall penetrations less than 3 mils).

Early Tests on LiF—Ber—UFh Fuels

The first irradiation test on an‘LiF—BeELbased fuel was a graphite-~
fuel compatibility test in the MTR. Two Inconel capsules containing
graphite liners filled with LiF-BeF,-UF) (62-37-1 mole %) were irradiated
at 1250°F for 1610 and 1492 hr, and at average power densities of 954 and
920 w/cc, respectively. The eprsure resulted in no apparent damage to
the graphite, and.negligiblercorrosion to the Inconel which was exposed
ﬁo the salt through small holes in the graphite liner.

In the next test; two small Hastelloy N capsules were filled with the
same LiF-BeFe-UFh mixture and irradiated for 5275 hr in a flux of 1 to
2 x 10lh neutrons cm~> sec™T at an initial power density of 1170 w/cc and

a temperature of 1250°F to an estimated 75% burnup. The failure of one
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capsule at this time forced términation of the experiment. The results of
later tests suggest that fuel radiolysis at ambient reactor temperature
during shutdowns may have contributed importantly to the capsule failure.

Two forced-circulation Hasteiloy N loops containing thevabove-LiF-
BeF2-UFh mixture were also installed and operated in the MTR. These were
designed to operate at 1300°F maximum temperature, 190 w/cc power density,
and a linear flow velocity of 2.5 ft/sec. Pump failure terminated ﬁhe
first test after 860 hr and the second after 1000 hr. Métallographic exX-
amination of the metal from the first loop revealed a moderately eroded
region (approximately 2 mils deep) in one of the sharp bends in the high-
flux region. Metal specimens from the second loop showed a negligible
degree of corrosive attack. Since later in-pile tests confirmed the good
corrosion resistance of Hastelloy N, it is suspected that the first loop
was fabricated from substandard alloy.

Testing of MSRE Fuels

The ORNL-MTR-UT7- series of capsule irradiation experiments was design-
ed to test the stability and compatibility of actual MSRE materials (graph-
ite, Hastelloy N, and fuel salt) under conditions approximately those of
the MSRE, with emphasis on the interfacial behavior of molten salt and
grephite. The capsules were relatively large to provide adequate speci-
mens of graphite, fuel, and Hastelloy N for thorough postirradiation exami-
nation.

In the U7-3 test, four Hastelloy N capsules (see Fig. 12) containing
graphite boats holding a pool of fuel salt (Ber-UFh—LiF-ThFh-Zth, 23.2-
1.4-69.0~1.2-5.2 mole %) were irradiated for 159% hr at maximum tempera-

tures of 800°C and maximum power densities of 200 w/cc to a burnup of sbout

o
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10%. Each capsuie also contained specimens of Hasfelloy N, molybdenum,

and a pyrolytic graphite‘attached fo a graphitérblade dipping into the-
shallow pool of fuel. Two of the graphite boats were‘initially,iﬁpregngtedA
with the fuel to provide a more extreme test. of gfaphiteéfﬁel compatibility
at high tempefature. When the;capsules were’dismantled, éhé'frozen fuel
exhibited hénwetting contact aﬁgleé with the graphite boats, the graphite.
blades, and the pyrolytic graphite specimens. The graphitebstructufeiap-
peared undamaged-visually and metallographically. However, there wéfe
definite observgtions that fuelrxadiolfsis'had taken place (gene;étion of
F2 and CFh)' Because of these obsefvatiops, sﬁbsequent tests studied the
radiolytic instability of the fuel in detail: it wés found that only whén

the irradiated fuel was allowed to freeze»and cool below 100°C did radio-

-

lytic decomposition take place.

The W7-b4 irradiation assembly comprised of four large Hastelloy N cap-
sules (see Fig.'13), each containing a 0.5-in.-diam graphite specimen sur-
rounded by a 0.2-in. annulus §f fuel, énd‘two smail Hastelldy N\capsules

containing a 0.5-in.~0D graphite cup nearly filled with fuel. The lafge

‘capsules contained about 25 g of fuel (BeF2—UFh-LiF-ThFh—Zth, 22.6-0.7-

71.0-1.0-4.7 mole %). One of the smaller capsules contained 10 g of the

same fuel; the other 10 g of a similar fuel of higher UFh concentration

(1.4 mole %). The capsules were irradiated for 1553 hr at temperatures up
" to 800°C (900°C for the small 1.4 mole % UF), capsule), at average power

 densities from 40 to 260 w/cc, and to burnups from 5 to 10%. There was a-

gain evidence that fuel radiolysis occurred at low temperatures during
reactor shutdown; however, metallographic examination of the Hastelloy N

capsule walls showed no discernible corrosion, and the graphite appeared

u
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undamaged except for-the vapor-exposed region of the small high power

density capsulg. _
fo investigate the fuel radiolysis further, ﬁwo capsules in the 47-5
assembly,'of design similar to the 1arée h?-h c#psules, were equipped with
gas lines which bermitted‘measurement of pressure within the capsule’and
withdrawal of cover gas samplesiwhilerfhe ifradiation was_proceedigg.r Two
large sealed capsules with widely different ;reas of graphite and metal ex-
posedrto the fﬁel, and two small capsules containing fuelsimpregnatea
graphité rods suspended in heliuﬁ completed the-assembly. Four of the
-capsulgs contained salt having the composition LiF—BéFQ—Zth-UFh with mole
ratios of 67.36-27.73-4.26-0.66. Salt with lower uranium concenfration
(LiF—Ber-Zth-UFh, 67,19-27.96—h;51-0.3h) was’psed in one of tﬁe gas-
swept capsules and in the'low-flux, impregnﬁtgd—rod capsule.: The 47-5

caﬁsules were irradiatea for 4-1/2 months at average fluxes‘between
13 ' '

-

2 x 10~ and 3 x 1003 neutrons cm-2'§ec_l to burnups between T and 15%.
Gas samples were taken from the purged capsules under & variety of operat-
ing conditions, with fuel temperatures varying-from 190 to iSOb°F and power
densities from 3 to 80 w/cc. During reactor shutdowns, when the assembly
cooled to about 35°C, pressure rises were.observed in the capsules equip-
ped with gas lines, and gas samplés indicated the presence of'flu;fine.

. With the‘feactor operating and the fuel molten, the isolated capsules
‘showed no fluorine. In a few of the 60 gas samples, barely detectable
traces of CF) (approkiﬁately 5 ppm) were found; these weré probably due to
zincomplete flushing of the syétem‘since the'lgst'reactorrshutdown.‘ In any

casé, the observed minute rates of CFh generation representéd negligible

reduction of UFh to UF

3 and, accordingly, an inconsequential practical

it
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- problem. In later hot-cell studies of frozen irradiated fuel, it was es-

tablished that the gas evolved was pufe fluorine and that the G value at
35°C was 0;02 ﬁolecﬁieé ofrfluorine per 100 ev of fission product decay
energngpsorbed: The rate of radiolysis was greatest in the temperature
range of 35ito 50°C; it dropped to low values at -T0°C and to zero at tem-
peratures above 80°C. 7

The L47-6 test was desigﬁed to gllay any lingering doubts that fuel
radiolysis and its conséquehées could be eliminated by maintaining the
fuel molten even dufing reﬁctor shufdown. Four cylindrical, Hastelloy N
capsules were used (lbin. 0D x 2.615 in. lqng). Heaﬁers were provided for
all capsules, and. these turnéd'on,automaticélly when the fuel temperature
approached the liquidus temperatﬁre, maintaining tﬁe fuel salt ip a molten
condition even when the feactof was;shutrdown. The capsules contained |
cylindrical graphife céres Which were 0.5 in. in diaﬁeter and 1.35 in.
long; the cores werebsurroﬁnded by 0.2 in. of fﬁel salt and pierced 5& a
central Hastelloy N thermocouple well. Two of the capsules (see Fig. 1k)
were'equipped'with gaé lines ﬁnd differed from each other only’in that half
the graphite area in one was replaced by a Hastelloy N extension of the

thermowell. These capsules ﬁeré charged with an LiF—BéFZ-Zth-UFh fuel

similar to that in the U7-5 test but containing 0.9 mole % UFy,. The two

sealgd capsules contained—full—size graphite cores and similar fuels with
0.5 mole % and 4.0 mole %UFh o

The U7-6 assembly was irradisted in thé MIR for 1500 hr to buz#nu_ps
from i%‘(in salt conteining 015%UFh) to 5% (salt with 4.0% UFh)' Gas

samples were taken at steadyfoperation with the purged capsules at tempera-

“tures from 850 to 1300°F and at power denéities'from 20 w/ce to T5 w/ce.
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The gas analyses detected no CFh or other fluorine-containing gases in any
of the 36 gas samples. CFh deliberately added to the capsules during ir-
radiation was radiolytically decomposed at a rate which decreased with tem-
perature and seldom exceeded 4%/hr. .

Particular care was given to the postirradiation examination of the
graphite specimens. No uranium deposits were found by chemical analysis,
by delayed neutron counting of neutron activated specimens, or by x-radio-
graphy of thin sections. It is therefore clear that uranium deposition on
graphite is associated only with fuel radiolysis at low temperatures, and
that the reaction does not take place between graphite and molten fission-
ing fuel. In addition, visual, metallographic, and x-ray diffraction ex-
aminations of the L47-6 graphite specimens failed to reveal any differences
between the irradiated graphite and unirradiated controls. Also, the
Hastelloy N capsule wall specimens from run 47-6 appeared unaffected by
the exposure based on visual and low-power magnification examination.
Metallographic examination of unetched specimens revealed no change in
wall thickness (less than 1 mil change).

Conclusions from In-Pile Testing of Molten Salts

In summary, the 47- series of irradiation studies has been generally
reassuring as to the radiation stability and compatibility of Hastelloy N,

graphite, and fuels based on lithium and beryllium fluorides. The cor-

- rosion that is known to occur, i.e., that due to mass transfer, does not

seem to be influenced by power density. It has been shown that the prin-
cipal disturbing effects are consequences of low-temperature fuel radioly-
sis which is easily suppressed by maintaining the irradiated fuel at a

temperature sbove (conservatively) 200°C. On the basis of the UT7- series
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tests, the limits of this'reassurance‘in'regard to radiation effects on.
MSBR matefials extend to temperatures of about 1400°F and power densities
of about 100 w/cc.

The two previous loop tests on similar LiF;Ber fuels, described a-
bove, extend the limits of assurance to‘power densities of 200 w/cc at
1300°F with regard to corrosion of Hastelloy N in the absence of graphite.
There has been no indication of the UT- series experiments that graphite
introduces problems in addition to the expected one of Hastelloy N carburi-
zation (when the two are in close contact).

The previous capsule tests with LiF—Ber-UFh fuels, carried out with
no provisions to circﬁmyent the low-temperature fuel radiolysis effect,
suggested that salt power densities of at least 1 kw/cc may be permissible.
Also, the numerous tests with NaF-Zth-UFh fuels in Inconel at temperatures
up to 1600°F and power densities up to many kilowatts per cubic centimeter
exhibited tolerable compatibility characteristics. With respect to radia-
tion effects, there is no obvious chemical reason to suppose that a gross-

ly different salt behavior would be observed using MSBR materials.

C
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BEHAVIOR OF FISSION PRODUCTS IN MOLTEN SALTS3-5

Fission products will be produced in a 2225-Mw(th) MSBR at a rate of
about 2.3 kg/day. In the reference MSBR design, the fuel salt volume is

about T00 ft3

and the fissile inventory about 700 kg; with these values
the fission product concentration after 50 days accumulation would be about
15% of the fissile concentration. Thus, it is clear that fission product
concentrations can be significant even with high processing rates, and
that fission product behavior needs to be considered in specifying reactor

operating conditions.

Physical Chemistry of Fission Products

Fission and its immediate aftermath must be a violent process; the
very energetic major fragments are probably deficient in electrons at their
origin, and, as they lose energy by collisions, they undoubtedly produce
additional ionization within the medium. It seems certain, however, that
electrical charge is conserved in thisvprécess; electrons and protons are
neither created nor destroyed by the fission event. It follows, therefore,
that when fission of UF) occurs in an inert environmment [as in a (hypo-

thetical) completely inert container] the reaction
NI : + -
UFh+n#2FP+2n+hF

must in a statlstlcal sense, satlsfy the conditions that (1) the salt be

_electrlcally neutral, and (2) redox equllibrlum be established among the

numerous ionic species. In an inert container such cstion-anion equiva-
lence (and redox equilibrium) might'be satisfied with uranium valence
states above h and with p051t1ve ion formatlon by No, Mo, Te, or Ru. The

MSBR contalner metal (Hastelloy N) is not completely inert and the fuel
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contains a small concentration of UF3, so additional possibilities exist
for this system. Should the fission product cations. prove inadequate for
the fluoride ions plus the fission product anions (notably I”), or should
they prove adequate only by assuming element valence states too high to be
thermodynamically compatible with Hastelloy N, the container metal would
be constrained to supply the cation deficiency.

Thermochemical date from which the stability of fission product
fluorides in complex dilute solutions can be predicted are lacking in many
cases. Such information which appears definite is briefly described in
the following sections.

