Vol. 8 Ne 1
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Part 1. The prediction of the phase diagrams of
binary molten salt systems
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ABSTRACT  Artificial neural network or pattern recognition together with chemical bond parameters
method has been used to classify and predict the characteristics of the phase diagrams of binary molten salt sys-
tems. These characteristics are the formability, the chemical stoichiometry, the melting type and the melting
point or decomposition temperature of intermediate compound and the formability of solid solution or eutectic
mixture. The moliten salt systems studied are some halide compounds such as MeX-Me’ X, MeX-REX; and
MeX-Me’ X4( Me, Me’ denote metallic elements, RE rare earth, X halogen) systems. The mathematical

models obtained from the experimental data of the known phase diagrams were used to predict the properties of
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the unknown phase diagrams.
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1 INTRODUCTION

Molten salt phase diagram research is one of
the most important subject in molten salt physr
cal chemistry. It is very important for the selec
tion of molten salt systems in electrometallurgy
and other applications. A large number of data
has accumulated in this field, but it 1s not e
nough yet for the applications of various types,
due to the huge number of molten salt systems.
So CALPHAD, the technique for phase diagrams
calculation based on thermodynamic relations has
been invented, it enables us to calculate phase
diagrams with many components using the data

of the known binary phase diagrams. This calcu-
lation, however, will not appropriate if there ex-
ist some intermediate phases, since the chemical
stoichiometry, the melting behaviors ( congruent
or incongruent) and the melting points of de
composition temperatures of these intermediate
compounds can not be predicted by this method.
Although the CALPHAD method already have
been used for calculation, the lack of the known
thermodynamic data limits the usage of it. The
formation and properties of intermediate com-
pounds are one of the most difficult obstacles for
phase diagram prediction, so it is necessary to
propose some semrempirical ways to investigate
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the more complicated phenomena of molten salt
systems.

It is well known that the thermodynamic
functions are decided by inter-ionic potentials
which is related to many chemical bond parame-
ters, and it is reasonable to try to use artificial
neural network (ANN) or pattern recognition
with chemical bond parameters to find the semr
empirical rules based on the known data. In re
cent years, we have used pattern recognition and
ANN with chemical bond parameters as features
of inputs to find the regularities of melting be-

=3 In

haviors of some binary alloy phases
these work, similar techniques were used to
study the phase diagrams calculation for binary

or ternary molten salt systems.

2 THE PRINCIPLE AND METHOD OF
COMPUTATION

The formability, the stoichiometry and the
melting type of intermediate phase or compound
are decided by synthetically influences or restric
tions of many chemical bond parameters in halide
molten salt system. Pattern recognition or artifi-
cial neural network with chemical bond parame-
ters as features of inputs can extract the regularr
ties of the formability, the stoichiometry and the
melting type of intermediate compound from the
experimental data of the known phase diagrams.
Accordingly, the mathematical models obtained
from the pattern recognition or the trained ANN
can be used to predict the properties of the inter
mediate compounds of the unknown phase dia-
grams or unmeasured parts in some phase dia
grams. The computerized prediction can guide
the discovery and synthesis of some new com-
pounds. The factors affecting the thermodynam-
ics of intermediate compounds are related to fol-
lowing chemical bond parameters: anionic and
cationic radii r, charge numbers Z, polarizabili-
ties a, and electronegativities X etc (in halide
systems, the polarizablities of anions X have lin-
ear relation to the radii in general, so we can
substitute r for a). These parameters and their
functions can be used to investigate some semr
empirical rules of intermediate compounds in
some molten salt systems.

In this work we used these parameters to
span a multrdimensional space and find semr
empirical rules from experimental data by pat-
tern recognition in this space. The rules found
can be used for computerized prediction. The
pattern recognition methods used here are com-
putational methods mapping the patterns in mul
trdimensional space to two-dimensional figures,
along with some techniques for mapping the two-
dimensional figures back to original multr dimen-
sional space. Sometimes, certain subspace can bhe
also used to find regularities, for example, a r
~ rg( A, B denote metallic ions) diagram is of-
ten useful for the study of some regularities of
the crystal types of intermediate compounds.
The principal component analysis ( PCA)™! and
partial least squares ( PLS) method > of pattern
recognition were used in our work.

