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MOLTEN-SALT SOLVENTS FOR FLUORIDE VOLATIIITY PROCESSING
OF ALUMINUM~-MATRIX NUCLEAR FUEL ELEMENTS

R. B. Thoma, B. J. Sturm, E. H. Guinn

ABSTRACT

The results of a search for molten-salt sclvents for use
in fluoride volatility processing of aluminum-matrix fuel ele-
ments are presented. The solubility of aluminum fluoride in
various mixtures of fluorides was determined in order to esti-
mate the feasibility and cost of processing methods. Sufficient
data were accumulated to construct equilibrium phase diagrams
of the solution systems, IiF-NaF-AlFj3, LiF-KF-Al¥3, LiF~K3AlFe-
MF, (where MF, is CaFa, Sr¥a, or Zanﬁ, and KF-ZrFs;-AlF3. New
and revised phase diagrams were determined for the limiting
binary systems of the alkali fluorides with AlF3 by use of a
new visual method for determining the occurrence of liquidus
transitions. This method provided several advantages not
available in classical methods of obtaining liguidus data.

For example, it was observed for the first time that immisci-
ble liquids are formed at high temperatures in AlFi3-based
systems. The temperatures at which such liquids form are,
however, higher than is feasible for adoption in most current
chemical technologies. Of the various materials evaluated as
solvents for the volatility process, the greatest potential
for application was displayed by the XF-ZrF4;-AlF3 system.
High solubility and good dissolution rates are afforded by
the inexpensive solvent salt KaZrFs. At operating tempera-
tures, approximately 600°C, the AlF3 capacity of the solvent
is in excess of 25 mole %.

INTRODUCTION

Development of the fluoride volatility process is sought as a useful
and effective alternative to conventional agueous processing for recovery
of uranium from spent nuclear fuels. The process depends on dissolving
fuel elements in a suitable molten fluoride solvent by passage of HF gas
followed by fluorination of the resulting melt to volatilize uranium as

UFs.l The UFg is purified by selective sorption on solid NaF or other



fluorides. Molten~salt fluoride volatility procaessing of nuclear Tuels
offers advantages not available with other chemical reprocessing methods:
(1) the process is Simple,z requiring only o hydrofluorination step and
a fluorination step instead of the many steps--dejacketing, acid dissolu-~
tion, precipitation, filtration,3m5 gte.~~characteristic of the usual
aqueous procedures; (2) the uranium is recovered as UFg, the form required
for isolope separation,6 and (3) disposal is made of essentially all fis-
gion products as water-insoluble solids. It is also one of the Tew methods
-

that can be used for processing certain ceramic fuels./

The process has been previously applied successfully to zirconium-

1,8,9

matrix fuels. Currently, it is consgidered for alwminum-matrix fuels

10,11 and because of the need

because of thelr use in numercus reactors
anticipated for processing large guantities of these fuels.
One of the most important aspects of volatility process development
in adapting the process to a particular kind of fuel element is the selec-
tion of a suitable molten~salt solvent into which o pass the HF gas during
dissolution. A preliminary survey of prospective AlF3 solvents reported
by Boles and Thoma12 showed that a BeF;~LiF solvent provides moderately
good solubility for Al¥js3, but, because of expense and toxicity, an alter-
native solvenlt system is preferred. They considered KF-Zrf, solvents to
be of potential use. The preliminary data obtaivned at that time were too
limited for a critical selection of optimal selvents for use in volatility
processing. Accordingly, a more intensive search for solvents was initi-
ated using newer methods which permit rapid accumilation of large numbers
of ligquid~sclid transition data.
Desirable characteristics of the solvent for the process include the
follovwing:
1. Iow cost,
. ILiquidus temperatures below 600°C.
. Substantial solubility of AlF3 at 500 to 600°C.

2
3
4. Low vapor pressure.
5. low viscosity.

6

. Noncorrosive with respect to the INOR-8 container.



In reprocessing aluminum-matrix fuel elements, the temperature must
be kept below the melting point of alumimum (6000(1)13 to avoid forming
liquid metal, which is corrosive to the container alloy, TNOR-8. The sus-
ceptibility of INOR~& to corrosion by liguid aluminum is offset by its
excellent structural properties at high temperatures and its resistance
to corrosion by fluorine and HF. It is desirable to prevent the maximum
operating temperature from exceeding a limit of at least 50°C lower than
the melting point of aluminum; consequently, 600°C has been tentatively
chosen as the maximm temperature for the process. The economic feasibile
ity of the process is highly dependent upon the cost of the solvent.
Solvents in which the saturating concentrations for AlFa are as low as
8 mole % may be useful if the solvent costs less than 50 cents a pound.
I, however, higher-priced solvent components are reguired in order to
obtain the desirable solvent characteristics, the economic feasibility

of the process may then require higher saturating concentrations of AlFj3.

Choice of Constituent Fluorides as AlF3 Scolvents

The choice of possible solvent constituents can be rapidly narrowed
to one group: cheap flucorides which are stable in the presence of gaseous
HF and fluorine. Cationic constituents should either have only one va~-
lence state as the fluoride, or both the lower fluoride, existing during
dissolution, and the higher fluoride, formed during fluorination, should
be noncorrosive, possess sufficiently low vapor pressure, and have suit-
able melting characteristics for use in the solvent.

Previous to the ORNL work cn the volatility process there was little
published information concerning the attack of aluminum metal by molten
fluorides, and none regarding the relationship of HF or other dissolved
oxidant gases to this attack. It is known that aluminum reascts with molten
alkali metal fluorides and with molten cryolite to form free alkali metal
and the appropriate fluoroaluminate.14 The metal also reacts with molten
KaThFg, forming a Th-Al alloy and a potassium fluoroaluminate. Aluminum
metal reacts with solid CeFs at 1000°C to form cerium metal and AlFj3.

With KzTiFe¢, aluminum reacts to form KpAlFg, free titanium metal, and an
opaque phase believed to be a complex of TiF3.15 Published free-energy

valuesl® favor the formation of TiFs3 by the reaction:



Al + Fi¥, = 3Ti¥F3 + AlFs .

The Tree~energy values suggest that the alkali metal fluorides ThFs, Cefs,
AlFa, and TiFy may serve as potentilal solvent constituents. Mclten 3nkFs
and NiizHF», both attack aluminﬂm.matall7wlg but have disadvantages which
preclude their use as potential volatility solvents. The former is very
corrosive to structural metals;zo the latter presents a vapor prcblem

and decomposes during fluorination. Aluminum reacts vigorously when heated
with fluorides of Ni, Co, Fe, or 0s.1%  Mumimm reacts with molten alkali
metal fluorcborates and fiuorosilicates to form, respectively, aluminum
boride and silicon or silicides. The use of fluorocborates and fluorosili-
cates in the volatility process presumably should be avoided because
borides and silicides are so inert that they are likely to remain in the
processing solvent in the form of an annoying sludge.

Relatively few fluorides possess the properties reguired for their
use as major constituents of a solvent. Fluorides of nonmetals, semimetals,
inert gases, and the platinum metals either have too high a vapor pressure
or arec too corrosive to be considered. (See Table 1 for boiling points.)
These cobjections apply as well to fluorides of Cu, Mo, Ag, W, Au, Hg, Nb,
Ta, V, Cr, Mun, Co, T1, Pb, and Sn. Scarcity would eliminate consideration
of most rare earths, all transuranium elements, also Sc, Y, Re, Hf, Te,

Fr, Ra, Ac, and Pa. Fluorides of Zn, Ga, In, and Cd do not qualify because
their reduction by alumioum would form covrosive ligquid metal. Uranium
fluoride of natural isotopic camposition is objectionable because its use
would alter the isotopic composition of the fuel being processed. Thus

the list of possible solvent constituents is therefore narrowed to the

following fluorides:

IiF BeF» AlF3 TiFg FeF»
NaF MgFs 1aFj ZrFs NiF2
KF CaFa CeFs Thi'y,

Rb¥ Srke

Cs¥F BaF,

Most of the fluorides in this group are suitable only as minor constitu~
eunts of the solvent for the following reasons:

1. KRbF, Cs¥F, 1aF3, and ThFs are moderately expensive.
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2. FeFp and NiFz in high concentrations may present corrosion
problems during fluorination.

3. MgFp, CaFa, SrFa, BaF2, and CeF3 have very high melting
points (see Table 1).

4, TiF4 in high concentrations may exert somewhat excessive
vapor pressure.
These compounds were, therefore, considered not as major solvent constit-
uents but merely as possible additives for possibly depressing the liquidus
of a promising solvent. The remaining six compounds--LiF, NaF, KF, Belp,
AlF3, and ZrFi--were given the prineipal consideration as solvent compo-

nents.

Survey of Potential Solvent Systems

Except for Be¥F,, which is too viscous, none of the promising fluoride
constituents individually has the necessary low melting point (below 600°C)
to be used directly as the solvent (see Table 1). A mumber of binary mix-
tures of these fluorides do, however, form adequately low melting eutectics
(see Table 2). The only AlF3 binary system which provides sufficiently
low melting mixtures for possible use in the process is the KF-Al¥3 sys-
tem; its capacity for additional AlFj3 at the process temperature is,
however, limited to about 5 mole %, too low for process use.

In order to find lowv-melting solvent systems suitable for the proc-
ess, phase relationships were studied in the ternmary systems formed by
dissolving AlF3 in a molten binary solvent. Little concern was given to
more complex solvent systems because the study of polycomponent systems
delineating the phase reactions occurring as AlFj dissolves in such sol-
vents iz too involved to permit adequate characterization in s reasonable
length of time. In addition, the probability of diagnosing the cause of
off-performance difficulties in engineering tests by identification of
crystallized solids is remote for multicomponent salt systems unless de-
tailed investigation of the phase behavior has been made. Accordingly,
when a fourth component was considered, it was usually only as a minor
addition to a promising ternary system, e.g., A~B~AlF3, included in oxrder
to lower the ligquidus temperatures enough to meet process requirements.

Although the fluoride volatility process is intended for reprocessing
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fuels containing both wuranium and aluminum, consideration was given only
to the solubility of the resulting Al¥Fiz in evaluating a solvent. The
uranium comtent of these fuels, generally less than 1 at. %, yields too
low a UF4 concentration in the solvent to affect the liguidus temperature

significantly.

PROCEDURES

The initial phase studieslz’2l of the solvent systems were performed
primarily by classical procedures which proved to be generally inadeguate
for systems containing Al¥Fi3, Because AlF:z and alkali metal fluorcalumi-
nates are frequently not microscopically distinguishable from each other,
these systems were not amenable to studies employing the guenching tech-
nigus. Alsce; the thermal change at the liguidus temperature was often
too small to be readily detected by thermal analysis. FEven when a thermal
change was detected,; its interpretalion, without visual observaition or
accompanying quench dats; was eguivocal.

Most of these difficulties were overcome Dy melting the mixtures in
an inert~atmosphere glove box (Figs. 1 and 2) and observing phase changes
through a window. Liguidus temperatures were determined azccurabtely (nsv-

N

ally * 2°C) by noting the temperaturve at which the Tirst crystals werse
obseyved in a cooling melt. The melits were red manually to prevent
supercooling and to ensurs uniTormity of composition and temperabture.
Usually about & mole of sall contained in a hydrogen~fired, polished nickel
crucible was used for the study. Intense illumination was provided by a
Zirconarc photomierographic lasp (Fish-Schurman Corporation, New York).
The light from this instrument overrides the near infrared background
radiation from the melt to temperatures of aboul 1200°C and thus facili-
tates determination of liguidus under conditions where obher methods would
be difficult or impossible. Atmosphere control was obltained by evacuating
‘/} e

activated charcoal cooled with liquid nitrogen. The procedure is rapid.

e box to 30 p snd refilling with helium purified by passage through

U'Q

As many as sixteen composibions in a given system can be studied in an
al
J

8=nr period by sequential additions of preweighed specimens. Since the



melt may be observed as phase changes occur, the apparatus 1s also useful
for obtaining interpretable thermal analysis data. To ensure accuracy,
the temperature recorder was periodically standardized against ILiF melt-
ing at 848 * 10g, 2224

The precision of temperature measurements obtainable in routine use
of Chromel-Alumel thermocouples is generally believed to be *59C. Occa-
sional calibrations with pure salts have shown that the accuracy of thermal
transition temperatures reported here is within the #5°C precision limits.
Correspondingly, the accuracy of visual transition data reported here is
within #3°C.

A similar visual procedure called "visual polythermal method” has
been used by Russian investigators,25 but their procedure seems inferior
to that used here in that it apparently does not permit (1) agitation of
the observed melt, (2) addition of salt during the run to alter the com-
position, or (3) use of vacuum to comtrol the atmosphere.

A sharp increase in viscosity is often displayed by molten salts as
they cool to temperatures approaching the liguidus., This effect was noted
in most of the systems discussed in this report and was useful in signal-
ing the onset of crystallization. Such a sharp change in viscosity has
been observed also by Velyukov and Sipriya26 Tor NazAlFg and LizAlFe and
by Elli527

phase~-trmasition temperatures was also noted. FPreliminary measurement of

for ZnClz. A sharp change in the electrical conductance at

electrical conductance using an ohrmeter (Model 630, Triplett Electrieal
Instrument Company, Bluffton, Ohio) indicated that it may also provide a

procedure useful for studying AlF; systems.

MATERTALS

Purity of the fluorides used in the phase studies was very important.
The molten~-salt systems were studied primarily by a visual procedure which,
in determination of a ligquidus temperature, depended on the appearance of
precipitate, often in such a form that it clouded the melt. Accordingly,
any impurity which clouded the melt interfered with the study. Because
they reacted to form very sparingly soluble phases, hydroxides and water
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very difficult to remove or avold in the preparation of these Tluorides.

d—

vapor proved Lo be espacizlly objectionable and in scame cases ini

Bydroxides and moisture were additionally objectionable because they
attacked the metsl container, contaminating the melt with highly colored
nickel ion. Often such melts gave rise to irreproducible liguldus temper-~
atures due, presumably, to & progressive increase in oxide concenbration
as the hydroxide reacted.

Three methods were found to be useful Ffor preparing flucrides of low
oxygen content:

1. Vacuum sublimabion: Applicable to purifying commercial

AlF3 and ZrFs, as the corresponding oxides have extremely

low volatility. ZrFs was obtained with as little as
250 pom oxygen using the apparstus shown In Fg. 3.

2. Vacuum distilletion after vrecipitation of oxide:
Applicaeble to KF. The vapor pressure of KOH at 850 to
10009C is nhiigh enough to preclude reduction of oxygen
impurity to less than 1200 to 1500 ppm by distilletion.
However, in molten potassium fluoride, KOH reacts with
various m;tal fluorides to precipitete metal oxides zas
follows:

ot xKOH = 2 + XHE |
AMF, ¥ HKKOH = 20, + KHFT XKF

-2

and purification of KF is possible by vacuuwn distil~

latian from the remaining molten mixture The use of
‘o2 and FeFa to 9rﬂﬂipitatc oxide produc ed crystals

of KF which contained 200 pom oxygen: the nuse of

2.3 mole % UF, gax a product containing only 500 ppi.

.

3. Amponium biflucoride fusion: Fusion of alkali metal
fluorides with hydrated AlFz in the presence of molten
NH HF; proved to he useful for preparing LiaAlFg,
NesfilFe, KahlFg, KAIF,, and Cs3A1Fg. Slow cooling of
the melts to promote erystal QFOth and selectlon of
the better~crystallized portion served o provide
additional puritfication. Fusion of NH HFp with hy-
drated AlFa formed (NH4)3A1&5, Its thermal decampo-
sition at 600°C in a helium stream yielded anhydrous
AlFa which was comparable in purlty to the sublimesd
product. Alkaline earth Tluorides were also purified
by NH HF, treatment.




RESULTS AND DISCUSSION

In the search for high-capacity solvent systems for use in the fluo-
ride volatility process, equilibrium solubility data for aluminum fluoride
in seven fluoride systems were obtained. The systems examined included
LiF-KF-AlF3, K3AlFg-LiF-CaFp, K3AlFg-LiF~SrFa, K3AlFe~LiF-Zn¥F,, LiF-Na¥F-
AlF3, NaF-KF-AlF3, and KF-ZrF4-Al¥3. The phase diagrams constructed from
the data obtained in these examinations show that only one of these systems,
KF-Zr¥F4~AlF 3, can be expected to have practical application as a solvent.
New data were obtained for the limiting binary systems LiF-AlF3, NaF-AlFs3,
KF-A1F3, and KF-ZrF4. New phase diagrams of each of these systems are
shown in Figs. 8 to 11. Experimental data for the systems reported here
were collected simultaneously for several systems, thus making it possible
to curtail the efforts on any one system as the development in another

system showed promise.

AlF3 Melting Point

Previously reported experimental values for the melting point of
AlF3 range from 98612 to 104000.28 All of our visual observation data
indicate that these values are low and that the melting point is higher
than the reported sublimation temperature, 127000,29 though not as high
(1920°C) as was regarded by Steunenberg and ngel.BO Because high ligquidus
temperatures and vapor pressures prevented visual study of wmixtures con-
taining over 56 mole % AlF3, too little data were obtained to permit a
good extrapolation of its melting point. Since AlF3 is of similar struc-
ture to CrF;Bl and of comparable size relationship,32 we surmise that its

equilibrium melting point at 1 atm is close to that for CrFj, 1404°C.

Systems Based on ILiF-KF

Mixtures of the lightest alkali fluorides, LiF, NaF, and KF, are not
s0 low melting as those obtainable with RbF or CsF; the cost of these latter
two materials, however, precludes their economic use in process development.
The binary mixture of the cheaper fluorides which affords the lowest-melting
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solvent is the eguimolar LiF-KF eutectic mixture which melts at 5007°C (sec

";J

Fig., 4). The phase diagram of the system LiF-KE-AlK3, constiucted

basis of the data shown 1u Table 3, is given in Fig. 5. invariant equilib-

¥
ria erc listed in Table 4. The diagran shows clearly that LiF-K¥ mixtures

\

cannot provide useful solvernts because of the extent to which ths primary

phase Tields of the high-melting compounds K3Alleg and KzLiAlFg approach the
y system LiF-Al¥3. The bernary system is comprised of €

subgystems KE-LiF-Kz81Fg, KaAlFg-11i2A1Fs~14F, and KaAlFg-LiaAlFR3.  Both of
composition sections K381Fg-LiaflFs and K3AlFgs-LiT are apparently quasi-

binary. The minimam liquidus temperature zlong the composition ssction
L

K3A1Fe-LiF is 720°C; along the section KaAllg-LizAlFg it is 645° The

high liguidus proiile for the system LiF-XK¥-A1Fj3 excludes LiF-KF mixtures

firam possible use as a gclvent. 'The possibility that the liguidus Tor same
Tour~component cambinatic might be significantly lower than

o - pygns .4 R TN - - - - S P T S - T " P S [P
and Znﬁg. Accordingly, an investigation wag made of thc

of the Group 11 fluorides depressed the ternaxy lia-
these experiments arve given in Tables 5 to 7. Ths minor

At A1Fa concentrations sbove 50 mole % in the LIF-KF-AlFa system we

obsarved imunlascible ligquids. Their phase relations)

T shi
quately explained; cither twe true (i.e,, isotron ) liquids or one tyue
R . . 33-34 .
ligquid and one liguid crystalline phase (wesophase™ ’7 ) could be present.
The System LiF-Nal'-A1Fa
An examination was made of the liquidus surface of the LiF-NaF-AlFa
syvebam at AlFs concentrations between 0 and 35 mole %, As in the LiF-KF-

1 system, the composition area at which liguidus temperatures are below
500°C is much too small for the system to be of practical value in the
volatility process. The vhase disgram, shown in Fig. 6, is dominated by
the cryolite phase NazAlFe, which crystallizes from LiF-Na¥-Al¥F3 liguids
as 8 high-melting phase Tor much of the lower Al¥s3 part of the system.

Data obtained for the system are given in Table &.



The System NaF-KF-AlFj3

Preliminary investigation of the system NaF-KF-AlFj3; made by Barton
et 3;.35 indicated that aluminum fluoride solublility was negligible in
NaF-KF mixtures except at temperatures above the NaF-KF eutectic. This
inference was corroborated by additional experiments conducted as part

of the present investigation.

The System KF-ZrFz-A1Fsy

Binary systems of the alkali fluorides with ZxFy afford low-melting
solvent mixtures for the heavy-metal fluorides UF; and ThFs and can be
expected to provide useful solvents for AlF3 as well. Obher solvents
would be preferred because of the high cost of ZrF, and because of the
volatility of ZrFs4-rich liguids at high temperatures. Nevertheless, the
liguidus temperatures at concentrations of 35 to 45 mole % ZrFs in the
KF-ZrFs system and the availability of KpZrFe as an inexpensive reagent
suggested the use of the reagent in the preliminary evaluatlon of the
aluminum solvent systems.l2 The experimental data obtained in this inves-
tigation are shown in Table 9. The phase diagram of the system is shown
in Fig. 7. Crystallization reactions within the system KF~ZrF4;-AlF3 have
been characterized in detail except for those involving Al¥F3 and ZrF,.
Both of these components are high melting and volatile. Their phase reac-
tions are extremely difficult to examine at high temperatures becasuse of
this volatility and their low heat of fusion, which preclude most dynamic
methods for obtaining phase data. Their crystallization reactions in the
ternary mixtures suggest that the only interaction ccecurring between thenm
at high temperatures is the formation of a eutectic. For these reasons,
we have omitted investigation of the limiting binary system AlF3-ZxF;. At
600°C, the maximm acceptable temperature for the process, a solvent, KF-
7xFs (63-37 mole %), was found to have 15 mole % AlFj3 capacity. Idiquidus
temperatures In the binary system KF-ZrFs exclude the use of solvents
richer in X¥F. It can be seen from the phase diagram of the system KF-ZrFs4=-
MF; (Fig. 7), constructed in this study, that by a single addition of XKF
after partial dissolution of the fuel element the solubility of AlF3 is
increased from 15 to 26 mole .
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selecting a golvent systen; i.e.; maximam eguilibrium solubility, maxcinnmm
raves of dissolution, minimzl rates of container vessel corrosion, and
minimus solvent costs; are not met {competitively) by any of the other
systens considered in preliminery or cwrent studles. Accordingly, more
complate data have been oblain or the systam XKP-Zrlg-Al¥Fs than Tor any
of the other systems rhed her It wse cobserved for the first time
that immiscible liquids are formad at high tewperatures in AlFs~hased

systems. The temperatures at which such liguids form are; however, higher

2zl vechnologles.

ent mixtures with
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respes

Py

. to phase; corrosion, snd cost da
(63-37 mole %) was found to satisfy best the composite eriteris. On the
basis of this evaluation, this mixture is reccwm@nied\by Reactor Chemistyy
and. Chemical Technology Division pervsonnel 2s the most satisfactory sol-

vent Tor dissolution of aluminan-based materials in the fluorids volatility
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Table 1. Fluoride Transition Temperature and Free Energy
of Formation

Compound  Melting Point™  Boiling Point®’¢ g 298°K
(oc) (o¢) (xeal/mole)c

HE ~-83.36 19,46 64,7
LiF 848.0% 1681.0 138.8
BeF 545,07 1159.0 207.5
BF3 -128.7% -99,9 269.5
CF, 151.9
NaF 996. 08 1704.0 129.0
MgF2 1263.0% 2260.0 250.8
ALF3 1273.0% 306.0
SiFy, -90.3% -95,5 360,0
PFs -93.8 «-84.6

K& 857.0% 1502.0 127.4
CaF, 14318.0% 500.0

ScF3 350.0
TiFys 283.1 350.0
VF3 1406.0% ~1400.0 254.,0
Vi's 19.5 4.3

Crip 172.0
CrFs; 1404.0F 250.0
CrFs ~150.0 ~150.0 327.0
Mn¥F'z 930.0 180.0
MnT 3 223.0
FeF; 950,08 18C0.0 158.0
FeF'3 1300.08 ~1300.08 219.0
CoFp ~1200.0 ~1725.0 147.0
CoFa 174.0
NiFz 1677.0 147.0
Cur'z 118.0
ZnFa 872.0 1500.0 164.0
GaFs - 239.0

GeFs 271.0
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Table 1. (continued)

comouna  Melting Point®  Boilimg Point™® ", 2ogok

i (°c) (°c) (keal/mole)C
AsF3 6.0 58 189.0
SeFg ~34..6 45,9 221.8
RbF 798.0% 1408.0 125.7
STF) 1400.0 2410.0 276.7
YF3 380.0
YTy 910.0° ~900.0% 424.0
NoF5 78.9 233.3 320.0
MoFe 17.5 35.0 383.0
RnFs 279.0
PdF3 105.0
AgF 435.0 44,3
CdF2 1110.0 1748.0 153.3
InFs3 234.0
Snfa 215.08 850,05 147.0
SnFg 237.0
SbF3 290.0 376.0 200.0
SoF'5 8.3 142.7 286.5
Telg -37.8 38.9 292.0
CSF 682.0% 1251.0 124.5
Ba¥'p 1290.0 2260.0 274.0
LaFs 403.0
CeFs 1460.0% 398.0
YTy, 413.0
TaFs 95.1 229,2 339.0
WFe 8.2 17.0

ReFeg 18.8 47.6 258.0
OsFg 3.4 47.3 199.0
PtF, 72.0
AuFs 84.0
Hgl'p 645.0 647.0 832.0



Table 1. (continued)

b,c ~{5F

Compound Melti%gcﬁointa Boili?gcﬁoint ’ (kcii/22§:§c
T1F 327.0 655.0 60.0
T1F3 159.0
PbF2 ges. 0° 146.6
BiF3 850.0 200.0
BiF's 151.4 230.0
ThFy, 1100.0 1680.0 452, 0
UF4 1036.0 1417.0 421.5

aLandolt-BBrnstein, Zahlenwerte wnd Funktionen, Vol. 2,
Eigenschgften der Materie in Thren Aggregatzustdnden, Part 4,
"Kalorische Zuslandsgrdssen, opringer, Berliin, oth ed., 1961.

°r,, Brewer, "The Fusion and Vaporization Data of the
Helides," Paper 7, p 193-275 in The Chemistry and Metallurgy
of Miscellaneous Materials: Thermodynamics, ed. by L. L. Ouill,
MeGraw-Hill, New York, 1950; Metallurgical laboratory Report
CC-3455 (1946).

A. Glassner, The Thermochemical Properties of the Oxldes,
Fluorides, and Chlorides to 25000K, ANL-5750 (1957].

dSublimation point.
®B. J. Sturm and C. W. Sheridan, Inorg. Syntheses, 7,
g7 (1963). =

Ty, J. Sturm, Inorg. Chem. 1, 665 (1962).

gUnreported melting points based on work at ORNL, sometimes
only an approximate value based on preliminary experiments.
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Table 2.

Binary Fiuoride Systems of Potent

1 Use ass Process Solvents

Euuvotlb(gi?p;%”tujﬁ Components Coqcogiziﬁign(zgjie%?rﬁ Reference
706 LiF-AlF3 1445 a,b
689 LiF-A1F5 32.5 &,b
685 NaF-AlF 3 46 a,b
570 KE-A1F 2 40 a,b
370 BeFs-A113 22 c
652 TiF-Na¥F 40 2,d
492 Li¥-KF 50 a,d
710 NaF-KF 60 a,d
355 IiF-Be¥? 52 a,d,e
365 NaF-Be¥'o 55 a,d
340 NaF-BeF2 43 a.d
323 KF-Bel's 72.5 d,e
330 KF-BerFs 59 d,e
507 LiF~Zrly 49 d,e
500 NabF-7Zxr¥Fs 40.5 ae
430" KF-7rH, 425 d,e
720 N2 aAlFg~Ld A1 Fe 60 a
936 Na 3A)1 Fg~K3A1Fg 39 o
%g, M. levin et al., Phase Diagrams for Ceramists, Am. Ceram. Soc.
1956,
bJ. Timnermans, The Physico-Chemical Constapts of Bipaxy Systems in
Concentrated Solutions, Interseci 1ce, New York, 1960.
°R. L. Boles and R. F. Thomz, Volatililty Process Phase Stu - A
Survey of Molten Fluoride Solvent Mixtures Suitable for Dissolution of

Al¥3, ORNL TM-400 (Oct. 22, 1962);
temperature were nob actually determined but
inary data in the LiF-Belz~AlF3 ternary sys

J’R - E. Thoma,

L
CECTl.

isorans of

were

Nuclea

the binary eutectic composition aznd

estimated from prelim-

v Reactor Materials

ORNL~2548 (Nov. 6, 19

-

{0

Levin, op. cit., Part 1I, 195%.