Rare Gases
The fission products krypton and xenon are volatilized from high-tem-

34,37

perature melts as elements. The solubilities of these gases in mol-

38,3940 obey Henry's law, increase with increasing

ten fluoride mixtures
temperature, decrease with increasing atomic weight of the gas, and vary
somevhat with composition of the solvent. Henry's law constants and heats
of solution for the rare gases in LiF-BeF2 mixtures are shown in Table 9.
The positive heat of solution ensures that blanketing or sparging of the
fuel with helium or argon in a low-temperature region of the reactor can-
not lead to difficulty due to decreased solubility and bubble formation in
higher temperature regions of the system. [There is no efidence of
trouble from such source in MSRE where the He is applied in the pump bowl
at the highest temperature in the circuit.]

The very low solubilities of these gases suggest that they should be

readily removed from reactor systems. Only & small fraction of the calcu-

lated xenon poisoning was observed during operation of the Aircraft Reactor
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Experimenthl wvhere the only mechanism for xenon removal was the helium

purge of the pump bowl.

Table 9. Solubilities and Heats of Solution for

Noble Gases in Molten LiF-BeF2 Mixtures at 600°C

LiF--BeF2 (6L4-36 mole %)

Heat of
ga Solution
Gas K x 10 (kcal/mole)
Helium 11.55 + 0.4 5.2
Neon L.63 + 0.2 5.9
Argon 0.98 + 0.02 8.6
Xenon 0.233 + 0.01 12.1

8K = moles gas/(cm3 solvent)(atmosphere).

* A somewhat more ambitious scheme for insuring a low poison fraction

for xenon (and krypton) isotopes is to remove the halogen precursors iodine

»

and bromine on a time cycle short compared to their halftimes for decay in-
to the noble gases. Since l35Xe is by far the worst poison of this class,
removal of its iodine precursor would be most important; ifs decay half-
time is such that its resi@eﬁce time in the reactor should be kept at 1

hour or less. In principle I" (and Br ) can be removed by the reaction

T+ HF, - ’

vwhere d and g indicate that the species is dissolved in the melt or exists
in the gaseous state. Molten fluorides similar to MSBR fuel and spiked
with I” have been shown to yield the contained iodine readily on contact

with gaseous HF.h2 These small-scale (and preliminary) studies suggest
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that the removal step is chemically feasible.

Elements in Periodic Groups I-A, II-A, II-B, and IB-B

Rubidium, cesium, étrontium, barium, zirconium, yttrium, and the
lanthanides form very stable fluorides. - Theée fission products should, ac~-
cordingly, exist in the molten fuel in their ordinary valence states. A
variety of studies of many types shows that iarge emounts of Zth, the
alkali fluorides, and the alkaline earth fluorides can be diséolved in MSBR
fuel mixtures at operating températures. Since the tfifluorides are less
soluble, the solubility behavior of the fluorides of ytfrium and the rare

Aearths,h3’hh 45

and of plutonium “ has been examined in some deteil. The
saturating phase from solutions in LiF—BeF2 and related mixtures is the
simple trifluoride; when more than one rare earth is present, the saturat-
ing phase is a (nearly ideal) solid solution of the trifluorides. Such
solid solutions are known to accommodate UF3 and it is very likely that

they would include PuF. as well. The solubilities of these solid solutions

3
depend strongly on composition of the melt; the solubilities may be near
the minimum value for MSBR fuel compositions. Even then, however, the
solubility (near 0.5 mole % at MSBR operating temperatures) is such that
many months would be required for the reactor to saturate its fuel with
these fission products. In any case, reprocessing to remove the rare
earths, and particularly neodymium, is required in the interest of neutron
economy.

The sbove statements regarding rubidium and cesium do not apply to
that fraction of these elements originating in the graphite as daughters

of the rare gases which have permeated the moderator. These alkali metals

form compounds with graphite at high temperature but the absolute amounts
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are so small that difficulties from this source are unlikely. Damage to
the graphite by this mechanism will, as a matter of course, be looked for
in all future radiation and fission studies.

Other Fission Products

These products include molybdenum, ruthenium, technetium, niobium, and
tellurium produced in relatively high yields with rhodium, palladium,
silver, cadmium, tin, and antimbny in yields ranging from small to trivial.

6,7,32,33,46 suggests that the fluorides

The available thgrmochemical data
of these elemen%s would be (if they were present in the pure state) reduced
to the métal by chromium at its activity in Hastelloy N or by UF3 at
ressonable concentrations in the fuel salt.

The high-yield noble metals (Mo, Nb, Ru, Tc, and Te) have polyvalent
fluorides which are generally quite volatile and moderately unstable. The

formation free energies for NbLF MoF6, and UF6 may be calculated with

5’
relatively good accuracy because of recent measurements at Argonne of the
heats of formation of these compounds by fluorine bomb calorimetry.hT-h9
50

The entropies and heat capacity data also are available. While the

people at Argonne have measured RuFS,Sl no entropy or heat capacity data

seem to be available:

§ EEEQQ ff;gﬁ Reference
MoFgle)  3ra.35 0.2 -72.13 48
UFg(g) ~ =510.77 # 0.45 -67.01 L9
MoFg(g)  -433.5 % 0.15 -91.56 A7
RuF(s) -213.41 + 0.35 51

From these values and the available heat capacity data the following ex-

pressions for 86T were derived. In the éase of Rqu, Glassner's6 earlier
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estimate was corrected to be consistent with the above AHf measurement :

AGf(NbFs,g) = -416.70 + 5k.40(T/1000),

AGf(Rqu,g) = -200 + 25(T/1000), |

AGf(MoF6,g) = -370.99 + 69.7(T/1000),

AGf(UF6,g) = -509.94 + 65.15(T/1000).
The following values of Aaf have been reported previously for UF3 and UFh
in 2LiF—BeF2:

—f

AG (UF3,d) = -336.73 + L40.54(T/1000),

Aaf(UFh,d) = =444 61 + 58.13(T/1000).

From these free-energy values the following equilibrium conétants have
been calculated for the formation of the volatile fluorides by reaction
with UFh(d) in the MSRE from the equation

log K = a + b(103/T):

Reaction K : ' a b

o(s) * 5UFu(a) * MF5(g) * 5F3(a) Fmor XUF3/XUFh 7.33  -26.82
Ru(s) * 2Fu(a) ¥ FFs5(g) * 5F3(a) Frur XUF /XUFh 13.76  -Th.17

Mo(g) * OUFy(q) ¥ MoFg(g) + 6UF3(q) PMoF6XUF /Xmah 7.83  -60.38

3UFh(d) 2z UFG(g) + 2UF3(d) PUF6XUF /xUF 6.15 -32.88

In Fig. 15, calculated equilibrium partial pressures of the gases are
plotted vs the UF3/UFh ratio in the melt. As the oxidizing power of the

melt is increased, NbF5 is expected to appear first, followed by MoF6, and

then RuF_. Uranium hexafluoride has & lower dependence on oxidizing power

5
because its reduction product is UFh rather than the metal. It was as-
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sumed in the case of NOF MoF6, and RuF_ that the reductlon product was

5° 5
the metal. The UF6 should not be formed in 51gn1flcant amounts until the
melt is ox1d1z1ng enough to produce RuF5 If any stable intermediate
fluorides of Nb Mo, end Ru are formed in the melt, the result would be
correspondingly lowered equillbrlum gasvpressures and lowered power
dependences on the UFL/UF3ratio.

) Tellurium hexafluoride'has not been included in this listing, but this
compound eeeus certeain to be less etable than any shown here. No data
which uould permit inclusion of the fluorides of technetium seem to be
available.*

3

F .

If the UF /UFh ratio in MSRE falls 51gn1f1cantly below 10 5

would be expected to volatilize if the n10b1um metal in equilibrium w1th

the fused salt were at a near unlt activity. Appreciable pressures of

o

MoF ¢, RuF s UFgs (and almost certalnly of TcF5 or TeF6) would ‘require much
more ox1d1z1ng conditions in the,melt.

The actual state of these fission products is of moderate importance

to the effectiveness of molten salt reactors as breeders. If the molybden—

‘um, nloblum, technetlum, and ruthenlum exist as metals (or perhaps as

1ntermeta111c compounds) and plate the Hastelloy N portions of the reactor
they-will be of 1itt1e consequence es poisons, although they may prove & -
serious nuisance or worSerto heet exchanger meintenance. If they exist as
soluble fluorides.thenAthey;eause little trouble end are, in'principle;

removable in thebproceseing cycle. They can cause most trouble by forming

- carbides or by adhering in eome_otherbway to the.graphite moderator.
_ Molybdenum can form M°2C and MoC in the MSRE and MSBR temperature rahge;

the AG values for these compounds become negative at about 450°C and the
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52

compounds become more stable at increasing temperatures. Niobium carbide
(essentially NbC) has a large (33 kcal) negative heat of formation at 298°K
and is certainly stable under reactor cohditions. Nothing appears to be
known concerning carbides of technetium, but it seems certain that no

carbide formation is expected from the platinum metals, silver, tellurium,

cadmium, antimony or tin.
53

Net Oxidizing Potential of Fission Process
' 235

The fuel exposure tests have used U as fissile fuel, with thermal

flux exposures of about 3 x 10

13

-2 -
neutrons cm sec

Table 10 shows the

relative yields of the several most important fission products30 resulting

from fission of 2

sec-l for three selected time intervals.

U in a steady thermal flux of 3 x 10l

. ~2
neutrons cm

The listed fission products com-
\

prise at least 97% of all those produced (total yield is 2.0) at listed

times, with no fission product removal.

Table 10. PFission Yields from Thermal Fission of 235U
=‘3 x 1013 neutrons cm™2 sec'l
Time Since Startup
Element 11.6 days 116 days 3.2 years

Br 0.00030 0.00021 0.00021
I 0.0359 0.0145 0.0125
Kr + Xe 0.297 0.301 0.301
Rb 0.0387 0.0390 0.0393
Cs 0.0971 0.131 0.132
Sr 0.1L4L 0.121 0.0980
Ba, 0.105" 0.0684 0.0626
Rare Earths + Y - 0.528 0.560 0.559
Zr | | 0,318 0.318 0.317

Subtotal 1.56k 1.553 1.522
Nb 0.00k0 0.0139 0.0028
Mo 0.201 0.201 0.2h2
Te 0.0410 0.0586 0.0592
Ru 0.1k0 0.126 0.11h

Total 1.950 1.953 1.940
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If the chemically active fission products shown in Teble 10 occur eas

- - 4 :
I~ ,Br, R, cst, srot

. Bée+, Y3+, L3* (rare earths), Zrh+, and Nbot
and if krypton, xenon, molybdenum, technetium, and ruthenium occur as
elements, and if no fission product species are removed from the reactor,
then the total fission product yield mﬁltiplied by the valence (txizi) will
be 3.475 and 3.560 at 11.6 and 116 days, respectively. If all krypton and
xenon nuclides of half-life greater than 5 ﬁinutes are removed from the
system before they decay, the comparable ZXiZi value; become 3.21 and 3.26.
If 811 krypton and xenon nuclides with half-lives greater than 1 minute are
removed before decay, the IX;Z. values aré 3.06 and 3.09 at 11.6 and 116
days, respectively. The above 2XiZi values (which seem inadequate to
satisfy the fluoride ions released by the fissioned uranium) suggesf that
the fission process is per se oxidizing to UF3 and ultimately to Hastelloy
N. Results of many in-pile tests of compatibility of the materials, how-
ever, suggest that fission does not lead to corrosion of this container
metel.

If, on the other hand, a1l the molybdenum formed MoF6 and the techne-
tium formed TcF5 then the fission process would require more than 4 fluo-
ride ions per fission event and the fission process would per se be reduc-
ing to UFh' Even for the rather unrealistic case where all xenon and
krypton species with half-lives in excess of 1 minute were removed the
zgizi values would be near 4.5. This would require reduction of one mole
of UFh to UF3 for each 2 moles of uranium fissioned.

Both extremes (that is a strongly oxidizing or a strongly reducing

action of the fission process) seem unlikely. It seems likely that &

fraction of the molybdenum, niobium, and technetium exist as fluorides
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(of valence lower than this meximum) and that, accordingly, the net effect
of fission is neither markedly oxidizing nor markedly reducing to the
Hastelloy N—UFh systen.

Should subsequent long-term tests at high burnup prove the fission
process to be oxidizing the cure would seem to be relatively simple; if the
burned uranium were made up by addition of UF3 (or UF3 + UFh) the problem
would be solved. Similarly, if the fission processes were (unexpectedly)
reducing toward UFh the makeup of burned uranium could be as a mixture of

UF5 (or UF6) with UF).
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‘CHEMICAL BEHAVIOR IN MSRE
General

The Molten-Salt Reactor Experiment operated during six separate
periods in 1966; virtually all of the operating time accumulated aftéf mid-
May was at the maximum possible power of sbout T.5 Mw. The redctor accumu-
lated approximately 11,200 Mwhr during the year. Additionsl operation in
1967 (essentially all at maximum‘powér) led to accumulation of an addition-
al 21,000 Mwhr as of the scheduled shutdown on May 10, 1967.

During periods of reactor operation, samples éf the reactor salts were
removed routinely and were analyzed for major constituents, corrosion
pfoducts and (less frequently) oxide cogtamination. Standard sasmples of
fuel are drawn three times per week; the LiF--BeF2 coolant salt is sampled
every two weeks.

Current chemical enalyses suggest no perceptible composition changes .
for the salts since they were first introduced intb the reactor some 20
months s&go.

While analyses for Zth and for UFh agree quite well with the material

7

balance on quantities charged to the reactor tanks, the values for 'LiF and

BeF2 have never done so; analyses for LiF have shown lower and foreBeru
have shown higher values than the book value since startup. Table 1l shows
& comparison of current analysis with the original inventory value. While
the discrepancy in LiF and BeF2 concentration remains a puzzle, there is
nothing in the analysis (or in the behavior of the reactor) to suggest that
any .changes have occurred.

Routine determinations of oxide (by study of salt-H_O-HF equilibria)

2

continue to show low values (about 50 ppm) for 02-. There is no reason to

C
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believe that contamination of the fuel has been significant in operations
to the present.

Table 11. Current and Original Composition

of MSRE Fuel Mixture

"~ Constituent Original Value Current Analysis
( (mole %) (mole %)
TLiF 63.40 + 0.49 6k4.35
BeF, 30.63 + 0.55 29.83
Zth 5.1k + 0.12 5.02
UFh 0.821 i_0.008 0.803

MSRE maintenance operations have necessitated flushing the interior of
the drained reactor circuit on four occasions. The salt used for this oper-

7

ation consisted originally of an 'LiF-BeF, (66.0-34.0 mole %) mixture.
Analysis of this salt before and after each use shows that 215 ppm of
uranium is added to the flush salt in each flushing operation, correspond-
ing to the removal of 22.7 kg of fuel-salt residue (about 0.5% of the

charge) from the reactor circuit.

Corrosion in MSRE

The chromium concentration in MSRE fuel is 64 ppm at present; the en-
tire operation seems to haverinc:eased’the chromium concentration only 26
ppm. This increase correspondsrto removal of about 130 g of chromium from
the metal of the fﬁel circuit. If this were removed uniformly it would
represent removal of chromium to a dépth Qf‘about 0.1 mil. Ansalyses for
iroh’and nickel in the system are relatively high (120 and 50 ppm respec-

+
tively) and do not seem to represent dissolved Fe2+ and N12 . While there
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is considerable scatter in these analyses, there seems to be no indication
of corrosion of the Hastelloy N by the salt.

The sbsence of corrosion--though in general accord with results from
a wide variety of out-of-pile corrosion tests--seems somewhat surprising
for the following reasons. The UF3 concentration of the fuel added to MSRE

was markedly less than intended. Careful reexsmination of the production

records and study of the reaction

-
-;4{2+UFh+tlF3+HF
‘on samples of surplus fuel concentrate show that the fuel salt had only a-

3+
bout 0.16% of its uranium as U3'. Nearly 10 fold more than this weas intend-

ed.
If--as seems virtually certain--the chromium content of the salt was
due to
1 » 1
ECr + UFh < Ech2 + UF3

+
an additional 1100 grams of U3' should have resulted. With that originally
3+
added the U3’ should have totaled ebout 1500 grams asnd as much as 0.65% of
the uranium in the system could have been trivalent. An attempt, however,

3+
to determine the U3 (by the H_-HF reaction above) after 11,000 Mwhr of

2
MSRE operation indicated that less than 0.1% of the uranium was trivalent.
Fission of the 550 grams of uranium (corresponding 11,000 Mwhr) could
certainly not have oxidized more than 40% of the 1350 grams of Bt which
had apparently been oxidized. The remaining 800 grams (approximately)
could have been oxidized by inadvertent contamination (as by 60 grams of

H20 desorbed from the moderator stack). However, the rate of corrosion

even by this relatively oxidizing'fuel melt remained imperceptidbly slow.
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Addition of beryllium metal (as 3" rods of 3/8" diameter in a perfo-
rated basket of nickel) through the sampling system in the pump bowl served
as a convenient means of reducing Uh+ to U3+ during reactor 0peration. In
this form beryllium appears to react at about 1.25 grams per hour so that
some 600 grams of U3+ are produced by an 8 hour treatment. Some 30 grams
of Be have been added in this way to create an additional 1.6 kg of U3+.
During the subsequent 20,000 Mwhr of operation (which burned 1 kg of urani-
um) this 1.6 kg of U3»'HF seems to have been oxidized. Again, it seems likely
that the fission process was responsible for oxidizing a substantial frac-
tion, but not all of, this material.

Additional beryllium will be added to MSRE fuel as soon as power oper-
ation is resumed; it is tentatively planned to reduce at least 1% of the
U** to U3* at that time.

The lack of corrosion in MSRE by melts which appear to be more oxidiz-
ing than those intended can be rationalized by the assumption (1) that the
Hastelloy N has been depleted in Cr (and Fe) at the surface so that only
Mo and Ni are exposed to attack, with Cr (and Fe) reacting only at the slow
rate at which it is furnisbed to the surface by diffusion, or (2) that the
noble-metal fission products (see sections following) are forming an ad-
herent and protéctivé'plaﬁe on the'feactor nmetal.

54,55

Behavior of Fission Products

Helium is introduced into the pump bowl of MSRE at a rate of about L
liters per minute; this helium serves to strip Kr and Xe from the fuel in
the pump bowl and to_sweeprthese gases to the charcoal-filled traps far
downstream in the exit gas system. Since a relatively small fraétion (1ess

than 10%) of the fuel mixture is bypassed through the pump bowl, the ef-
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ficiency of removal of the fission product gases should not be very high.
However, the Xe poisoning of MSRE at T Mw is onl& about 0.3% in AK/K, =
value considerably less than was anticipated. This low poison level is
probably due to stripping of Xe within the fuel system into helium bubbles
which are known to circulate (at perhaps 0.2% by volume) in the fuel salt.

Samples of MSRE fuel, drawn in 10 to 50 cc metal samples at the sampl-
ing station in the pump bowl, have been routinely analyzed, by radiochemi-
cal techniques, for 14 fission product isotopes and, in some cases, for
239Np and 239Pu produced in the fuel. In general, the fission product
species which are known to possess stable fluorides are present in the cir-
culating fuel at approximately the expected concentration levels. Tﬁe best
monitors (9lsr and lh3Ce) with convenient half-lives, stable non-volatile
fluorides, and no precursors of consequence typically and consistently show
concentration levels same 15% lower than those calculated from power levels
based upon heat balances for the reactor.

Those elements whose fluorides are known to be relatively unstable
(molybdenum, niocbium, ruthenium, tellurium, and silver) are found in the
salt at considerably less than the expected conceﬁtration. If calculations
of amounts expected are based upon concentrations of 9lsr, about 60% of the

103 13

99Mo, 30% of the 2Te appears in the melt. It

Ru, and about 30% of the
is not yet possible to state with certainty whether these materials are
present in the salt as colloidal metal (or alloy) particles or as soluble
chemical species, though present evidence suggests that the former is the
more likely.

Iodine has been found (presumsbly as I_) at nearly the expected concen-

tration in the semples of fuel. Exemination of graphite and metal samples
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and, especially, of specimens from the vapor phase as described below do
show several surprises. |

An assembly of MSRE graphite and Hastelloy N specimens was exposed on
the central stringer within the MSRE core during its initial operation.
This assembly was removed during the July 17 shutdown after 7800 Mwhr of
reactor operation, and many specimens have been carefully examined.

No evidence of alteration of the graphite was found under examination
by visual, x-radiographic, and metallogrephic examination. Autoradiographs
showed that penetration of radioactive materials into the graphite was not
uniform and disclosed a thin (pefhaps 1- to 2-mil) layer of highly radio;
active materials on or near the exposed graphite surfaces. Examination of
the metal specimens showed no evidence of corrosion or other danger.

Rectangular bars of graphite from the top (outlet), middle, and bottom
(inlet) region of this central stringer were milled in the hot cell to re-
move six successive leyers from each surface. The removed layers were then
analyzed for several fission product isotopes.

The results of analysis of the outer layer from the graphite specimens
are shown in Table 12, It is cleaf that, with the assumption of uniform
deposition on or in all tﬁe mdderstor:graphite,‘appreciable fractions of
Mo, Te, and Ru and a large fraction of the‘Nb are associated with the
graphite. No analyses for Tc have been obtained,

1ko 89 1h1 1Ly 137

The behavior of = "Ba, ~5r, Ce, Ce, and”~ Cs, all of which have

xenon or krypton precursors, can be accounted for in terms of laws of dif-
fusion and halfelives'of_the’precurSOrs. Figure 16 shows the change in
concentration of the fission product isotope with depth in the graphite.

1ko

Those isotopes (such as Ba) which penetrated the graphite as noble gases




Teble 12. Fission Product Deposition on Surface® of MSRE Graphite

Graphite Location

Top Middle : Bottom

Isotope 5 > 5

dpm/cm Percent dpm/cm Percent dpm/cm Percent

of TotalP of Totalb of Totall

(x 109) (x 10°) (x 10°)
9o 39.7 13.4 51.4 17.2 3.2 11.5
132qe 32.2 13.8 32.6 13.6 - 27.8 12.0
103g, 8.3 1.4 7.5 10.3 1.8 6.3
9% . 4.6 12 22.8 59.2 24.0 62.4
131, 0.21 ' 0.16  0.h2 0.33 0.33 0.25
gr 0.38 0.33 0.31 0.27 C0.17 0.15
bk, 0.016 0.052 0.083 0.27 " 0.04b 0.1k
89Sr 3.52 3.24 3.58 3.30 '2.99 2.74
lhOBa 3.56 1.38 476 1.85 2.93 1.1k
14, 0.32 0.19 1.03 0.63 0.58 - 0.36
1370s 6.6 x 10'h 0.07 2.3 x 10‘3 3 0.212

0.25 2.0 x 10~

LA

a'Average of values in T- to 10-mil cuts from each of three exposed .graphite faces.

6 2

Percent of total in reactor deposited on graphite if each cm2 of the 2 x:10” cm of
moderator had the same concentration as the specimen.

e
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show stfaight lines on the logarithmic plot; they seem to have remaiped gt

the point where the noble ges decayed. As expected, the gradient for lhoBa

89

with a 16-sec lhOXe precufsor is much steeper than that for ~“Sr, which has

a 3.2-min 89Kr ﬁrecursor. A1l the oghers shown show a much steeper concen-
tration dependence. Generallyrthe concentration drops é fa;torkof 100 from
- .

" the top 6 to 10 mils to the second layer.
- Ip is possible that carbide formation is responsible fo£ thé depo-
sition of Nb and possibly for that of ﬁo,‘buﬁ it seems qﬁite unlikely for
Ru apd Te; the iodine probebly got in as its tellurium precursor. rSince
these materials have been shown to appear;in the exit éas as volatile
species, it seéﬁs likély that they eﬂtered the graphiterby the same méchan—
ism. The possibility that the strongly oxidizing fluorides such as M0F6
were present raised the question as to whethef'UF6 was accumulating in the
" graphite. An average of 0.23 ug/cm2 ﬁas found in the surface of the gfaph-
ite; much less was present in interior samples. This amount of uranium,
equivalent to less than 1 g in the core, was'éonsiaered to be negligible.

- Table 13 éhows'the extent t§ whicﬁ varioué~fissiog product isotopes
are deposited on the Hastelloy N specimens in the core. A large ffaction
of the molybdenum ana tellurium and a substantial fraction of the ruthenium

1311 was carried into

95

the specimen a&s its tellurium precursor. The values for °

prisingly high, since those for the lthe and lthe with nobie-gas pre-

seem to be so deposited. It seems possible that the

Zr seem sur-

cursors probably reflect the amount expected by direct recoil at the moment
of fission.
If the Nb and Tc are assumed to behave like the Mo, Te, and Ru, it may

bé‘noted that the MSRE could have been uniformly'plaied during its‘opera-




Table 13. Deposition of Fission Products on Hastelloy N in MSRE Core

Hastelloy Location

 Isotope Top Middle Bottom
2 2 2
dpm/cm Percent dpm/cm Percent dpm/cm Percent
: of Total® of Total? . of Total?
| (x 10%) - (x 10%) (x 10%)

o 212 42.8 276 55.6 20k hi.2
132q, 508 131 341 88 427 110
103, 35.5 29.3 ~25.5 21 23.2 19.1
131, 8.2 3.8 4.0 1.8 5.2 2.4
92r 1.8 1.0 1.8 1.0 2.6 1.3
}MICe 0.05 0.02 0.22 0.07 0.15 0.06
b 0.01 0.02 0.09 0.18 0.35 0.07

2

a'Percen‘l: of total present in reactor which would deposit on the 1.2 x lO6 cm- of Hastelloy N
if deposition on all surfaces was the same as on the specimen.

L

L
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tion with several hundred angstroms of relatively noble metels.

The only gas-liquid interfacebin the MSRE (except_for.the contact be-
tween liquid and the gas-filled pores of the moderator graphite) exists in
the pump bowl. There a salt flow of about 60 gpm'(5% of the total systenm
flow) contacts a helium cover gas which floﬁs through ?he bowl at 4 liters/
min. Provisions for direct sampling of this exit gas are planned but have
not yet been installed in the MSRE.

Samples of the liquid fuel are obtained by lowering a sampler, on a
stainless steel cable, through this cover gas and into the liquid. It has
been possible, accordingly, to detect chemically active fission product
species in this cover gas by radiochemical analysis of the stainless steel
cable and its accessories which contact only the gas phase and by analysis
of special getter materials which are attached to the cable. Coils of
silver wire and specimens of Hastelloy N have generally been used as get-
ters for this purpose. No quantitative measure of the isotopes present in
the gas phase is possible, since no good estimate can be made of the gas
volume sampled. The quantity of material deposited on the wire specimen
does not correlate well with contact time (in the range 1 to 10 min) or
with the getter materials studied.

The quantity of material deposited, however, is relatively large.
Table 1 indicates relative amounts found in typical tests. There is no "
doubt that Mo, Ru, Te, (and from subseqﬁent tests, Nb) are appearing in
the helium gas of the pump bowl. The quantities are, moreover, surprising-
ly large; if the materials are presumed to be vapors the partial pressures
would be above 10-6 atmosphere. The iodine isotopes show perceptibly dif-

ferent behavior. Iodine-135, whose tellurium precursor has a short half-
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Teble 14. Qualitative Indication of Fission Product
: in MSRE Exit Gas

Amounta
Isotope On Ni On Ag On Hastelloy Fro
Liquid
Fio 8 2 1 4
1327, 1k 6 T 9
105Ru 10 3 3 >
106Ru 6 ) 1 1
1351 0 0 0 0
1331 o) 1 2 2
l3lI . 1.5 0.9 0.5 0.8

8The unit of quantity is that amount of the isotope in 1 g
of salt.

bOn stainless steel cable.
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life, does not appear, while 13;1 and 1331, both of which have tellurium

precursors of appreciable half;life,.are found. _These findings--along with
the fact that these iodine isotopes arg'presgnt in the salt at near their
expected concentration--suggest that any iodine in the vapor phase comes

as a result of volatilization of the tellurium precursors.

Early attempts to find uranium on the wires (as from evolution of UF6)
were unsuccessful. More recent attempts--perhaps with the oxidation po-
tential of the salt at a higher level--have shown significant»uranium depo-
sition corresponding to several parts per million in the gas phase. It is
possible, but it seems unlikely, that "salt spray" could account for this
observed uranium. Salt spray certainly does not account for the observed
noble metal species carried in the gas.

The behavior of these fission product species in the éas phase seems
to correlate poorly--if at all--with the UF3/UFh ratio in the fuel melt.
Concentrations of Mo, Nb, Ru, and Te in the gas phase seem to increase (or
decrease) together but were unaffected--within the considerable scatter of
the data—-by the deliberate addition of beryllium to the MSRE melt. The
concentrations of these elements in the fuel decrease (after correction for
radioactive decay) during reactor shutdowns; such behavior would be expect-
ed if they plate out upon metallic or other surfaces. Concentrations in
the gas phase decrease somewhat more thanbthose in the salt but the dif-
ferences seem much smaller than should be attributeble to (for example)
some radietion chemistry oxidation process to produce MoF6, etc.

It seems most unlikely that these date can be reconciled as equilibri-
un behavior of the volatile fluorideé. It is possible that the MSRE metal

is plated with a noble-metal alloy whose thickness is several hundred
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angstroms, and it is conceivable that the UF, /UF_ ratio is near 10 . The
. , _ 73

compound NbF_ could show an apprecisble pressure under these circumstances.

5
The other possibilities such as M°F6’ TeF6, and RuF5 would require much
higher UFL/UF3 ratios, and it seems»most unlikely that any single redox po-
tential can yield the relative abundance observed for these isotopes.

The recent findings of silver and palladium isotopes in relatively
high concenfration in the gas phase seem (since these elements certainly
lack volatile fluorides) to case additional doubt on species such as MoF6,
Rqu, ete. asvthe gas~borne spécies.

One possible explanation of the available data is the following: The
noble metal species (Mo, Nb, Ru, Te, Ag, Pd, and probably Tc) occur--as
thermodynamics predicts—-in the elemental state. They originate as (or
very rapidly become) individual metal atoms. They aggregate at some finite
rate, probably alloying.witﬁ one another in the process and become insolu~-
5le as very minute colloidal particles which then grow at a slower rate.
These colléidal particles are not wetted by the fuel, tend to collect at
gas—-liquid interfaces, and can readily be swept into the gas stream of the

helium purge of the pump bowl. They tend to plate upon the metal surfaces

of the system, to.form carbides (Nb and Mo only) with the graphite, and

(as extraordinarily fine "smoke") to penetrate the outer layers of the
moderator. While there are difficulties with this interpretation it seems
more plausible than others suggested to date.

It is clear thatifurther,étudy and additional data from MSRE and from

sophisticated in-pile loop tests will be required before the details of

fission product behavior can be understood.
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MOLTEN-SALT PRODUCTION TECHNOLOGY

The fuel and blanket salts of a molten-salt breeaer reactor céh ﬁe
prepared by techniques similar to those developed for the broductioﬁ of
fluoride mixtures for the MSRE. Commercially availeble fluoride salts,
which were used as starting materi;ls for the fluoride production process,
required further purification only to femove a limited number of impurity
species. Chemical reactions used to effect éalt purification and méthéds
by which process conditions were controlled are both adapteble to the
larger-scale production capebilities that will be required to supply large-
scale MSBR's.

Production Process

Fluoride mixtures required for the MSRE wefe prepared byba batch
process in a facility initially designed to support the variousjchemical
and engineering tests of the program. A layout of the produétion process
is shown in Fig. 17. Starting materials were weighed into approprisate
batch sizes and simultaneously transferred by vibratory conveyor to a melt-
down furnace assembly. In addition to providing a molten charge to each
of two adjacent processing units, the meltdown facilify was utilized for
preliminary purification of the fluoride mixtures. Berylliumémetal turn-
ings were added to reduce structural-metal impufities to their insoluble
metallic states. The molten mixture was also sparged with helium and hy-
drogen at relatively high flow rates to remove insoluble carbon by entrain-
ment.

' Primary salt purification was achieved in each of two batch process-
ing units. The melts were inifially sparged with é géseous mixture of an-

hydrous HF in hydrogen (1:10 vol ratio). Oxides, either initially present
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or formed by reaction of the fluoride saltsywith their adsorbed water on
heating, were ;emoved as water by the reactioﬁ" .
) 02'+2HF22F‘+H20. 0

As shown by Fig.le,‘the efficiency of this reaction is quite high. ‘Oxide
removal rates ﬁere determihed by con@ensing wgter vapof from fhe gas ef-
fluent in a cold trap;

l Sulfides were also reﬁoved (as st) by reaction with HF. However,
any remaining_sulfates<mﬁst be reduced b& hydrogén orladded beryilium_
metal before sulfur removal by HF treatment is effective. ~Although this
" impurity i§ difficult to remove, commercial vendor§'of fluoride salts used
in the MS.LE were successful, through process development efforts, in sub-
stantially reducing this impurity from their products. Cdnsequéntly, sul—-:
fur removal from fluoride'salts should not be .an impértéht consideration
for future production of fused fluoride mixtures for MSBR's.

Nonequilibrium concentrations of structural-metal fluoride impuritigg

»that are more easiiy reduced than'UFh (e.g., ﬁin or FeF2) would result in
the depletion of .chromium activity in thelHasteiloy N ailoy used as the

structural material in the MSRE. Since these impurities are present in

)

fluoride raw materials end may also be introduced by corrosion of the
process equipment, their concentrations in the purified fluoride mixtures
were an important process consideration. . Following HF tréatment, the fluo-

ride mixtures were sparged with H_ alone at'7QO°C to effect the conversion

2

of impurities to insoluble metals by the reaction ' r
7 o ) '
| N MF2 + H2 T M ¥ 2HF.
Hydrogen was also introduced during HF treatment to reduce corrosion of the

nickel salt-containment vessel. Measurement of the HF concentration
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~

in the gas effluent during hydrogen sparginé provided avconvenient process
control. As shown by Fig. 19 the concentration of HF in the gas effluent
was indicative of the iron concentration remaining in the salt‘mixtures.

* At ‘the conciuéion of the H, treatment, residual quantities of HF were

2
removed by sparging the melt with dry helium. The pufified fluoride mix-

ture was then fransferred to its storage con@ainer. A sintered nickel

filter, inserted in the transfer line, removed entrained solids from the

melt.

| Thué ﬁriﬁafy contrél of the production process was exercised by analy-
sis of process gasisﬁreams. Filtered samples of the salt mixtufes were ob-
ﬁained periodicaliy during the process for chemical analyses. This second-
éxy control measure provided the basis for acceptgnce of‘the salt batch fdr
use in the MSRE.

235

All the U required for critical operatioﬁ of the reactor could be

prepared as a concentrate mixture,'TLiF—UFh (73-27 mole %), with UF), that

235

was highly enriched in U. This facilitated compliance with nuclear

safety requirements and permitted an orderly approach to criticality during '

fueling operations through incremental additions of 235

235

UF), to the fuel

"systemvof the reactdr. Since the density of U in the concentrate mix-

ture is relatively high (2.5 g/cc), the fueling method employed for the
MSRE should suffice for all practical reactor systems.

MSRE Salt-Production Economics

The operation of the production facility for the preparation of MSRE

mgterials was conducted on a seven-day, three-shift schedule at a budgeted

~

cost of about $20,000 per month. The raw materials‘coét for the 15,300 1b

T

of LiF—BeF2(66—3h mole %) -used as the coolant and flush salt was $71.29

s
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per pound  and that of the fuel salt (11,260 1b) exclgding 235y costs was

$10.13 per pound. As calculated from operating end raw materials costs

U costs) the coolant and flush salt cost

(but not plant amortization or
$19.71 per pound and the fuel salt cost was $17.33 per pound. Operating
costs, as well as faw materials costs, should be substantially reduced for

larger-scale production operations.
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SEPARATIONS PROCESSES IN MSBR FUELS AND BLANKETS

Use of molten salt reactors as thermal .breeders will obviously require
effective scheﬁes‘for decontamination of the fuel and for recovery of bred
uranium from the blanket. No provision, however, was made for on-stream
removal of fission products from the MSRE, and fuel reprocessing has re-
ceived less attention to date than have more immediate materials problems
of this and similar machines. No detailed reprocessing scheme has, accord-
ingly, been demonstrated.

Recovery of uranium from molten fluorides by volatilization as urani-
un hexafluoride and the subsequent purification of this UF6 by rectifica-
tion or by sorption-desorption on NaF beds is well demonstrated. Recovery
of bred uranium from blankets or removal of uranium (where necessary to
facilitate other processing operations) from the fuel, therefore, is clear-
ly feasible. Such volatility processing ié described in some detail else-

56

where in this series.

5T

More recent studies have shown that the LiF, BeF2 (and Zth, if
present) can be recovered quantitatively, along with much of the uranium,
by vacuum distillation at temperatures near 1000°C; very encouraging de-
contamination faétors from rare earth fluorides (which are left behind in

the still bottoms) have been demonstrated. As is described elsewhere in

this series56 this distillation procedure combined with recovery of UF6 by

fluorination shows real promise as a fuel processing technique.

Several other techniques have .shown promise, at least in preliminary
testing. A brief summary of these is presented in the following.

Possible Separation of Rare Earths from Fuel

The rare earth fission products, which are the most important nuclear
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poisons in a resctor from which xenon is effectively removed, form very
stable trifluorides with a portion of that F-: released as fiséion of uran-
“ium as UFh' There is no doubt, therefore, that these fission products are
dissolved in the molten fuel and are available for reprocessing.

By Solid-Liguid Equilibria

The limited solubility of these trifluorides (though sufficient to
prevent their precipitation under normal MSBR conditions) suggested &ears
ago a possible recovery scheme. When a LiF;Ber-UFh melt (in the MSBR
concentration range) that is saturated with a single rare earth fluoride
(LaF3, for example) is cooled slowly the precipitate is the pure simple
trifluoride. When the melt contains more than one rare earth fluoride the
precipitate is a (nearly ideal) solid solution of the trifluorides. Ac-
cordingly, addition of an excess of CaF3 or LaF3 to the melt followed by
heating to effect dissolution of the added trifluoride and cooling to ef-
fect crystallization effectively removes the fission product rare earths
from solu.tion.hh It is likely that effective removal of the rare earths

and yttrium (along with UF_ and PuF3) can be obtained by passage of the

3

fuel through a heated bed of solid CeF3 or LaF3. The price, which is al-

most certainly too high, is that the resulting fuel solution is saturated

with the scavenger fluoride (LaF._ or CeF3, whose cross section is far from

3
negligible) at the tempersture of contact.

Since the rare earth fluorides seem to form with uranium trifluoride
solid solutions similar to those described sbove it is possible to con-
sider UF3 as the scavenger material. It should be possible to reduce the

fuel UFh to UF, and then by passage of -the solution through a bed of UF3

3

to remove the contaminant rare earths; in principle, by careful control of

w
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the column temperature (and, thereby, the solubility of UF3) one could ob-
tain from the column a fuel of the correct uranium concentration which
could be returned to the reactor after oxidation (by HF or HF-H, mixture)
of UF, to UFh' While the process deserves further study, the great insta-

3

bility of UF, in solutions of high UF3/UFh ratios and the great ease with .

