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MOLTEN SALT PHASE DIAGRAMS CALCULATION
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PATTERN RECOGNITION-BOND PARAMETERS
PART 3. ESTIMATION OF LIQUIDUS TEMPERATURE
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ABSTRACT The temperatures of the liquidus lines or surfaces in some binary or ternary systems have been
estimated using artificial neural network( ANN) with the chemical bond parameters of ions and the melting
points, and using the compositions of the constituents as inputs and the properties of phase diagrams as out-
puts. The computerized values are in good agreement with the experimental ones. Moreover, an expert system
has been built up, which consists of two parts, one is the database produced by the experimental data of the
various known phase diagrams and chemical parameters for the retrieval of the features of the existing phase di-
agrams; the other is the knowledge base produced by the trained ANN for the estimation or prediction of some
features of the unknown phase diagrams.
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1 INTRODUCTION

The experimental data on the liquidus lines
or surfaces in binary or ternary systems from ref-
erences are always finite. