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Equilibrium phase diagrams for the systems LaCl,-LaF;,
CeCl,-CeF,, NdC1,-NdF,, LaCl,-MgF,, CeCl,-MgF,, and
NdCl,-MgF, were determined by differential thermal anal-
ysis. A eutectic was observed at 654° = 4°C and 31 mol%
LaF, in the LaCl,-LaF; system, 620° = 3°C and 31.5 mol %
CeF, in the CeCl,—CeF; system, 615° = 5°C and 29 mol %
NdF, in the NdC1,-NdF; system, 723° = 5°C and 30 mol %
MgF, in the LaCl,-MgF, system, 690° = 3°C and 26 mol %
MgF, in the CeCl,-MgF, system, and 655° = 3°C and 26.5
mol% MgF, in the NdCl,-MgF, system. A compound,
NdCl,-NdF,, decomposing at 595° £ 5°C, also was observed
in the NdCl,-NdF; system. On the basis of agreement
between the activities calculated by the Temkin model and
the Clausius—-Clapeyron equation, the melts of the rare-
earth (RE) chloride and fluoride consisted of RE**, CI-,
and F~. The melts formed with a rare-earth chloride and
magnesium fluoride consisted of RE**, Mg>*, RECI;*~, and
MgF .

1. Introduction

PHASE diagrams provide a means for elucidating the struc-
tural species in molten salt mixtures. For this reason, I and
co-workers have determined and published the following phase
diagrams: Cal,—CaCl,, Cal,~CaF,, and Cal,~MgCl,;' MgCl,-
MgF,, CaCl,-MgF,, and NaCl-MgF,;*> NdCl,-NaCl, NdCl,-
CaCl,, PrCL,—NaCl, and PrCl,—CaCl,;> MgF,~-MgO, MgF,—Ca0O,
and MgF,~Al,0;;* and LiCI-KCl eutectic and Li,S systems.’
For the same reason, the phase diagrams of LaCl,—LaF,, CeCl,—
CeF,, NdCl,-NdF;, LaCl,-MgF,, CeCl,-MgF,, and NdCl;-
MgF, systems are determined in this study.

Phase diagrams also are used to optimize electrolyte compo-
sitions used in the production and refining of metals.® These
electrolytes commonly are made of either fluorides or chlorides.
Fluoride melts are more capable of dissolving oxides and
cleansing the metals but have high melting points and are harsh
on containment materials. The chloride melts have low melting
points but lack the above two important properties. The phase
diagrams of the present study can provide melts having the
good properties of fluoride and chloride melts.

II. Experimental Procedure
(I) Materials

Anhydrous lanthanum fluoride (LaF;), cerium fluoride (CeF,),
neodymium fluoride (NdF,), magnesium fluoride (MgF,), lan-
thanum chloride (LaCl,), and neodymium chloride (NdCl,), of
99.9% purity, were used to prepare each mixture. They were
received in sealed containers and opened in a helium-atmosphere
dry box. Anhydrous cerium chloride (CeCl,) was prepared in
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house from cerium chloride hexahydrate (CeCl;-6H,0) using
a procedure described for the preparation of anhydrous neo-
dymium chloride from neodymium chloride hexahydrate,
NdCL,-6H,0.” In this procedure, the cerium chloride hexahy-
drate was heated slowly in air to ~200°C, until all of the low-
temperature water of crystallization was removed. The product
was heated slowly in a silica reactor under flowing hydrochloric
acid (HCD) to ~450°C and kept at this temperature for ~2 h
before cooling to room temperature. The reactor was opened
in the helium-atmosphere dry box, and the anhydrous cerium
chloride was transferred to a mason jar. Anhydrous neodymium
chloride also was prepared for some of the samples by this
technique. The material behaved similar to material of 99.9%
purity from a different source.