3
which the metallic uranium alloys with structural metals will probably make
the process -unattractive in practice.

Removal of rare earth ioms, and other ionic fission product species,
by use of cation exchangers also seems an appealing possibility. The ion
exchanger would, of course, need (1) to be quite insoluble, (2) to be ex-
tremely unreactive (in a gross sense) with the melt, and (3 ) to take up
rare earth cations in exchange ions of low neutron cross section. For
rare earth separations it would pfobably suffice if the material exchanged
normal Ce3+ or La,?’:+ for the fission product rare earths; other separation

+
schemes (such as distillation) would be required to remove the Ce3’ or

La.3+ but they could operate on a much longer time cycle. [The bed of CeF3
described above functions in an ion exchanger; it fails to.be truly bene-
ficial because it is too soluble in the melt.]

Unfortunately, there aré not many materials known to be truly stable
to the fuel‘miXture. 'Zircdhium oxide is stable (in its low temperature
form) to meltsrwhoseerh*/Uhf‘ratio isvin excess of about 3. It is con-
ceivable thét §uffici¢ntly di}uﬁe solid solutions of Ce203 in 2r0, would
be stable and would exchange Ce3+ for other rare earth spe;ies. Inter-
metallic cqmpounds of rare earths.with moderately noble metals (or rare

earths in very'dilute alloys wiﬁh such metals) seem unlikely to be of use

because they are unlikely to be stable toward oxidation by UFh’ Compounds
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with oxygenated anions (such as silicates and molybdates) .are decomposed
by the fluoride melt; they, and éimple oxides (ZrO2 excepted) precipitate
U02 from the fuel mixture. It is possible that refractory compounds (such
as carbides or nitrides) of the rare earths either alone or in solid di-
lute solution with analogous uranium compounds, may prove uséful.A A con-
siderable amount of exploratoryvresearch will be required (and many of the
obvious possibilities have already been rejected) before such a'technique

can be given consideration.

By Reduction

The rare earth fluorides are very stable toward reduction to the
metal. For example, at 1000°K the reaction

gLa.F (c) + Be(c) > %La(c) + BeF

37 3(c 2(2)

where ¢ and £ indicate crystalline solid and liquid, respectively, shows

+ 32.4 kcal for the free energy of reaction. With the LaF3 in dilute solu-~

tion and BeF2 in concentrated solution in LiF-BeF, mixture the free energy

2
change is, of course, even more unfavorsble. However, the rare earth

58

metals form extremely stable solutions in molten metals such as bismuth.
Beryllium is virtually insoluble in bismuth and forms no intermetallic
canpounds with this metal. Accordingly, the reaction

2 > 2
3PaF3(q) * Be(e) * 3L8(ps) * BeFp(q)»

where 4 indicates that the species is dissolved in 2LiF-BeF2, ¢ indicates
crystalline solid, and Bi indicates a dilute alloy in bismuth, can be made
to proceed essentially to completion. Accordingly, LaF3 can be reduced

and extracted into molten Bi from LiF-BeF2 mixtures.
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Since Liobalso,forms stable solutions in molten bismuth,58’59 the

?rocess of‘reducing the rare earths'with beryllium cause some reduction of
"LiF and extraction of llthlum by the blsmuth In practice, it is more con-
venient to use 7L1 1n bismuth (at or Jjust below the concentratlon which
- yields crystalline Be® at equlllbrlum) as the reductant{ Flgure 20 shows
| the behavior of several rare,eerths'when.extracted from very dilute solu-
tions in 2LiF;BeF2 with;Lifbearing~Bi in simple equipment;60 It is still
£00 early to be sure that the separations available are sﬁfficiently com-
plete,'especially for'heavier rsre earths, for the method te be competitive
with the distiilation process.‘ In addition, it -is uncertain whether re-
covery of the 7L1 wall be necessary -and, if 80, how/much recovery would be -

accompllshed However, the process seems at this prellmlnary stage to be

worthy of further study.

\

[}

It is clear that reduction processes of thls type can, at least in
e ' prigc1ple, be accompllshedrelectrochemlcally w1th the molten blsmuth as

.the cathode end wifh soﬁe~ihert‘anode,at which fluorine gas can-be‘generat4

‘ed.‘ The concentretiens,efVrare?eerfh,metals,>1ifhiﬁm; and beryllium ob-

~ tained in‘the molten bismﬁthrwill be’identicel to those -obtained by chemi-
cal eéuilibrium as.aescribediabove.,'Whether one prefers the,eiectrolyfic'
method or direct ehemieelfeqﬁglibraﬁion will, accordingly, depend upon the -
economics of thercompetingrprocesses. | |

Recovery of Protactinium from Blanket
233

While removal of bred U fram the blanket by fluorlnatlon56 appears

fea51ble, the prior removal of 33Pa from the blanket to permlt its decay
“to 233U outside the neutron f1eld would be a most valuable contribution to

Qi) : the breeding economy. Such a separative process must be simple, since it

24




LITHIUM FOUND IN METAL PHASE

(mole fraction *402)

9%

ORNL—DWG 66—2425

10 7
' 8
T SAMARIUM
L—,‘ d‘ . » o
X : .
2] Wd i
, e « A THHS o
1 i A1 Lar ~ i
A i
=5 o LANTHANUM
EUROPIUMZ - i
.4/ ,/" » -"f’
NEODYMIUM »:” o
04 a1l
—/l
CPITCERIUM
0.01 LI :
0.01 04 1 10 100

MOLE FRACTION OF RARE EARTH IN METAL
MOLE FRACTION OF RARE EARTH IN SALT

Fig. 20. Effect of Lithium Concentration in

. Metal Phase on the Distribution of
» Rare Earths Between LiF-BeF, (66-3h4

mole %) and Bismuth at 600°C. ,
N\

1000

Y

[H]



"

95

must be capable of handling the entire blanket in a time short compared

233

with the 31.5 day half-time for decay of Pa.

By Oxide-Fluoride Equilibria _ "

Removal of Pa by deliberate addition to LiF—Ber-ThFh blanket mix-
61,62

tures of BeO, Th02, or U02 has been demonstrated. Precipitation of
an oxide of protactinium, adsorption of protactinium on the added oxide,
or (more likely) formation of a solid solution of protactinium oxide with
the best oxide, has been shown to be essentially complete., The process
has been deﬁonstrated to be reversible; treatment of the oxide-fluoride
mixture with anhydrous HF dissolves the added (or precipitated) oxide and
returns the protactinium to solution from which it can readily be repre-
cipitated. It seems likely that protactinium might be removed from the
blanket by passage of a side stream through a tower packed with ThO2 (or
possibly BeO); the protactinium, in some unidentified form, would remain
on the bed and would there decay to 233U outside the neutron field. In
its passage through the packed bed of oxide the blanket melt becomes satu-
rated with oxide ion. This oxide ion concentration would probably have to
be diminished appreciably by treatment with HF and then»H2 before the melt

could be returned to the blanket stream.

By Reduction

The possibility ofrrecovery of protactinium from realistic LiF-BeF2—
ThFh blanket mixtures by redpction has been exsmined experimentally with
surprising and encouraging results.63 No real information exists as to
the free energy formation of the fluorides of protactinium. Accordingly,

233

experiments were performed in which traces of Pa were added to LiF—BeFQ-

ThFu melts, the melts were carefully treated with HF and H2 to insure
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conversion of protactinium to fluoride and its dissolution in the melt,

and the solution subsequently treated with a strong reducing agent. Some

experiments used ThPb, in lead or ThBi3 iﬁ bismuth as the reductant; other

2

tests have used metallic thorium. In each case; the protactinium remained
in molten fluoride solution (as judged by radiochemical analysis of filter-
ed samples) until the reducing agent was added and was removed, upon ad-
dition of reductant, to very loﬁ concentration levels. Figure 21 shows\
the data for a typical case. The removal has been shown to be nearly
quantitative at both traces (less than part per billion) levels and at
realistic concentrations (50 ppm) of 231pg traced with 233pa. The process
has also been shown to be reversible; sparging of the system with HF or
HF—H2 mixtures returns the protactinium quantitatively to the molten fluo-
ride solution.

ﬁecovery of the precipitated protactinium has proved to be more dif-
ficult. Attempts to obtain the deposited protactinium in molten Bi or Pb
have been generally unsuccessful in equipment of iron, copper, niobium,
or steel; the deposited protactinium was only fleetingly (if ever) dis-
solved in the molten metal. When thorium was used as the reductant no ap-
preciable concentration of protactinium was found in the excess thorium.
Careful examination of sectioned apparatus shows some protactinium on the
vessel walls, and scme appears to remain suspended (in easily filterable
form) in the salt. The mechanism of removal of protactinium from the salt
mixture remains far from certain. It appears likely that the thorium (or
slightly weaker reducing sgent) reduces protactinium to form a moderately

stable intermetallic compound (perhaps with Cr or Fe) which is filtersble,

is not dissolved by the molten lead or bismuch, and is readily decomposed

O

i



L]

N

233pg IN SALT PHASE (%)

100

80 |

60
40

20

—

97

ORNL-DWG 66-970

'WEIGHT OF SALT: 6004
WEIGHT OF LEAD: 900 g

WITHOUT ADDED || WITH Odwt% |
~ THORIUM all  Th IN Pb ADDED
< | '
; | |
K c
'__ V -
'va §rL¥ | 0

0 20 4 0 20 40
o - EXTRACTION TIME (hr)

~ Fig. 21. Effect of- Thorlum Metal on the

Extraction of 233Pa from L1F—BeF2-ThFh
(73—2—25 mole %) in Salt-Lead System at 600°C.




vessel, irradiated ThFh containlng e known amount of
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by anhydrous HF. .
Attempts to recover the protactlnium by reduction with metallic thor-

ium in steel equipment in the presence of added iron surface (steel wool)

.

have shown some promise.6h In a typical experiment, some 320 grams of
LiF-ThF), (27 mole % ThFh) containing 81 ppm (26 mg) of_protactiniun was
reduced with thoriumain the presence of k4 grams of steel wool. The

L1F-ThFh, previously purified, was placed 1n a welded nickel reaction

233Pa and 231Pa was .

added to the mixture, and it was treated first with a mixture of HF and H2

and then with H2 alone. Four grams of steel wool (grade 00, 0.068 m /g

surface area) was placed in a low—carbon—steel 11ner inside another nickel

' vessel. The contents of this vessel were then treated with purifled hydro-

/

- gen at,800°C for several hours to remove as much as possible of the oxide

surface contanination of the steel wcol and liner. The two vessels ﬁere
then connected together at room temperature and heated to about 650°C, and
the.salt was transferred to the steel-lined vessel. After two separateb
exposnres of the salt to a‘solid thorium surface, as indicated in Table 15,

- !

the salt was transferred back to its original container and alloﬁed to
cool in helium. The steel—lined vessel was cut ub, and sasmples were sub-
mitted‘for‘analysis.

The data in Table 15 show that 99% of the protactiniuﬂ’was‘precipi—'
tated in a form that would not pass through a sintered copper filterrafter
a fairly short exposure to solid thorium, but nearly T% was in the un-
filtered salt that was.transferred back to the nickel vessel'after ex- .

posure to thorium. About 69 g of salt was associated with the steel wool

in the steel liner in the form of a hard ball. 'Partial separation of the




”»

”»

99

salt from steel wool was effected by use of a magnet after crushing the
ball, and the ifdn;riéh fractioh had the higher pfotéctinium concentration.
The smell amount of protactiniuﬁ found on tﬁe'veésel wall is especially
notable. “Coprecipitation of metallic protactinium and iron (and possibly
nickel) would help to account for the manner in which protactinium settled
out on, and adhered to, the steel wool surface.

On the basis of presently available information, thorium reduction of
protactinium from molten breeder bhlanket mixtures in the presence of st;el
wool is.believed to be a promising recovery method warranting further in-
vestigation.

Recent experiments have shown, in addition, that the handling of pro-
tactinium is simplified somewhat if graphite serves as the container.

233Pa) is dissolved in molten

When irradiated thorium metal (containing
bismuth in metal containers the protactinium disasppears from the liquid
metal solution rapidly. Simiiar experiments using graphite vessels show
very slow negligible decreases in protactinium concentration (after cor-
rection for radiocactive decay) with time.

Accordingly, recent studies of reduction of protactinium from molten
fluoride solution have been conducted in vessels of graphite. ‘An inter-
esting assembly which has been studied in a preiiminary way uses & cylin-
drical graphite crucible (as a~iiner inside a stainless steel or nickel
vessel) containing a pool of molten bismuth and a central cylindrical
chimney of-gfaphite with its lower end immersed in the bismuth pool. The
chimney is connected to thejiid of the metal jacket vessel in a manner

such that the central chamber and the annular outer chamber can be main-

tained under separate and different atmospheres. A LiF—ThFh blanket mix-
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Table 15. Precipitation of Protactinium from Molten LiFeThFh
(73-2T Mole %) by Thorium Reduction in the Presence of Steel Wool

231, ~ Total
Semple Concentration 231Pa“’
(ng/g) (mg)
Salt after HF-H, treatment .0.0634 20.3
Salt just before transfer 0.081 . 26.1
Selt 35 min after transfer 0.079 2&.9
Salt after 50 min thorium exposure 0.0026 0.69
Salt after 45 min thorium exposure  0.0009 0.27
Konmagnetic fraction of material '0.20 11.5
in steel liner
Megnetic fraction of material in 0.628 10.2
steel liner
Unfiltered salt after transfer to 0.0076 - 1.75
nickel vessel '
Steel liner wall 0.0006
Stainless steel dip leg 0.53.
Filings from thorium rod 0.29
All salt samples 1.35

Total protactinium recovered 25.5
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ture containing protactinium‘fluoride is placed in the annular chamber and
a LiF-NaF-KF mixture is plaéed in the inner chamber. An atmosphere of HF
is used to spargevthe LiF-NaF-KF mixture and a reducing metal and (beryl-
lium or thorium) is added to the salt in the outer chamber. The protac-
tinium fluoride in the outer chamber ié reduced, dissolved in and transfer-
red thfough the bismuth and is oxidized by HF and dissolved in the LiF-
NaF-KF mixture in the inner cylinder. Additional study is necessary to
establish (1) the rate at which such a system can be made to work, (2) the
quantity of reducing metalé transferred to the recovery salt, and the
canpleteness ﬁo which the reaction can bhe easily driven. The system--—
which seems to have several useful variations--~does, however, look promis-
ing.

It is aléo clear that, as in the rare earth reduction process,
electrochemical reduction of the protactinium fluorides should be success-
ful. In this case, it might seem especially promising if (as now seems
likely) the protactinium is being reduced in the presence of metal to a
stable intermetallic compound. Attempts to reduce protactinium electro-
chemically with a variety of metallic electrodes to ascertain (1) the
type and composition of the intermetallic compound, and (2) whether a
simpie'recovery process withjg solid electrode can be achieved are

scheduled for study.
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MSBR IN-LINE ANALYSTS PROGRAM

The rapid acquisition of data concerning the compositions of the fuel,
cooclant, and cover gas is highly desirable in the operation of a fluid fuel
reactor. To be of most value the data should be representative of the re-
actor at zero time preferably with as little time-delay as possible in
order to evaluate changes in composition from normal conditions and to
take requisite action. This state can only be attained by in-line analy-
sis. Investigations are under way to develop instrumentation capable of
providing instantaneous data. It is proposed to devote considerable ef-
fort in this direction as part of the MSBR program. The alternative is to
sample the fuel and coolant.at periodic intervals and remove the sample:
for analysis at an appropriate analytical lsboratory. This procedure is
time-consuming and thereby suffers obviously from a definite time lag in
providing information so that unknown events and information concerning
these events are out of phase.

Although in-line instrumentation is a well-established technique, its
application to molten salt reactors is essentially in its infancy - parti-
cularly in regard to radiation and its effect on maintenance of operating
equipment. The objective is thus to apply the successful in-line techni-
ques that have been used to control many nonradioasctive chemical processes
to control the reactor fuel, coolant, and cover gas.

Helium Cover Gas

In addition to the anticipated impurities (atmospheric contaminants,
CFh’ Kr, and Xe) have been found to represent significant contsminants in
the MSRE off-gas system. While it has not yet been possible to measure

hydrocarbons. in the MSRE blanket gas, ofganic deposits have seriously
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interfered with the operation of the MSRE off-gas system and hydrocarbons
in concentrations of seve?alhhﬁndfed,parts per million have been found in
thé off-gas from the MSRE pump test loop and in simulated pump leak ex-
periments. (These experiments indicate thgt most, if not all, of the
hydrocarbon enters the pump bowl through a mechanical joint which can be
welded in future models.) In these tests the total hydrocarbon concen-
tration was measured continuously by a flame ionization detector and the
individualvhydrocarbons -- principally light unsaturates -- were identi-
fied by gas chromatography.

Gasrchromatography is a near perfect technique for automated analysis.

This technique is now highly developed and refined, and considerable ex-

perience has been gained from research in other reactor programs on the

angalysis of helium by gas chromatographic techniques. The determination

of perménent gas impurities in molten salt reactor blanket gases will re-
= ‘ quire an instrument of improved sensitivity that is compatible with
intense radiatibn. A simple chrdmatograph has been used to measure ppm
and lower concentrations of H2, 02, N2, CHh,lKr, Xe, and CFh in the off-
gas fram an MSRE in-pile test. These contaminants were resolved on a 10X
molecular sieve column and ﬁeasﬁied with é helium dischafge'detéctor,

which has the following limits of detection.
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Table 16. Sensitivity for Detection of Contaminants in
Helium by Gas Chromatography

Component 7 Parts per Billion
H20 _ 1
H2 100
02 >10
Kr : >10
N2 20
CHh | >10
CFh 20
co 20
Xe . | 10

The defermination of H20 and CO2 will require a more.complex instru-
ment with multiple columns; probably a three-cplumn instrument will be
required for all fhe above components. Also it will be.necessary to eli-
minate all organic materials of construction completely if extended depend-
able operation is to be obtained with highly radioactive samples. An all-
metal pneumatically actuated sampling vaive is being developed for this
application. This valve will also be operable at high temperaturgs to
minimize the adsorption of traces of moisture. The effects of hydro-
carbons on the chromatograph has not been tested buﬁ will probsbly require
some modification of the proposed instrument.

Gas chromatography is the most highly developed method for the auto-
matic analysis of hydrocarbon mixtures; however, the resolution of the
complex mixtures anticipated in th¢ blanket gas requires columns packed

Vwith orgenic substrates, which are not compatible with the highl& radio-

active samples. Also, the experience with the pump test loop has indicat-
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ed that the continuous measurement of the total concentration of hydro-
carbons would provide adequate information for. reactor operations. These
measurements, made with a}flame ionization detector, provided data to dif-
ferentiate between possible locations of leeks; conversely, the complete
analyses were of value only in development studies for the selection of
means of removing the hydrocarbons. The flame ionization detector would
probably nof be suitable for in-line analysis of the reactor blanket gases
because its operation would inject substantiél quentities of air into the
off-gas system. An alternate method which will not introduce contaminants
is being developed. In this technique the hydrocarbons are oxidized to
carbon dioxide and water with copper oxide, and the thermal conductivity
of the combusted stream is compared with that of the same gas after the
COa'and H20 are removed by ascarite and magnesium perchlorate. This
method has been tested with a bench top apparatus and found to give a sig-
nal proportional to hydrocarbon concentration over the range of interest
with a limit of detection below 10 ppm. If possible, a similar apparatus
will be tested on the off-gas of the MSRE.

Spectrophotometry of Molten Salts

Absorption spectrophOtometry'and electrochemical analytical techni-

ques are potentially applicable for in-line analysis. The absorption

- spectra of separate solutionS'ofrU(IV)rand U(III) in fluoride-base molten

65,66

) BaSed on a consideration of these spectra,
U(III) could be determined at a,waveléngth of 360 mp to a concentration
level of ca. 300 ppm inlthe presence bf up to 1 mole % of U(IV) in molten
LiF—Ber—Zth. Such 8 spectrbphotometric.method, which is based on a

characteristic spectrum, would be a specific and direct method. Performed
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"in-line," this determination would provide a direct, specific, ‘and con-
tinuous monitor of the U(III) concentration in the molten fuel salt. _
Similarly a relatively weak peak at 1000 my in thé absorption spectra of
tetravalent uranium could be used to monitor U(IV), provided the concen-
tration of U(III) does not exceed about 1000 ppm. Any corrosion products
in the molten salt, even if present at éeveral t;mesithe conceﬁtration
level that is expected, will not interfere with the proposed determinations.
The effect of the spectra of the various fissidn broducts is not known
primarily because their equilibrium oxidation«sfates'are,not"known with
certainty. It seems reasonable to assume, however, that little if any ef-
fect will be observed. Perhaps the most interference will pe from the
rare earths, probably as soluble fluorides. On the basis of experimental
evidence the rare-earth spectra in molten fluoridq salts should present
sharp but insensitive absorption pesaks.

Recently a very intense absorption peak at 235 mp has been found for
U(IV) in LiF-BeF, melts. Preliminary estimates indicate that this peak
could be used for the in-line measurement of uranium concentrations as
low as 5 to 10 ppm. If no interfering ions are present, the peak could be
applied as a sensitive detector of leaks into coolant salt streams and to
measure residual uranium in depleted reprocessing streams.

The design of a spectrophotometer to be used in these proposed appli-
cations is rather well defined. Modification of an existing commercial
spectrophotometer, a Cary Model 14-H manufactured by Applied Physics
Company, will adequately meet the design criteria. In order to eliminate

most of the radiation which is present in the salt sample the optical path-

length of the spectrophotometer will be extended ca. three feet; at the
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same time the imaging of the optical system will be modified to.provide

more intense illumination of the sample area.

It appears that the'piping‘ﬁhich will deliver thé molten saltvto the

 sample cell can be extended a convenient distance from the reactor core

so that environmental radiation may be no problem to the servicing of the
electronic components of th; spéctrophotometer. If the radiation is above
tolerance,.separation of électronic and optical components can best bé
h;ndled by building one instrument housing the optical components and an-
othér instrument containiné the electronics. Schematic diagrams of the
cell de51gn and spac1ng arershown in Flgs. 22 and 23.
N

If the spectrophotometer is to monitor the spectrum of U(III) con-
tinuously and monltor the. spectrum of U(IV) occa51onally, this type of
repetitive analy51s is readily adaptable to an automatic cycllc operation

with the data recorded by digitizing equipment.

Electrocheﬁical Studies

In pr1nc1ple electrochemlcal analyses of molten salts are attractlve

for 1n-11ne analys1s since the technlque lends itself so well to remote

operations. In addlt:.on, any spec1es in solutions that can be oxidized or

" reduced is determinable byielectrochemlstry, The chemical behavior of the

- solution and the feactionsrinvolved must be known,vhowever. ;Ideally, one

could establish the normal potential of the fuel and observe fluctuations

~and deviations from this nérﬁ.' In this manner the normal operating be-

havior of the fuel is’known,ahd presumably changes in this behavior wouldr

-be correlated with observed transitions. To accomplish this task a reli-

.able reference electrode is needed. To this end, it is planned to in-

A

vestigate various metal-metel ion couples (niékel—nickei fluoride, nickel-
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nickel oxide, beryllium-beryllium fluoride, for,exampie) as possible refer-

ence electrodes that are compatible with flﬁoride melts. In praqtice, the
metal-metal ion reference appears to be iﬁe best choice from the stand-
point of iﬁvgstigating and setting up §f electrognalyticalrmethods for an-
alysis of molten fluorides. One model of the Ni;Nin electrode ﬁas been
tested and found to be reversible and reproducible‘but of limited service
life. The useful lifetime of this electrode is limited to a few weeks by
the dissolution of a thin membrene of boron-nitridé which serves as g "salt

bridge" between the Ni-NiF, half cell and the molten semple.. While it may

2

be mechanically feasible to replace electrodes in reactor process streams .

periodically, a much more dependsble system could be constructed if an in- A

sulating materiel that is compatible with molten fluorides could be dis~
covered.

A three-electrode system,_ an indicator electrode,67 quasi-reference

—electrode,68 and an isolated couhter‘électrode,69 has been applied to

molten salts successfully. Approkimate potentiais for observed electrodg

reactions for several electroactive species are shown in Fig. 24. Theo-

retically, it is pdssible to measure the concentration of the mefal ions
at their decomposition poteqtials independent\of the presence of other
metal ions as long as the potenti;l difference 'is at least 0.3 v. The
presence of gfoss ﬁuantiti?s of one metal and traée quantities of another
often results in swamping ofrthe decomposition potential.

This technique has already been appliéd to samples from the MSRE to
détermine the oxidation state of iron and:nickel which appearéd to be

\ . ]

present: in the fuel in concentrations above that predicted to exist in

equilibrium with INOR-8 at the observed concentrations of chromium. Con-

“

“
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centrations of ionic iron and‘nickel of only about 10 and 1 ppm were defer—
mined by véltammetrié scans of remeltgd samples that had been withdrawn
from the MSRE before it was operated at pover. These values compare with
total concentrations.(determined chemically) of 125 and 45 ppﬁ, respective—\
1&, and‘indicate that the major fractions of these contaminants are prob;
;ablyrpresent ;s fineiy divided metalsf Thus the concentrations of thesé
corrosion products .in true ionic solution are more consistent with thermo-
dynamic prediétioﬁs.

The three-electroﬂe system also offers significant potential as a
technique for in-line monitbrihgrof uranium in reactor fuels. In MSRE
_type melts at 500°C U(IV) to U(III) reduction waves have beén found to be
reproducible tq better than 1% in measurements during a two-hour period,
and to about 2 to 3% for intermittent measurements taken over a one-month
period. If the reproducibility could be impr;ved, the téchniqué could also
be used to_measuie trivalent uranium. The\ratfb of reverse t§ forward
scan currents is unity when only U(IV) is present, but the ratio/increases
as UF, is added to the melt. One limit to the reproducibility o;\the

3

voltammetric measurement is the precision of definitioﬁ of the area of the
indicating electrode. With present instrumentation it>ﬁé neceésary to
limit the electrode area by inserting a 20-gauge platingm wire only Srmm
into the meltsrto limit the currents to measurable valﬁes. It is apparent
.that only a small change in melt level will produce a significant error in
electrode area. / |

A new voltammeterris being built that will ﬁéasure twentyfold higher‘

currents so that an electrode with more reproducible area can be used. -

This instrument also permits faster sweep rates which will minimize the

"
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effects of stirring in flow cells which will be necessary for process an-
alysis. With these refinements it is possible that uranium can be continu-
ously monitored with accufacy that is comparable to that of hot cell analy-
ses. An alternate method for defining the electrode area is to use an
insulating sheath. Boron nitride sheaths have been used with some success
but are slowly attacked by the salts. The technique would be greatly
simplified if a really compatible insulator were available, and a materials
development program would appear to be merited.

A new phenomena which may offer a combined electrolytic and gas analy-
sis technique for oxide determination has recently been observed. When
LiF-—BeF2 melts are electrolyzed in vacuo at the potential (+ 1.0 v) of an
snodic wave which has been attributed to the oxidation of o#ide ion, gas
evolution is noted at the indicator electrode. The gas was found to be
predominantly CO2 (resulting from the reaction of electrolytic oxygen with
the pyrolytic graphite electrode or the graphite container) with lesser
quantities of CO and 02. If 100% current efficiency can be achieved, a
coulometric method would result.  Alternately the evolved gases could be
purged from the electrolytic cell and analyzed gas chromatographically.

Determination of Oxide by Hydrofluorination

The Quantitative evolution of oxide as water by hydrofluorination of

“molten fluoride salt mixtures has been successfully applied to the deter-

mination of oxide in the highly radioactive MSRE fuel samples. The sampl-

ing ladle, containing about 50 g'of salt, is sealed in & nickel hydro-
fluorinatdr'with & -delivery tube spring-loaded against the surface of the
salt,. Affer‘the system is purged at 300°C with a hydrofluorinating gas

mixture of enhydrous HF in hydrogen, the salt is melted, the delivery tube
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is driven beneath the surface of the salt, and the melt is purged with
hydrofluorinating gas mixture, the oxide being evolved as water. The ef-
fluent from the hydrofluorinator is passed through & sodium fiuoride
column at T0°C to remove the HF, and the water in a fraction of this gss
stream is measured with the cell of an electrolytic moisture monitor. The
integrated signal from the moisture monitoricell is proportional to the
concentration of oxide in the sample. The water is evolved éuite rapidly
with analyses essentially complete within aboutb30 minutes after the salt
is melted. Most of this time is consumed in purging the water from the
sodium fluoride trap and in "drying down" the cell. |

The components required to carry out this determination in the hot
cell are shown in Figs. 25 and 26. Figure 25 shows from left to right:
the sampliﬁg ladle; a nickel liner, which protects the hydrofluorinator
bottom; the hydrofluorinator top, with its replaceable delivery tip and
baffles to retain the salt in the liner; the hydrofluorinator bottom and
a clamping yoke to seal the hydrofluorinator via a Teflon O-ring. Figure
26 shows the assembled hydrofluorinator in the furnace on the right con-
nected with a pneumatically actuated coupler to the compartment which
contains the sodium fluoride column, the moisture cell, a capillary gas
stream splitter and the necessary valving and connections. |

At the reactor startup samples of flush salt and fuel were analyzed
by both the hydrofluorination and KBth methods with satisfactory agree-
ment. The KBth results were positively biased by abéut 20 ppm which is
readily explained by atmospheric contamination of the pulverized salt.
Since the reactor has been operating at power the results of the samples

analyzed have fallen in the range of 50 + 5 ppm.

"
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The hydrofluoriﬁgéion method should be ééually applicable to the
analysis of MSBR samples, as no interference is anticipated from thorium.
Because the reaction is rapid and quantitative it offers promise for ap-
plication to process analysis and might also be combined with a determi-
nation of reducing power. The reactions involved in the process determi-

nation are as follows:

02~ 4+ oHF 2 H,0t + 2F~ (1)
and '

UFy + HF 2 UF), +1/2 Ht , (2)
or M° + nHF 2 MF_ + n/2 Ht , (3)

with evolved water and hydrogen measured.

Application of reaction (1) could be carried out by either of two
techniques. In the simplest approach the molten salt would be subjected
to a single-stage equilibration with HF in a hydrogen or helium carrier
and the oxide computed from known equilibrium constants. This approach is
subject to several problemé; the most serious of which is‘that activities
of oxide rather than concentrations are measured. Thus precipitated
oxides are not determined. Also, it would be necessaryvto maintain accu-
rate temperature control because equilibrium constants of the reaction
are reiatively dependent bn témperature. - An alternate approach which
wéuld'circumvent>the above problem bu£ would require & more complex ap-
pératus is to equilibrate a éonstant stream of the fuel with a counter-
current flow of hydrofluorihating gas. By préﬁer selection of parameters
(HF.concentration,;temperafuré, contractor deéign and flow rates) it is
theoretiéally possiblg to approach quantitativé removal of oxide from the

effluent salt so that a steady state is reached in which the water evolved
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is equivalent to the oxide introduced in the salt stream. Rate constants
for hydrofluorination are not available.

Thorium and Protactinium

All of the experimental work on the proposed methods has been carried
out on MSRE type salts but should also provide adequate analyses for the
MSBR fuel. In the analysis of the MSBR blanket the presence of thorium
and protactinium must also be considered. AE this time the in-line analy-
sis of thorium does not appear essential to the operation of the reactor --
8 possible exception is the monitoring of thorium in the core to detect
leaks between the blanket and the core. Also, on the basis of its spectro-
photometric, electrical and thermédynamic properties, thorium is #ot ex—
pected to interfere significantly with any of the proposed methods. The
in-line analysis of protactinium must be considered as a priority determi-
nation because the concentration of protactinium must be maintained at a
low level in the blanket for efficient breeding. In the absence of‘e#-
perimental data, the spectrophotametric method appears to offer the most
profitable avenue of investigation.

Reprocessing System

Monitoring of the continuous fuel reprocessing system will probgbly
be of even more importange than thé monitoring of the main reactorE;jStem,
because the compositions of the reprocessing streams are more subject to
rapid operational control. Moreover, the reprocessing system offers
several avenues for the temporary or permenent loss of fissipngble
material. Salt streams which will require continuous measurement of trace
concentrations_of uranium include»the effluents from fluorinators of the

fuel and blanket reprocessing streams. Part of the residual uranium in
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either of these streams is subject to permanent loss either in the still
bottoms of the fuel system or in the #aste of the blanket fission product
disposal. The in-line analysis of major concentrations of uranium in the
meke-up stream from the recombiner will also be required for inventory
control. With the possible exception of a change in the concentration and/
or nature of the corrosion products the techniques that are developed for
the analysis of reactor salts should be equally applicable to the reproces-
sing system.

Gaseous effluents streams from the UF6 cold treps and the recombiner
system could introduce temporary losses via transfer of uranium to the off-
gas system and will require in-line analysis for trace concentrations.

Gas streams that contain major concentrations of UF6 (e.g., effluents from
the fluorinators) can probably be adequately monitorea by ultraviolet
spectrophotometers, but no completely satisfactory methods have yet been
found for the in-line analysis of trace concentrations of uranium in gas
streams. Several techniques are being considered to monitor the Fluid
Bed Volatility Pilot Plant, and any methods developed should be ideally

suited for the MSBR reprocessing system.
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PROPOSED PROGRAM OF CHEMICAL DEVELOPMENT

The chemical status of molten fluorides as reactor materials, present-
ed in some detail in preceding sections, indicates strongly that thermal
breeders based upon these materials are feasible. The discussion*aﬁove,
however, points out several problem areas that remain and numerous speci-
fic details that require examination and experimental investigation. A
brief summéxy of these areas and specific plans for the necessary studies
is presented under the several headings below. An estimate of the manpower
and money required, over the next 8 years, to accomplish these research
and development activities is presented as Teble 1T.

Tt is axiomatic that the course of research and development activities
is seldom smooth and is difficult to predict in detail for a long period.
Researches lead to valuable findings that can be exploited, and unsuspect-
ed problems arise and require additional efforts for their solution. It
is very unlikely, therefore, that this budget breakdown will pfove accurate
in detail, but the overall sums and manpower, year by year, should be suf-
ficient for the purpose.

Phase Equilibrium Studies

Equilibrium phase behavior of the proposed fuel and blanket systems
is relatively well established. A careful and detailed examination, using
all the most advanced techniques, should be made of the region close to
the proposed compositions in the fuel and, especially, in the blanket
system. In addition, the join from the LiF—UFh eutectic, through the fuel
camposition, to the barren fuel solvent will require some examinsgtion.
None of these studies is urgently needed in the next year or two. Be-

havior of the LiF—Ber-UFh’system with moderate fractions of the UFh

"
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Teble 17. ProJected Breskdown of Chemical Development for MSER Program

(*"

1971

Development Area 1968 - 1969 1970 1972 1973 1974 1975
M 3 MY - $ MY $ MY $ MY - $ My % MY. $ MY $
Phase Relationships . : . . g
Fuels and Blankets 0.5 20 0.5 20 1 hoo 1 x0 0.25 10 0.25 10 0.25 .10 0.25 10
Coolants 2 80, 1 ) 1 b 0.25 10 0.25 10 0.25. 10 0.25 10 0.25 10
Oxide and Oxyf'luor‘idé‘Behavior 2. .. 90 R 90 2 90 1 ko 1 ko - 1 ko 1 4o 1 ko
Solution Therﬁoéynamicsa 2 80 2 8o 2. 80 2. -8 2 . 80 2 .. 80 2 80 2 80
Physical Properties 3 100 K 150 41500 b 150 2 g0 2 80 1 ko
Rediation Effects 5. 30 8% 500 10 80 10 800 _ 10 80 10 800 8 500 6 400
Fission Product Behavior. : 2 . 100 3 150 3 150 - 3 150 3 150 3 150 2 100 2 100,
Protactinium Chemistry 2 80 2 80 3. 120 3 120 2 80 1 50 1 50 1 50
Fission Product Separations 2 80 2 80 3 120 - 4 160 " 160 2 8o 2 ) 8o 1 ko
‘Development of Comtinuous 0 0 0 0 2 100 2 100 2,100 0.5 25 0.5 25 0 0
Production ' '
Chemical Services 2 " 170 2 10 2 70 3 105 3 105 L ko L 140 6 200
Subtotal 22.5 1050 26.5 1260 33.0 1760  33.25 1755 29.5 1615 26.0 1u65 22.0 1075 19.5 930
Analytical Development 2 8 4 160 L1715, s 225 5 225 L 170 b 170 4 170
Analytical Services 3 100 -4 130 5 160 6 180 6 180 6 180 6 180 6 180
Total 27.5 1330 34.5 1550 42,0 2095 hLk,25 2160 40.5 2020 36.0° 1815 32.0 1h25

29.5 1280

®Does not include a considerable capital expenditure for in-pile facility.

Estimate for this might be as high as $600,000.

2T
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reduced to UF,, and more definitive information as to solubility of rare-

3.
eérth fluorides, alkaline ‘earth fluorides, plutohium fluoride, etc. in the
mixtures near to the fuel miitﬁrg are of sémewhat more urgency. At\the 
modest research level_shown, these étudies shouldrbe largely concluded in.
a four-jear period, and very minor\efférts are projected beyoﬁa that inter-
val. . |

h)

Phase behavior in the fluoroborate systems (or the altérnatives,pre-

sented sbove) proposed as coolants is much lesé well understood. The items

of first priority are to define the phase behavior (including'equilibrium

BF3 pressure)‘in the NaF—BFé systém; such studies should include a syste-

matic examination of the effect of B2Q3 on the phase equilibrium.: Once

the binary éystem is established, the NaF-KF-BF, ternary system should be

3
exemined. However, should the BF3 system appear unattractive (for ex-
ample; by reason of incompatibility with Hastelloy N) these phase studies

should immediately be shifted to examinatioﬁ of the most promising alter-

‘native. In addition, a small exploratory study of systems based upon SnF2

should be attempted, so that the interesting properties of this material

réan be expldited if its compatibility with Hastelloy N ‘can be demonstrated.

Oxide and Oxyfluoride Behavior

Behavior of oxidgs, and of oxide gnd hydroxide ions over pertinént
regions of the LiF—Ber, LiF—BeFa-UFh, and LiFfﬁer—UFh-Zth gystems is
reassufing and is now reasonably well understood. Some édditional effort
on such behavior in the proposed MSBR fuel system (and its close composi-
tional ?élatives) is still necessafy.‘ Little is known of oxi&é behévior
in systems with moderate to high éoncentrgtions of'thofium.' Accordingly,

a high priority in thesg studies must be given to examination of oxides

,

-4
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and hydroxides in LiF—BeFZ-ThFh systems at and near the blanket compo-
sition. A study of distribution of uranium and thorium between the antici-
pated (U—Th)O2 solid solution and the molten fluoride phase as a function
of temperasture and melt composition will follow. Extension of this study
to include equilibrium distribution of protactinium will also be done if
oxide processes for this element still appear attractive. It is expected
that a 2-man effort can answer, during the next three years, the urgent
questions that affect fuel and blanket production techniques and system
cleanliness requirements. Minor questions and careful refinement of some
of the data are expected to justify a continuing effort at a slower pace
thereafter.