Artificial neural network is a new type of
information processing system based on modeling
the neural system structures of human brain'®',
it has some remarkable properties such as self-
learning and adaptation, a resistance to noise, a
high degree of fault tolerance, which make it
suitable for nonlinear problems with complex
factors. It is powerful in exploiting information
from a vast amount of experimental data through
learning, and is specially useful for quantitative
prediction. The networks consist in general of an
input layer, an output layer, and any number of
intermediate layers, called hidden layers. Each
unit in the network is influenced by those units
to which it is connected, the degree of influence
being dictated by the values of the links or con-
nections. The overall behavior of the system can
be modified by adjusting the values of the con-
nections, or weights, through the repeated ap-
plication of a learning algorithm. One of the
most popular algorithms is the back propagation
(BP) algorithm'®.

In our work, a threelayered neural net-
work and back propagation algorithm were used
with chemical bond parameters. The transfer
function f (x ) is usually a nonlinear function,
we selected hyperbolic tangent function as trans
fer function, f(x )= (e'— e ")/(e"+ e V).
To avoid local minimum, a simulated annealing
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technique had been used. All data of phase dia-
grams used in this paper were quoted from the
refs. [ 7~ 9], the journal of inorganic chemistry
after 1980 and all handbooks

( phase diagrams of ceramics) of the American

(in Russian)

ceramic society, chemical bond parameters from
ref. [ 10]. All computation were performed on
the microcomputer of 586 type.

3 RESULTS OF COMPUTATION

3. 1 The formability of intermediate conr
pound

Seventy three binary MeX-Me’ X systems,
including LiBr-CsBr, LiBrRbBr, AgCkCsCI,
LiCFCsCl, LiF-CsF, LiF-RbF, LiFRbI, AgBr-
CsBr, LiCFCsCl, Agl-Inl, AgBrRbBr, CuBr
KBr, CulFTI, AgFCsl, AglKI, CuCFCsCl
and AgBr-KBr, NaBrCsBr, AgCFKCIL LiBr-
KBr, TIBr-LiBr, NaCFCsCl, LiCFKCl, NaCkF
RbCl, TICENaCl, KF-CsF, NalF-CsF, Lil-
KF, NalF-KF, TIF-KF-, LiF-NaF, Nal-RbF,
TIF-RbF, AglNal, NalFCsl, LiFKI, TIFKI,
TIFNal, TIFRbI, TICFRbCI, TICFLiCl, KB
CsBr, RbBr-CsBr, NaBr-KBr, KBr-RbBr, Tk
CFCsCl, KCERDCI, KFCsI, RbEFCsI, NalFKI,
KIRbI, AgCENaCl, CuCENaCl, RbF-CsF,
CuCFLiCl, RbCFCsCl, CuBr-LiBr, RbCFCsCI,
AgCFLiCl, AgCFCuCl, Agl-Cul, AgBr-LiBr,
AegBrNaBr, CuBr-NaBr, NaBr-RbBr, NaCk
KCI, TICEKCI, Nal-Rbl, were used as the
training set for pattern recognition. The elec
tronegativity difference AX( Xx— Xy,, definite
Xpe> Xye ) and the difference of ionic charge
radius ratio AZ/r ((Z/r)me— (Z/1)me) were
used to span a two-dimensional figure. The
MeX-Me’ X systems can be classified according
to their formability of intermediate compound.
Fig. 1 illustrates that the representative points of
intermediate compound forming systems and
those without intermediate compound forming
sysems distribute in different regions, there is a
clear-cut boundary between two kinds of points,
and the small AX or large AZ/r favors to form
intermediate compound. Since the larger AZ/r
is, the larger the polarization force difference be-
tween Me ion and Me’ ion acting on X ion is, X
tends to close Me and to away from Me’, so the

coordination numbers of Me ion decrease, those

of Me’ ion increase,
1= n)—

[MeX,]"" ™

termediate compound Me’ ,_; MeX, can be

and a complex anion

is easy to form. Finally, the in-

formed. That is to say, when AZ/r is large to
certain extent, a stable complex anion or inter
mediate compound can be formed. If the AX is
small, the electronegativity of Me ion is larger
(such as Ag, Cu ion) than one of other metallic
ion, an appended polarizability effect between
Me and X ion ( not including F ion) leads to re
duction of the distance between them. More
over, when the radius of Me’ ion is large the
stable ionic crystal which has high coordination
and strong electrostatic interaction can be
formed. Because the effective radius of complex
anion is large relatively, then intermediate com-
pound only forms between halides of Li, Ag, Cu
ion and halides of Rb, Cs ion with large radius.
Accordingly, the predicted results of the forma
bility of intermediate compound for LiFCslI,
CuBr-RbBr, CuBr-CsBr, Cul-KI, Cul-RblI,
Cul-CsI systems which were not reported indi-
cate that they can form intermediate compounds

(* is the predicted point in Fig. 1).