I - .
Values are bhased on current work.



Table 3. LiF-KF-Al1F3 Liquid-Solid Transition Data

Second

Liguidus Temperature (oc) Solidus Temperature (°C)

Crystallization
Temperature (°C)
(Thermal Analysis)

Composition (mole %)
LiF w AlF3

Thermal Electrical
Analysis Conductivity

Visual Thermal Electrical
Qbservation Analysis Conductivity

100.0 848 848 g§48

88.5 11.5 779

86.0 14.0 725 735 711
80.0 20.0 765.5 766

75.2 24,8 784.5 785

75.0 25.0 772 7L 787 771
71.6 28.4 775 775 699

66.7 33.3 735 734 738 708 711
63.2 36.8 745 772 706
62.5 37.5 728

60.9 39.1 730.5

60.0 40.0 770 770 775

58.8 41.2 747 7477 710

57.2 42.8 812 812 824

57.1 42.9 786

55.6 i b 802 802 709

52.7 47.3 860

50.0 50.0 1035

75.0  25.0 996 995 995

LT



Table 3. (continued)

Second

Liquidus Temperature {°C) Solidus Temperature (°C)

Crystalliization
Temperature (°C)
(Thermal Analysis)

Composition (mole %)
LipF K& AlFa

Thermal Electrical
Analysis Conductivity

Visual Thermal Electrical
Observation Analysis Conductivity

57.2  42.8 970 559
54.6 45,4 569 565
50.0  50.0 642 575
42,8 57.2 710
5.9 70.6 23.5 971 714
1.1 66.7 22.2 951
20.0 60.0 20.C 917
27.3 54.5 18.2 889
33.3  50.0 16.7 865
41.7  43.7 14,6 839.5
45,5 40.9 13.5 822
50.0 37.5 12.5 800
55,6 33,3 1i.1 769 718
62.5 28.1 9.4 727
64.1  20.9 9.0 722.5 722 722
71.4  21.5 7.1 749.5 718
83.4 12.5 4.1 791
67.5 7.5  25.0 731.5 730 647
6l.4 13.6 25.C 890

56.25 18.75 25.0 649.5 649

8T



Table 3. (continued)

Liquidus Temperature (°C) Second

s Solidus Temperature (°C)
1 5
gzz;zia%;izt%gg) Thermal Electrical
(Thérma] Ana“ysis) fnalysis Conductivity

Composition {mole %)

TiF 7F AiTs Visual Thermal Blectriesal

Cbservation Analysis Conductivity

50.0 25.0 25.0 696 645
45.0  30.0 25.0 727
40.9 34,1 25.0 749 749 645
37.5  37.5 25,0 767 762 645
30.0 45,0 25.0 802 778
25.0 50.0 25.0 843 779
33.3  16.7  50.0 976
25.0 25.0 50.0 893
20.0 30.0 50.0 858
16.7  33.3  50.0 824

100.0 854 852 g52
15.0  40.0 45.0 593 589 567
4.3 38.0  47.7 623 622 587 565
13.0  34.8 52,2 970 593 564
12.0 32,0 56.0 1098 592 563
15.4  30.8 53.8 1043 597 561
21.4 286  50.0 813 805 605
26.7 26,7 46.6 690 685

25.0 25,0  50.0 858 608 560

6T
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Table 4, Invariant Equilibria in the System LiF-KF-AlFj

Composition (nole §)  TemPEIAATE  mype of mauilibriun
50.0 50.0 492 Eutectic

23,0 7.0 850 Futectic

56.0 44,0 560 Eutectic

50.4  49.6 575 Peritectic
85.5 14.5 711 Futectic
64.0 36.0 710 Eutectic
53.0 47.0 890 Peritectic (2)
56,0 19.0 25.0 648 Butectic™
33.0 42,0 25.0 778.5 Peritectic”
28.1  62.5 9.4 722.5 Butectic’

6.0 48.0 46.0 500 Eutectic

45,5 53,0 1.5 490 Eutectic

%In subsystem K3AlFg-Li 3AlFg.

bIn subsystem K3AlFg-14iF.
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Table 5. K3AlFg-liF-CaFz Liquid-Solid Transition Data