Solution Thermodynamics

We feel a distinct need for more information about thermodynamics of
many possible fission product or corrosion product species in dilute solu-
tion in fluoride melts. We need to augment the program now under way
which attempts to obtain this data by EMF measurements and by direct
measurements of chemical equilibria. The following several items would be
accordedvnearly‘equal priority:

EMF Study of M/MFx Electrodes

Experiments using metal/metal fluoridevelectrodes with reference
electrodes such as Be/Be2+ or H2, HF/PA will attempt to determine the
identity, solubility, and thermodynamic stability of lower velence fluo-
rides of such elements as niobium, molybdenum, ruthenium, technetium, and
copper in LiF-BeF2 melts. The priority order for these elements is prob-

ably the order listed. The method should also be used, as opportunity
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permits, to firm our present values for the fluorides of iron, chromium,
and nickel. Such studies should prove of real value in (1) decisions as

to suitability of improved container metals (such as niobium) and (2)

~evaluation of possible fission product species and behavior. These EMF

studies would, at least in the initial stages, be coupled with measure-
ments of equilibria such as
Nb + XHF 2 Nbe + X/2 H2.

Thermodynamics of Rare-Barth Fluorides

We will use the cell

M | MF )lMF Li‘F(d)‘|H2,HF.|Pd

3(s 3(a)°

for which the expected cell resction is
+ = + 3/2H,.
M + 3HF = MF,( 3/ >

We hope to measure AGf end AH_ for crystalline rare-earth trifluoridesi

f

These data are badly needed in order to calculate AGf values for the dis-

solved salts from solubility data.

Electrochemical Deposition Studies

Liquid bismuth solutions of niocbium, molybdenum, ruthenium, and
technetium will be studied (1) to investigate the feasibility of electro-
chemical deposition and (2) to determine activity coefficients of metal
solutes in the liquid bismuth. These studies also could support present
studies of chemical reduction of rare easrths (and Pa) into Bi, by_demon—
strating electrochemical reduction of the same ions. |

Activities of LiF and BeF2

Measurements with the cell
Be | BeFp(q) | HFp, Hp | Pa
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should be extended over a wider temperature interval and composition range
to confirm, improve, and extend our knowledge of thé‘thermodynamics of the
LiF—BeF2 system. [If a suitable Th° | ThFh electrode can be demonstrated,
a similar study in the-LiF-ThFh and LiF—Ber-ThFh systems will be made. ]

Other Studies

As time permits and the need requires we would attempt (1) study of
reaction equilibria involving BF3 (especially with structural metal ele-
ments and alloys) in mixtures of interest as coolants, and (2) continued

study of the resction

o
2HF + S° Z H28 + H2.

Physical Properties

We believe it unlikely that the physical property values listed in
this document for the fuel, the blanket, and the several coolants are in
error sufficient to cause rejection of the fluid. Howe;er, the state of
knowledge of physical and heat transfer properties of these fluids is un-
satisfactory, and a considerable effort will be required to establish the
values with precision.

Vapor pressures need to be evaluated for the several mixtures
(through decomposition.pressures of the BF;-based coolants will be estab-
lished with their phase behavior).»VSince the values are known to be low,
these measurements d6 not per se deserve a high priority, but studies with
the fuel should be included early since they will assist with the distil-
latioh studies.

Density, coefficient of thermal expansion, and viscosity data will be

required to confirm the present estimates. Specific heat and heat of
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fusion values are also needed. All these values will, if sufficiently
high accuracy can be achieved and if a sufficient concentration range is
covered, be helpful in checking present meth§ds for estimating the proper-
ties and will be usefu; in attempts to formulate a consistent theory of
high temperature liquids.

Surface tension measurements of fhe several salts, and their close
compositional relatives, should be established during the next two years
as time and resources permit. |

fhermal conductivity is the property that is most difficult to
measure for molten salts (as for other:.liquids), and the one for which a-
veilable information is most insufficient. A program for measurement of
this property for fuel, blanket, and any of‘the materials likely to be
chosen as coolant is urgently required. Thermal conductivity of liquids
can be estimated with some precisiqn if the velocity of sound in the liquid
is known; measurements of sonic velocity in the molten salt mixtures
should, therefore, be undertaken as a reasonable backup effort.

Radiation Effects and Fission Product Behavior

These two items promise to be the most demanding, and the most ex-
pensive, in the list of necessary chemical development activities. No ad-
verse effects of radiestion upon the fuels, the‘moderator, or the compati-
bility of the fuel-graphite-metal system have beep observed. However, no
realistic tests of these combinations have been made at power densities
so high as those proposed for MSBR. Studies presently under way, and radi-
ation facilities presently available, should by early FY 1968 permit long-
term tests to high fuel burnup at power densities in the 300 kw/liter

range. Such studies are done in in-pile thermal convection loops. which
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expose & very high fraction of the totai fuel to the highest flux; the as-
sembly is- equipped so that samples of gas can be taken at wili, samples of
fuel can be withdrawn, and samples.of.enriched fuel can be added as desir-
ed. These tests will be valuable both in assessment of possible radiation
demage problems and in evaluation of fission product behavior.

We are convinced that exposures at even higher power densities (up at
least to 1000 Kw/liter) are necessary in this program end we will attempt
to design and operate such facilities. Success in this venture would per-
mit not only an accelerated test program for the numerous possible problem
areas but would also safely assess such reactor accident possibilities as
blocked flow channels, pump'stoppages, etc. We hope that such tests can
be conducted at the Oak Bidge Research Reactor in loops cooled by thermal
convection, and the considerable sums budgeted for the effort are predi-
cated on that hope. If the studies must be done elsewhere, or if forced
convection -loops (with,the'attendant punp development problem) must be
used, then fhe estimates of staff and funding required are certainly too
low.

With careful analysis of off-gases from such systems and rapid radio-

~chemical analysis of fuel samples, we should get definitive data on
- fission product behavior at ttuly realistic concentrations and production

‘rates. Careful checks of graphite»and metal from such tests jmmediately

after termination of the run should afford realistic data on distribution

‘of fission products in these materials.

Radiation levels, from gamme. rays and from the deleyed neutrons, in
the coolant mixture are, clearly, much lower than those for the fuel, but '

radiation damage to the BF3—based'coolants»is not necessarily a trivial
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matter. When such a coolant mixture is established as to phase behavior,
heat transfer capeability, and compstibility, it shogld be given a long-
term test at higher-than-realistic radiatién levels to see whether such
damage is a possibility.

Fission Product Sgparations

The distillation process is, at present, the expected technique for
reprocessing of the fuel mixture, and development activities associated
with that process are described in another report in this series. A small
effort on vapor-liquid equilibria in direct support of that development

~will continue, as needed, as a portion of the present program.

Highest priority will, for the present, be devoted to the study of
reduction of rare-earth fluorides from LiF—BeF2 mixtures intq dilute alloys
of the rare-earth metals in bismuth, or into stable intermetallic compounds
of other types. These studies can be carried by mid-1968 to & point where
a sound evaluation of their potential can be made. If the process shows
promise, it will be useful to examine electrochemical vs chemical tech-
niques for its prosecution, and it may prove necessary to investigate means
of recovery of lithium from the rare earth-bismuth alloy.

The search for insolﬁble campounds which are stable toward the molten
fuel and which are capable of ion exchange reactions with rare-earth cat-
ions in the fuel mixture will be continued. Attempts will be made to use
Zr02 doped with traces of rare-earth oxides, uranium carbide doped with
rare-earch carbide, and other refractory compounds, as well as any promis-
ing rare-earth intermetallic campounds.

Exploratory studies of reduction of the more noble fission products

will be instituted as definite information on the nature of the species in

L]l

[}
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solution becomes aveilable. Should nicbium or molybdenum, for exsmple, be
shown to exist in the fuel mixture as‘a fluoride, their removal by chemical
or electrochemical means will be attempted.

Study of the equilibrium

HF + 1" » HI + F~

will be continued aﬁd extended to include éffects of helt composition and
temperasture. This techniqﬁe méy prove valuable in removing é major frac-
tion of xenon precursors on & short time cyéle and may minimize require-
ments for impermeability of the graphite moderator amd éore structure. If
these studies continue to appear promising, they should be extended to in-
clude possible removal of tellurium by volatilization of H_Te.

2

Protactinium‘Chemistry

The surprising fact that protactinium as fluoride is removed from
very‘dilute solutioné in LiF-BeFQ-ThFh by reduction with thorium metal (or
with moderately stable intermetallic compounds of thorium) represents a
breakthrough which must‘bé”exéloited. Accordingly, first priority will be
given to continued and increased study of this reaction. Primary attention
must be paid tO'determination;o}ithe'ultimate‘state4of the protactinium; it
is presently-beiieved to be & stable intermetallic compoﬁnd. Success in

this venture should permit systemstic study of means For recovery of the

" element. Techniqueé, ﬁhiéh”ﬁill'be,apﬁliedjat both tracer (ppb) and real-
istic prm) concentrations, will include electrochemical reductions with &

;#afiéty'of metal electrodes;‘aﬁdnéhEmical.reductions in'the preéence of

'sélécfed'métallic‘cohstiﬁﬁénté;t

The process by which protactinium is precipitated by an excess of
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BeO or Th02 will continue to be examined. Attempts will be made to estab-

lish that passage of the melt through beds of oxide (ZrO2 will be included)
will remove the protactinium without reaction with other constituents. If
this is true, as previous tests have strongly suggested, a careful study

of the effect of extraneous ions, of the behavior of uranium, and of the
extent of contemination of thé melt by oxide and hydroxide ion will be made.

233U product - from

Methods for recovery of the protactinium or of the
whichever of these processes seems promising will be undertaken as soon as
an understanding of the removal mechanism permits.

Development of Continuous Production Methods

As the discussion of production technology sbove makes clear, the
present production methods have been adequate for materials for MSRE; the
fuel, coolapt, and flush salt were furnished in a high and completely
satisfactory state of purity. It seems very likely that the present unit
processes will serve to prepare MSBR fuel and (perhaps with minor modifi-
cations) blanket. However, the 25,000 1b of material for MSRE required
nearly a year to prepare in the existing batch processing facilities, and
provision of a considerably larger quantity for an MSBR would be quite un-
economical if this equipment were used.

The purification process is quite a simple one. It seems ceftain
that it can be engineered into a continuous process with the throughput per
unit of time and manpower much greater thaﬁ that of the present batch oper-
ation. The relatively small development effort adjudged necessary for this
conversion is scheduled so that the finished ‘plant could be available for

run-in on large quantities of salt needed in the engineering-scale tests.

Al
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Chemical Services

Under this heading are lumped the many and diverse ways in which the
molten salt chemists perform services in direct support of other portions
of the development effort. These ways range from (1) examination and
identification (as by the optical microscope) of deposits found in engi-
neering test loops, (2) determination of permeability of graphite specimens,
(3) in-place hydrofluorination of batches of salt before reuse in test
equipment, (1) manufacture of small batches of special salt compositions
for corrosion or physical property tests, and (S’ liaison among the engi-
neers, reactor operators, hot-cell operators, and analytical chemists so
that the many special samples receive proper handling and data from them
are reasonably interpreted.,

It is difficult to specify, long in advance, the details of such
services, but many years' experience encourages us in the belief that the
suggested level will be needed.

Analytical Development

In order to apply in-line analytical techniques to the MSBR, con-
siderable prelimingry information and deta must be gathered:so that a
sound evaluation of possible successful reactor applications can be made.
This epproach will permit e maximum'shifi of effort to those éoncepts that
gppear top be most‘fruitful;,rFor.examﬁle; fhe experience gained in the
analysis of hydrocarbons in the MSRE offégaé.is being'used:now in the de-
sign of a gas*chrcmatographrto'determine automatically the various con-
stituentsfin the cover ges. Work on this prbject is currently under way
and will be directed towards the MSBR.

The long term in-line analysis program is planned in this tentative
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order of priority.

I. a. Construct a laboratdry facility which will provide a flowing
salt stream, probably driven by a gas lift. Provision will be made for the
addition of contaminants to the salt including oxide, sampling, capability
for hydrofluorination and electrdlytic treatment of the salt. This facili-
ty will be used to provide tests of eléctrdchemical methods for uranium and
corrosion products and for measuring the electrochemical potential of the
salt vs a standard reference cell. |

b. Initiate investigation of a countercurrent equilibration
method for the determination of oxide by hydrofluorinsation.

¢c. Accurately determine reproduc{bility of operation of spectro-
photometric cell for future application to determination of uranium and
protactinium.

IT. Continue basic inves?igations of electrode‘processes to observe
if chromium, oxide, and trivalent uranium can be determined in this manner.
III. Investigate materials as insulators for reference electrode.

IV. Conduct in-pile testing of any in-line techniques which prove
successful in Section I. '

V. Develop gas chromatographic analyses compatible with high activi-
ty. Includes radiation testing of packing materials, testing solid ad-
sorbents for hydrocarbons. Development of all metal valving. Testing ef-
fect of radiation on detectors.

VI. Investigation of alternate continuous methods of in-line gas

analysis, e.g., thermal conductivity, referencing gas after chemical sepa-

ration to original gas stream.

Ny
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