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ABSTRACT

Ninc sub—binary phase diagrams of the RECI,—CaCl,, REC,—MgCl, and CaCl,-MgCl, systcms, and

thermodynamic data for these systems arc critically assessed and optimized. Using Hillert model and taking

MgCl, as an asymmeltric component, the lernary phase diagrams of the RECI,~CaCl,-MgCl, syslems arc pre-

dicted. As well, the determination of asymmelric component in the asymmectric model is investigated.
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1 INTRODUCTION

Rare carths (Hercalter RE) arc widely usced
in science and advanced technology. RE phase
diagrams arc usclul for preperation of RE metals

and alloys by molten salt clectrolysis. They arc ol

great significance for betler understanding the
physico—chemical propertics ol RE. However,
since RE clements arc characteristic ol the struc-
ure, RE chlorides present strong hydroscopicity
and very casily form oxychlorides. Therelore it 1s
rather difficult to accurately measure the mul-
t—component RE chloride based phase dia-
grams.

As parl ol a systematic study ol molten salt
phase diagrams containing RE chloride, using
the CALPHAD Lcchniquc[l], the ternary phasc
diagrams of thc RECI,—CaCl,— MgCIl,(RE: La,
Ce, Pr, Nd) systems arc thermodynamically pre-
dicted, and the delermination of the asymmetric
componcent in the asymmetric model 1s investi-

galed in the present paper.

2 BINARY PHASES DIAGRAMS AND
THERMODYNAMIC DATA

Asscssment and optimization ol sub-binary
phasc diagrams and thermodynamic data arc the
basis [or predicting ternary phasc diagrams. The
crux of computational accuracy ol ternary phasc
diagrams is sclf—consislent analysis. In the present
work, all sub—binary phasc diagrams arc ther-
modynamically assessed with the mcthods re-
ported in References {2, 3]. The thermodynamic
properlics of purc componcents, including melung
points 1, enthapics of fusion 2 F and AC, are
sclected from Rel. [4]. Thereby, the molar Gibbs
cnergy ol {usion ol the pure component 1s deter-
mincd. All available thcrmodynamic propertics
arc hsted in Table 1.

2.1 CaCl,=MgCl, Sysiems’*!

This binary phasc diagram 1s a simple
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cutectic onc. According to G, of the Ca-
Cl,-MgCl, system measured by the EMF
mcihod and the experimental phasc diagram,
the binary thcrmodynamic propertics in liquid
phasc arc coupled as given in Table 2. The cal-
culated results agree fairly well with the experi-
mental results.

2.2 RECL,—CaCl, Systems

RECI,—CaCl, phase diagrams are also
cutectic systems. With the aid of the cxperimen-
tal phasc diagrams, the excess molar Gibbs cner-
gics arc dircctly coupled as listed in Table 2, The
agrccment between calculated results and mcas-
urcd phasc diagrams is good e¢nough.

2.3 RECL—-MgCl, Systems

Bascd on experimental phasc diagrams
and the thermodynamic data in Refs.[9-12],
the rclated cxcess molar Gibbs encrgics arc

optimized and tabulated in Table 2.

3 CALCULATION OF TERNARY PHASE
DIAGRAMS

When the computation model 1s applied to
predict ternary phase diagrams with the assis
tance of sub—binary thermodynamic propertics,
at least, the following two factors should be con-
sidcred. Firstly, the calculatling accuracy of the
modcl must be assurcd. Secondly, its analytical
rcpresentation must be as simple as possiple, so
that it is convenient for numerical computation,
With respect to molten salt systems, becausc the
interaction between specics is very complicated,
some of them present asymmetries. Therclore, an
asymmctric model has to be used and the
asymmetric component has to be determined.
The thcrmodynamic criterion for determining

asymmetric components is set forth in detail in
Rels. [5, 16].