3.2 The stoichiometry of intermediate conr
pound

In the phase diagrams of molten salt sys
tems, sometimes two salts can form more than
one intermediate compouds. So the stoichiome-
try of compound is an important feature in phase
diagram. MeX-REXj3 type molten salt systems
usually  form  intermediate compounds of
MesREXs, MeREX4 type. The systems can be
classified into two classes: one only forms
Me3;REXq, while other can form MeREX4. We
used the known phase diagrams, such as Lik-
REF;(RE= Eu~ Lu, Y), NaF-REF;(RE= La
~ Lu, Y), KCFRECI(RE= La~ Lu, Y, Sc¢),
KF-REF;(RE=Y, La, Pr, Gd, Yb, Eu, Lu),
LiCFRECI(RE= Dy~ Yb), CsCkLaCls;, CsCFk
ScClz, RbF-REF3(RE=Y, Gd, Ho, Er, Sm),
CsF-REF;(RE- Ce, Nd, Sm, Gd, Ho, Lu),
RbCFScCls, Csl-Scl;, RbI-Scl;, CsFFTmls,
LiBrTmBrs, NaBrTmBr;, CsBrTmBr;, as
training set. Fig. 2 is the linear mapping ( princr
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pal component analysis method) from a three di-
mensional space spanned by r, (radius of Me
ion), (Z/r)3: (lonic chargeradius ratio of rare
earth), r_ (radius of X ion). It illustrates that

of MesREXq or
MeREXj4 type distribute in different regions, and

the representative points
the large radii of Me and X ion, the large ionic
charge-radius ratio of rare-earth (small radius of
RE ion) favor only formation of MesREXg type
compounds.

Azx

o ,"¢ee CuBr-RbBr
_~CuBr-CsBr

o0 o°0340
o * * %
Cul-KI1

° o 1.0p e
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Fig. 1 Formability of intermediate compound
in MeX-Me¢’ X systems

( O—No intermediate compound;

® —F'orming intermediate compound;
E3

—Predicted point)

With the same training set, chemical bond
parameters (ry, (Z/r)3+, r-) were used as
the inputs of ANN, and the stoichiometry data
of intermediate compounds were used as the out-
put (output “0” denotes MesREXq type, and
“1” denotes MeREX4 type comounds) . A three
layered neural network (hidden nodes were two)
was used to extract useful information. After
training, the trained ANN was used to predict
the stoichiometry of intermediate compounds of
the twelve systems which were not included in

training set and were reported later (J. Inorg.

Chem. of Russian after 1984). The predicted

output values are as follows: RbBr-TmBrs,
- 0.07; NaBrThBrs, - 0. 04; KBrThBrs,
- 0.06; CsBr-DyBrs, 0. 07; CsBrHoBrs,
- 0.06; NaBrHoBr;, - 0. 08; LilFHols,
- 0.06; NalFSml;, - 0. 06; RbCFCeCls,
- 0.07; Rbl - Cels, 0. 03; CslLuls,

— 0.04; LiF-HoFs, 1.07. The results of pre-
diction indicate that LiF-HokF3 system forms Lt
HoF4 compound and the other eleven systems
form Me;REXg type compounds. These predict-
ed results are in agreement with the experimen-
tal phase diagrams.
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Fig. 2 Chemical stoichiometry of intermediate
compound in MeX- REX; systems
( O—Forming MesREXy compound;
® —Forming MeREXy compound;
X=0.75r, - 0.3{(Z/r)s. + 0.59r_;
Y= —-0.11r, + 0.82(Z/ 1) 3 + 0.56r)