Gomoottion (rte 1) I, Thesat treiyate e
6 8tz Iiquidus Liquidus lization Temp. Solidus
100,0 993, 5 992 992
80.0 20.0 971.5 969
66.7 33.3 955 950 937
57.2 42.8 973 AU,
50,0 50.0 1011 945
40.0  20.0 40.0 959.5 905
33.3 33.3 33.3 %208 875 682
28.6 42.8 28.6 869.5 858 682
25.0 50.0 25.0 839.5
20.0 40.0 40.0 961
18.2  36.4  45.4 996.5
13.3 53,3 33.3 912
1.7 58,9  29.4 876 850
8.7 69.6 21.7 781 697 668
8.0 64.0 28.0 848 695 688
7.6  61.6 30.8 870 695
18.9 54,1 27.0 827.5 715 680
16.3  60.5 23.2 799.5
14.3  65.3  20.4 779 759 675
12.7  69.1 18.2 761
10.8  73.8 15.4 730.5 714 680
9.3 77.4 13,3 719 710 680
2.1 69.0 6.9 831 720
22,6 64.5 12.9 830.5 714 680
21.2  60.6 18.2 826

20.0 57.2 22.8 825 712 675
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Table 6. K3AlFg~Sr¥Fs Liquid-Solid Transition Data
b Liguidus Liquidus lization Temp. Solidus

50.0 50.0 1048 757

60.0 40.0 970 967

66,7 33.3 913

75.0 25.0 832

80.0 20.0 7

83.3 16.7 780 778 767
7.7 76.9  15.4 739 703 692
14.3  Tl.4  14.3 776 705 693
20.0 66.7 13.3 829
25.0 62.5 12.5 853 848 703 o925
66,7 16,7 16,7 965.5 984
50,0 25.0 25.0 939 930 686
40.0 30.0 30.0 930 918 690
33.3 33.3 33.3 835 903 690
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Table 7. K3AlFg-LiF~nFs Liquid~-Solid Transition Data

Liquidus Liguidus lization Temp. Solidus
2.2 87.8 722.5 722 722
11.8  84.0 ba2 720 720 655
11.3  80.6 8.1 713 712 663
0.9 77.5 11.6 705 705 668
10.4 74.6  14.9 701 701 670
9.7 69.4 20.8 690 689 670
9.0 65.0 26.0 675 075 668 563
8.5 61.0 30.5 668 668 562
8.0 57.5 34.5 673 562
7.5 54,4 38,1 666
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Teble 8. IiF-NaF-AlF3 Liquid-Solid Transition Data
Composition mole &) L2l Yy i
- Liquidus Liguidus lization Temp. Solidus

75.0 25,0 1007 1005

55.6 44,4 720 692

50.0 50.0 853

&7.7 52.3 1030

(5.4 54,6 1083
8.3 41.7 50,0 858 674
15.4 38.4 46,2 729 660 599
21.4 35,8 42.8 623 645 600
26.7 33.3 40.0 662 638 601
35.3 29,4 35,3 636 627 603
11.1 66.7 22,2 954 785
20.0 0.0 20.0 219 Thée 692
27.3 54,5 18.2 882 627 694
33.3 50.0 16.7 849 722 694
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Table 9. The System KF-AlF3-ZrFgs

Comosttion (role ) oty e e
ILlquidus Liquidus lization Temp. Solidus

75.0 25.0 920 * 4 920 920

75.0 25.0 935.5 % 4 932 932

50.0 50.0 604 4 600 448,480

45,4 54,6 580 £ 6 580 440

40.0 60.0 5713 + 4

33.3 66,7 650 * 4

25.0 75.0 760 t 4

50.0 50.0 648 = 3

bl de bA4 11.1 975 £ 3 540

40.0 40.0 20.0 1030 *+ 4 520 408

33.3 33.3 33.3 >1030 % 4 585,442 410

66.7 22.2 11.1 890 % 3 499 480

70.0  10.0  20.0 920 * 3 915

72.7 9.1 18.2 938 £ 3 934

72.7 9.1 18.2 942 t 3 934

76.9 7.7 15.4 932 + 3

71.4 14,3 14.3 934 % 3

66.7 13.3 20,0 847 £ 3 482

62.5 12.5 25.0 570 £ 4

62.5 20.8 16.7 649 t 4 505 485

53.6 17.9 28.6 721 x4

46,9 15,6 37.5 743 t 4 743

41.7  13.9 b b 821 % 4 818 582 438

37.5 1.5 50.0 869 * 5 858 575 428

34.1 11.4 54,5 >1000 % 5

8‘Prec::i.sico1'1 limits on thermal transition data are approximately * 5°.

bMetastable transition.



Table 1.0
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ijﬁyos*kﬁg bm;;;; ’) Temlgggﬁtw‘e Type of Equilibrium
86.0 14.0 765 Futectic
632.0 36.0 590 Peritectic
0.0 40.0 4d5 Peritectic
58,0 42,0 430 Butectic
45.0 55.0 440 futectice
63.0 15.0 22.0 420 Butectic
~55,0 ~5.0 ~40.0 400 Futectic
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