Table 1 The thermodynamic properties of pure chlorides

) AHy, AGY=A+BT+CT*+DTinT+ET™" / J » mol™
Comp. T/ C i ; =
/ 1+ mol A B Cx10 D Ex10
MgCl, 714 43097 33 647.7 55.74 2.97 -13.39 -4.31
CaCl, 772 28 424 2509 209. 52 6.36 31. 44 0
LaCl, 855 54 395 36 091, 44 155.01 10. 37 28.33 0
CeCl, 817 53 558 10 104. 63 317.14 6. 80 -47.70 -2. 51
PiCl, 786 50 629 26 862, 02 281. 61 23.85 -47.70 6
NdCl, 759 48 537 10 469. 03 433.05 30. 55 —68. 41 0
Table 2 The parameters in the analytical representation of
excess molar thermodynamic properties in liquid phase
Wi, o (U=x, A +Bx, )/ T mol”
Systcm ‘ r "
W Xp o 4 B
LaCl,—CaCl, Ge LacCl, -9 557 12 779.6
CcCl,—CaCl, GE CcCl, 9 198 —29 668
PrCl—CaCl, GE P, =790 . ~5345
NdCl,—CaCl, GL, NdCl, —4 160 ~2478
LaCl,—MgCl, Gt LaCl, 8879 —11476
CeCl—MgCl, G: CeCl, 4653 —1882
PrCl,~MgCl, Gt PrCl, 3968 ~2 964
NdCl,—MgCl, GE NdCl, 628 2 636
CaCl,—MgCl, GE CaCl, 5273 ~4 010




Vol M2

REC),—CaCl,-MgCl, Ternary Phase Diagrams © 29 -

In this papcr, according to thermodynamic
critcrion MgCl, is judged as an asymmectric
component in the RECL—CaCl,—MgCl, sys-
tems with the Hillert asymmetric model'’L

3.1 Prediction of Ternary Thermodynamic
Properties

On the basis of the asscssed and optimi-
zed thermodynamic propertics of sub-binary
systems, using the Hillert model and taking
MgCl, as
ternary cxcess molar Gibbs energy EG['T, in lig-

an asymmctric componcnt, the

-

uia phasc is predicted.

E 1 XB
G'"_l—x

B

;o1
EG AB(-xAsl_xA)

X . ;
+ <G Ac(xA,l—xA)

1—xA

s G (V) (D)
VBC VCB mers cs

where EGﬂ,- 1s cxcess molar Gibbs cnergy of
sub—binary i—j syslem; x,, x5 and x. stand
for molar [ractions of thrcc components A, B
and C, respectively. It is pointed out that

Vee=(I+xpg—xc) /2

Veg=(ltxs—x5) / 2

And in the RECl,—CaClL,-MgCl, systems,
A=CaCl,, B=MgCl, and C=RECI,. By using
a standard method ¥ the partial molar Gibbs
cnergy can be derived as

EGli=EGlm+(]_xi)
E | E _1
2 G . 2 G ,
ax 2 ax )

: i imj j

where FG! is the partial excess molar Gibbs cn-
eegy of component i, i=1, 2, 3 and j=1, 2, 3.
Thus, from the principles ol phase cquilibria, the
primary crystalline surfaccs, sccondary crys-
tallinc lines and (crnary culcclic point in the
ternary systcm arc in turn computed.

3.2 LaCl—CaCl,-MgCl, System

Substituting the thermodynamic propertics

of the sub—binary systems listed in Table 2 into
Eq. (1), it is found that
EGL =3268x,x,+3 141x,x.~3 167x.x,

+2 005x2x5~2 005x .3

+5 738x5x 5 738x,x2+6 390x2x

—6 390x x2+7 743x X px (3)

The calculated result shows that it is a sim-

plc cutectic system. The composition and tem-
pecrature of ternary cutectic point are 35.0 mol%
MgCl,, 19.2 mol% LaCl, and 582 C (Fig.1.)