3.3 Maelting type of intermediate compound
The congruent melting or incongruent melt-
ing of intermediate compound is an important
characteristic of phase diagram. The incongruent
melting causes peritectic reaction involving the
transformation of one crystal lattice into another
crystal lattice and a liquid phase. The relative
stability of these two lattices (or the difference
between the lattice energy) should be a great in-
fluence on the occurrence of incongruent melt-
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ing. It is well known that there are some factors
affecting the lattice energy of ionic crystal such
as ionic radii, charge numbers, electronega
tivities etc. The regularity for distinguishing

these two melting types had been investigated by

pattern recognition or ANN. We used
CsyT eBrg, Csp U Brg, K->T eBrg, K> U Bre,
Na)UBre, RboTeBrs, RboUBrg, TLTeBrs,
K,T eCle, K5ThCls, K, TiCl, K2ZrCl,
Na)ThCls, NaxZrCls, RbyThClg, TI1SnClg,
TLTeCls, ThLTiClg, K»>SnFs, CsyTeCls,
KoTiFe, KyTelg, ThhTelg, RbaSiFg, CsyTeClg,
CsxThCle,  KyPuCls,  RboPuCls,  KySiFs,
CsyTiFe,  RbyTeCls, CsoTelg, CsyPuClg,

RbyZrle, CsaZrle, CspTiClg, KoSnClg, KoZrls,
(NH4) 2TeCls, KoUCls, LiaUCleg, NapUClg and

CSQZI"F(,, KQZI"F(,, NazT eF(,, NazU F(,,
NaQZrF(,, NaszF(,, TIQT hF(,, NazT hF(,,
KQT hF(,, szT hF(,, CSQT hF(,, LIQT iF(,,

Na,TiFe of Me;M e’ X type compounds as train-
ing set, X+ (electronegativity of Me ion), r.
(Me ionic radius), r- (X ionic radius), ras
(Me’ ionic radius) were used to span a four-dir
mensional space. The Me;Me’ X4 type com-
pounds are classified according to their melting
type ( congruent or incongruent melting). Fig. 3
llustrates that the representative points of con-
gruent or incongruent melting distribute in two
different regions. Moreover, the result indicates
that the large radii of Me and X, or the small ra-
dius of Me’ favor formation of the MesMe’ X¢
compounds which are congruent melting type.

If these chemical bond parameters were
used as the inputs of ANN, the trained ANN can
also be used to predict the melting hehavior of

Me,Me” X type compounds, with rather good

. 11
(:onmsten(:y[ [

3.4 The melting point or decomposition tenr
perature of intermediate compound

The melting point ( congruent melting) or
decomposition temperature ( incongruent melt-
ing) of intermediate compound is also an impor-
tant characteristic in phase diagram, but a gen-
erally applicable, quantitative method for melt-
ing point prediction has not yet been obtained.

Melting process is influenced by many factors de-
scribed by chemical bond parameters, and ANN
is an effective tool for the investigation and pre-
diction of the complicated phenomena affected by
many factors, so it would seem reasonable to use
ANN-chemical bond parameters method for the
prediction of the melting point or decomposition
temperature of intermediate compound.
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Fig. 3 Melting type of Me:Me’ X,
compound ( PCA method)

( O—Congruent melting; @ —Incongruent melting;
X=0.05% +0.50r, + 0.86r_ - 0.02r 4, ;
Y=0.43X, + 0.37r, — 0. 17r _+ 0.81ry4, )

We used twenty six melting points of the
known MesREXq type compounds as training
set, and the r., (Z/r)s., r_ as the inputs of
a three-layered ANN, the melting points as the
output. Hidden nodes were four. After training,
the melting points of fourteen compounds which
were not included in training set were predicted
to test the predicted ability of the adjusted
ANN. The training set was KsRECls( RE= Y,
La, Ce, Pr, Nd, Sm, Dy, Ho, Yb, Lu),
KsREF¢( RE= Lu, Yh, Gd), CssREFs(RE=
Ce, Sm, Ho, Nd), RbsREFs(RE= Sm, Y),
CS3CSC1(,, Rb;CSC](,, CS3HOI(,, Rb3CSI(,,
K;3Cslg, Cs3TmBrg, TI3ThBrg. The testing set
was KsREClg(RE= Eu, Gd, Th, Er), KsREF,
(RE=Y, Eu), CssREI(RE= Tm, Th, Lu),
Css3REBre( RE= Dy, Ho), Cs3GdFs, RhsHoF,
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K3GdBI"(,.

melting compounds were used as the training set

In the same way, 11 incongruent
for ANN, the decomposition temperatures as the
output, hidden nodes were two. The learning
set was NazRECls( RE= Se¢, Eu, Gd, Ho, Er,
Yb, Lu), LizsTmBrs, NazTmBres, K3ThBrg,
Na3;ThBre. The predicted set was NazY Clg,
Na3DyCl(,, Na3TbCl(,, Na3H0Br(,, Na3SmI(,.