(2) Differential Thermal Analysis

The instrument (Model DTA 1700 System coupled with a
System 7/4 Controller and Model 3600 Data Station, Perkin-
Elmer, Norwalk, CT) has been used and described in an earlier
publication.? The instrument consisted of the following: a small
resistance-heated furnace, suitable for use up to 1500°C; an
alumina enclosure covering the sample and reference contain-
ers, for maintaining an argon inert atmosphere; and a device for
recording and plotting the differential temperature between the
sample and an alumina powder reference versus the sample
temperature. Platinum—platinum-10% rhodium thermocouples,
which have an accuracy of 3°C in the range of temperatures
studied, were used for temperature measurements. A small
graphite container with a tight plug (Fig. 1), for holding the
sample, and a small alumina container, for holding the reference
alumina powder, were used. The containers were fitted atop
alumina-sheathed thermocouples.

Various salt compositions were prepared by taking weighed
amounts of the components and mixing them in an agate mortar.
The accuracy of the mixtures so prepared was checked by induc-
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Fig. 1. Schematic sketch of graphite container.
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tively coupled plasma/atomic emission spectroscopy (ICP/
AES) chemical analysis, which indicated they were within
+1% of the intended composition. Approximately 80—120 mg
of the mixture was placed in the graphite container. The entire
operation was performed in a helium-atmosphere glove box.
The container with the sample was removed from the glove box
in a sealed glass jar. This sample container was removed from
the jar and exposed to the atmosphere only for the short time
necessary to position it atop the thermocouple and cover it with
the alumina enclosure, where it was purged with argon. Phase-
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transition temperatures were obtained with heating and cooling
rates from 1°C/min to 15°C/min.

Typical differential thermal analysis (DTA) curves for a melt
of 59.4 mol% LaCl, and 40.6 mol% LaF;, at a rate of 10°C/min,
are shown in Figs. 2(a) and (b). The transition temperatures are
indicated clearly by the changes in the DTA curves. By combin-
ing the measurements from the heating and cooling curves, the
liquidus temperatures could be determined with good accuracy.
The uncertainty could be reduced further by acquiring the mea-
surements at different heating and cooling rates.
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Fig. 2. Typical representation of the DTA (a) heating curve and (b) cooling curve obtained for a melt of 59.4 mol% LaCl, and 40.6 mol% LaF,
(heating/cooling rate = 10°C/min, weight = 97.00 mg, and flowing argon atmosphere (20 cm®/min)).




2584 Journal of the American Ceramic Society— Sharma

1200
9]
S
g
p=}
3 800
@
Q
£
()
©

400 -

1 L | L
LaCls 20 40 60 80 LaFg
Mol % LaFg

Fig. 3. LaCl,—LaF, system.

III. Results and Discussion

The DTA data obtained from the heating and cooling curves
are presented in the following tables and figures. The eutectic
and liquidus temperatures of the LaCl,—LaF, (Table I), CeCl,—
CeF, (Table IT), NdCL,—NdF; (Table III), LaCl,-MgF, (Table V),
CeCl,—MgF, (Table VI), and NdC1,-MgF, (Table VII) systems
have been archived.* Rare-earth chloride and magnesium fluo-
ride in the melts with ~75 mol% or greater magnesium fluoride
appeared to react to some extent, forming rare-earth fluoride
and magnesium chloride. The reaction was indicated by a ter-
nary peak in the DTA curve and a reduced liquidus temperature.
Therefore, the measurements were restricted to <75 mol%
magnesium fluoride. Most of the eutectic melts supercooled
100°~150°C. The supercooling was observed from the sharp
deflection of the DTA curve and the temperature increase dur-
ing solidification of the melt. More weight was given to the
measurements obtained from the heating curves, and the eutec-
tic temperatures reported are based mostly on these heating
measurements. Measured temperatures of the obviously super-
cooled eutectic melts are reported only to show the extent of
supercooling. The accuracy of the thermocouples was checked
frequently by using an NaCl sample as a standard.

(1) LaCl~LaF; System

The equilibrium phase diagram based on these measurements
is given in Fig. 3. The system has a eutectic at 654° * 4°C
(average of 33 measurements) and a composition containing 31
mol% LaF,. The eutectic temperature also was possible to
obtain from the cooling curves for compositions having more
LaCl, than the eutectic composition.

(2) CeCl~CeF,; System

The equilibrium phase diagram based on these measurements
is shown in Fig. 4. The melting point of CeCl, was determined
to be 820° * 1°C, which is higher than that reported in the
literature.®>! In fact, the melting point of 820°C may even be a
few degrees lower, because the CeCl; used in these measure-
ments had ~1 wt% CeOCl, as indicated by chemical analysis.
The system has a simple eutectic at 620° = 3°C (average of 29
values) and a composition containing 31.5 mol% CeF;.

(3) NdACl~NdF, System

The equilibrium phase diagram based on these measurements
is presented in Fig. 5. The system shows a compound, NdCl;-
NdF;, decomposing at 595° £ 5°C (average of 39 measure-
ments) to solid NdCl, and solid NdF; below the eutectic temper-
ature. A sample of 50 mol% NdCl; and 50 mol% NdF; was

*PFor Tables I-III and V=VII, order ACSDD-249 from Data Depository Services,
American Ceramic Society, 735 Ceramic Place, Westerville, OH 43081-8720.
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Fig. 4. CeCl,—CeF, system.

prepared for X-ray diffraction (XRD) analysis by mixing stoi-
chiometric amounts of NdCl, and NdF; in an agate mortar in a
helium-atmosphere dry box. The mixture was placed in a
graphite crucible, heated to 550°C, and held for 5 d at this
temperature before slowly being cooled to room temperature.
The sintered sample was powdered in an agate mortar and
loaded in an aluminum mount covered with Mylar™ (DuPont,
Wilmington, DE) for X-ray analysis inside a helium-atmosphere
dry box. The X-ray analysis data are given in Table IV. The
XRD pattern differed from those of NdCl, and NdF; and pro-
vided evidence for the existence of a compound. The ik values
for the three strongest lines—4.2823 A (18.92%), 3.4214 A
(100%), and 2.4597 A (9.58%)—are [002], [400], and [223],
respectively, and the tetragonal unit-cell dimensions of the sin-
tered sample are a = b = 13.695 A and ¢ = 8.566. A eutectic
in the system is observed at 615° = 5°C (average of 29 measure-
ments) and a composition containing 29 mol% NdF;.

(4) LaCl,—MgF, System
The equilibrium phase diagram based on these measurements
is presented in Fig. 6. The system has a eutectic at 723° =+

5°C (average of 19 values) and a composition containing 30
mol% MgF,.

(5) CeCl-MgF, System

The equilibrium phase diagram based on these measurements
is presented in Fig. 7. The system has a eutectic at 690° =
3°C (average of 23 values) and a composition containing 26
mol% MgF,.
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Fig. 5. NdCl,-NdF; system.
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Table IV. XRD Data of Powdered NdCl,-NdF, Compound

20 (degrees) Lattice spacing, d (A) Intensity (cps) Amount (%)
20.307 4.3695 66.86 16.94
20.725 4.2823 74.67 18.92
26.022 34214 394.69 100.00
33.348 2.6846 20.16 5.11
34,773 2.5778 21.84 5.53
36.499 2.4597 37.82 9.58
40.492 2.2259 12.74 323
41.407 2.1788 23.65 5.99
42.251 2.1372 28.78 7.29
47.475 1.9135 10.55 2.67
49.636 1.8352 11.98 3.04
52.492 1.7418 15.80 4.00
52.956 1.7276 10.99 2.79
65.506 1.4238 13.08 3.31
66.938 1.3967 8.33 2.11
70.096 1.3413 10.67 2.70
77.553 1.2299 9.08 2.30

(6) NdACl-MgF, System
The equilibrium phase diagram based on these measurements
is presented in Fig. 8. The system has a eutectic at 655° = 3°C

(average of 22 measurements) and a composition containing
26.5 mol% MgF,.

(7) Ionic Species in the Melts

The method adopted here to ascertain the ionic species in the
melts and to use them in constructing the phase diagrams is to
assume certain ionic species in a melt and calculate the activi-
ties of the melt components using the Temkin model.”
According to this model, the activity of a component in a melt
is equal to the product of its cationic and anionic fractions.'?
The calculated activities are compared to those calculated using
the Clausius—Clapeyron equation. If the activities calculated by
the two methods agree, then the assumed ionic species are
considered to be correct. The phase diagram is constructed
using the relations between mole fractions, ionic fractions, and
the activities at different temperatures. For example, LaCl,—
LaF, melts are assumed to consist of La**, CI, and F~.
According to the Temkin model, the activity of LaCl, in the
LaCl,-LaF; melt, a, ¢, is given as

Arac, — X Xor 1

where X is the ionic fraction of the designated ion or the mole
fraction of the salt. Then,

X o = 1 @

and
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Fig. 6. LaCl,—~MgF, system.
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3X..
Xor = 35+ Ay~ Ko 3
Therefore, as per the model,
Aracy, = XiaCl3 )
and, similarly, the activity of LaF; is given as
A, = Xiar, &)

The activity of LaCl, also is calculated by using a simplified
Clausius—Clapeyron equation as follows:

AHy(1 1
log Araci, = W—R_M<T B E) ©

where AH,, is the heat of fusion, R the gas constant, T, the
melting point, and T the absolute temperature under consid-
eration. Numerical values of these quantities are given in
Table VIIL

Using the calculated value of activity in Eq. (4), the mole
fraction of LaCl, can be calculated at the temperature of inter-
est. Similarly, the mole fraction of LaF, can be calculated, and
the mole fractions of LaCl, and LaF; can be used for calculating
the liquidii in the melt. The liquidii shown by dashed lines in
Fig. 3 have been calculated as described above. The agreement
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Table VIII. Melting Points and Heats of Fusion for

Components*
Melting point, Heat of fusion,
Compound Ty (K) AH,, (cal/mol)
CeCl, 1093 12800 = 400
LaCl, 1128 1300 = 200
NdCl, 1023 11600
CeF, 1710 13500 = 2500
LaF, 1766 1200 = 200
NdF, 1673 13080 = 200
MgF, 1536 13900 = 200

*From Refs. 9 and 10.

between the measured and the calculated liquidii is reasonable
and indicates the assumed ionic species are correct.

The melts of the CeCl,—CeF, system are assumed to consist
of Ce**, Cl7, and F~, and those of the NdC1,—NdF; system are
assumed to consist of Nd**, C1~, and F~. Proceeding as in the
case of the LaCl,-LaF, system and using the data given in
Table VIII, the liquidii in these systems have been calculated
and are presented as dashed lines in Figs. 4 and 5, respectively.
In these systems also, the agreement between the measured and
calculated liquidii is reasonable. This agreement, and that in the
case of LaCl,—LaF; system, indicates that the melts of each of
these three systems consist of the respective simple rare-earth
cations CI7, and F~.

Proceeding as in the above three systems, the liquidii were
calculated for the LaCl,-MgF,, CeCl,-MgF,, and NdCl,-MgF,
systems, assuming the melts of each system to consist of simple
rare-earth ions Mg>*, C1-, and F~. No agreement was found
between the calculated and the measured liquidii, indicating
these melts consisted of different combinations of ions than
postulated. On the other hand, the liquidii shown by dashed
lines in Figs. 6-8 were produced from the mole fractions of the
respective components considered to be square roots of the
activities calculated by the Clausius—Clapeyron equation at the
temperatures under consideration. In each case, the agreement
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between the calculated and measured liquidii is reasonable.
This leads to the following conjecture: the melts of LaCl,—
MgF, consist of La**, Mg?", LaCl;’", and MgF,*"; those of
CeCl,—MgF, consist of Ce**, Mg**, CeCl¢’~, and MgF,””; and
those of NdCl,—MgF, consist of Nd**, Mg?*, NdCls*~, and
MgF .
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