CaCl,

Fig.l1 LaCl,—CaCl,—MgCl, system

3.3 CeCl3—CaCl,—MgCl, System

According to c¢q.(1) and rclevent thermo-
dynamic propertics given in Table 2, the ther-
modynamic rcpersentation of this sysiem is ex-
pressed as
EGl =3268x x5+3 T12x,x~5 636X,

+2 005x%x ;2 005 ,x3+941x5x
—941x zx72+1483 dxx%
—14 834x5x 142 946 x px .o (4)

It is a ternary cutectic sysiem, the composi-
tion and tempcraturc of cutcclic point arc 35.5
mol% MgCl,, 26.5 mol% CcCly and 577 T

(Fig.2)
3.4 PrCl,—CaCl,—MgCl, System

Substituting the related thermodynamic
propertics of the sub-binary into Eq. (1), it is
derived that
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BGl =3 268x x+3 T12x x5 636x0x,,
+2 005x%x,—2 005x ,x3+941x2x
—941x px2+14 834x .x°
—14 834x (x2+2 946x x px (5)

CeCl,

Ca(l, MgCl,

Fig. 2 CeCl,—CaCl,~MgCl, system

mol%

This ternary phasc diagram is also an
culcctic type. The composition and tecmpcra-
ture of the cutectic point arc 32.5 mol%
MgCl,, 26.0 mol% PrCly and 560 C , res-
pectively (Fig.3).

1 641 (C)
2 622
3 593
4 386
5 564

CaCl,
Fig.3 PrCl,—CaCl,-MgCl, system

3.5 NdCL,—CaCl,~MgCl, Syslem

Substituting the assessed thermodynamic
propertics ol the sub—binary systems into Eq. (1),
the excess molar Gibbs energy in the liquid phasce
can be represented as
rGl =3 268x x ;1 946x,% .5 399x X,

+2 005x%x =2 005x . x2—1 318x2x,
+1 318x,x2—1239x2x,
+1 239x x+687x X px - (6)
The composition and tempcraturc ol the
cutlcctic point are 26.0 mol% MgCl,, 300
mol% NdCl; and 548C, respectively(Fig.4).

CaCl,

mol% - MgCy,

Fig.4 NdCl,—CaCl,-MgCl, system

4 CONCLUSION

In this paper, sub-binary phasc diagrams and
thermodynamic data were asscssed and optlimized
while the RECI,—CaCl,—MgCl, phasc diagrams
arc success{ully calculated. This is of importance
10 practical application and thecorctical study ol
mollen salt sysiems.

The calculated results indicate that the
RECI,—CaCl,—MgCl, (RE: La, Cec, Pr, Nd)
phase diagrams arc tcrnary cutcctic oncs. Due
to the lanthanide contraction, with the in-
crcasc ol atomic number of rare carth clements
the radii of RE gradually dccrcasc and
polarization is rcinforced. Thus, the degree of
co-valence is reinlored. Thercelore, the temper-
aturc of cutcctic point in REC—CaCl;-
MgCl, is decreased from La— Nd. In fact,
the calculated results agree well with theorcti-
cal prcdictions. .

From the view of the asymmetric distribu-
tion of the encrgy in mollen salt sysicms, a
thermodynamic criterion for determination of
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the asymmectric component is suggesied. In the
lernary sysicms under study, thec MgCl, is chos-
cn as an asymmetric component duc to ils pecu-
lar feature. In pure melting i\/IgCl2 there exists a
bridge bond Mg—Cl-M g, while purec MgCl, is
mixed with CaCl, or RECl; and lorms a binary
molien solution, the original bridge bond is bro-
ken., The additional encrgy is absorbed and the
wholc encrgy of the mixed sysiem riscs. This kind
of contribution ordinarily cxceeds the interac-
tions through coulomb [(orces and difTusions of
particles. Tt is macroscopically ecmbodicd in the
thermodynamic propertics of the system. In [act,
the deviations of MgCl,—CaCl, and MgCl,—
RECI, fom idcal solutions arc positive, neve-
therless, that of REC1,—CaCl, is ncgaive in most
compostion ranges. It is rcasonable to choose
MgCl, as an asymmectric component.
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