Fig.4(a) shows the comparison of the ex-
perimental melting point data and the ANN re
gression or prediction values of the congruently
melting of MesREXg compounds, and Fig. 4(b)
shows the comparison of the experimental de
composition temperatures and the ANN regres
sion or prediction values of the incongruently
melting of M esREXs compounds.

3.5 The Classification of continuous solid so-

lution system and simple eutectic mixture

Forty binary MeX-Me’ X systems which
have no intermediate compound forming, includ-
ing AgBr-KBr, NaBr-CsBr, LiBrKBr, TIBr-
LiBr, AgCFKCI, NaCFCsCl, LiCFKCl, NaCFk
RbCl, TICENaCl, KF-CsF, Nak-CsF, Lil-
KF, Nak-KF, TIF-KF, NaF-RbF, TIF-RbF,
Agl-Nal, NaFCsl, LiFKI, TIFKI, TI-Nal,
TIFRbI, TICFLiCl, AgCFRbCI, TICFRbCI and
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KBr-CsBr, RbBr-CsBr, NaBr-KBr, KBrRbBr,
KCERbCL, KEFCGsI, RbIFCsI, NaFKI, KEFRbI,
CuCkFNaCl, RbF-CsF, CuCFLiCl, RbCFCsCl,
AgCFCuCl, AgFCul were used as the training
set for pattern recognition. The 2r (sum of
cationic radius), | Ar| (absolute difference of
cationic radius), | AX| (absolute difference of
cationic electronegativity), r_ (radius of halogen
ion) were used to span a four-dimensional space.
The MeX-Me’ X systems are classified according
to their type of phase diagrams. Fig. 5 indicates
that the phase diagrams of continuous solid solu-
tion systems and the ones of simple eutectic mix-
tures distribute in two regions. Computational
results illustrate that the small | Arl, large r_,
and small | AX| favor formation of the phase dia
grams of continuous solid solution; this can be
explained as that if the difference of cationic ra-
dius increases, the internal strain of lattice will
increase when one metallic ion replaces the oth-
er, the anionic lattice is destroyed finally, so
continuous solid solution can not form. If the
electronegativity difference of two metallic ions is
large, the crystal types and structures of the two
halides are different generally, there is not any
geometrical relation in the structures of both

[ CsCl] or [NaCl] and [ZnS] type, so one
(b) .
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Fig. 4 Calculation of melting point or decomposition temperature of Me; REX, type

(a) —congruent melting of Me3REXg; (b) —incongruent melting of Me;REX;

( @ —Training point, O—Predicted point)
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metallic ion can not substitute continuously for
the other in the anionic lattice. If the anionic ra-
dius increases, the unit cell of anionic lattice will
become large, so the influence of the difference
of two metallic ionic radius on the internal strain
of lattice will lessen relatively. For example, rg
— rna= 0.35%x 10" m, when X is F ion, the
phase diagram of KF-Nal" system is a simple eu-
tectic mixture; but X is Br or I, the phase dia
gram is a continuous solid solution.

Y| . .
o
(-] [+]
o ° Q o
-]
-]
/\ °
L] o -] ’,/’...‘
i - [ °
’3_/’ ... \ -]
e . ]
\ °
| %o
., ol .
[ ] ‘ o
¢ \
i
|
|
. |
. i
i
O X

Fig. 5 Formability of continuous solid

solution and eutectic mixture ( PCA method)
( O—FEutectics; @ —Solid solution;
X=-0.162r+ 0.75 Arl - 0.62] AX| - 0.18r_;
Y=0.552r+ 0.6l Arl+ 0.571 AXI+ 0.07r_)

Therefore, if some suitable chemical bond
parameters are selected, the pattern recognition
or ANN-chemical bond parameters method can
be used to predict or estimate the rules or proper-
ties, including the formability, the chemical sto-
ichiometry, the crystal type, the melting behav-

ior, the melting point or decomposition tempera

ture of intermediate compound, and the forma
bility of continuous solid solution and eutectic
system. In addition, ANN method with chemr
cal bond parameters as inputs can estimate the

properties as follows''': the composition and the
melting point corresponding to the minimum
point in minimum solid solution system (only for
MeX-Me’ X system), the composition and melt-
ing point at eutectic point in eutectic system (for
no intermediate compound forming system), the
composition at the peritectic point of peritectic
reaction.
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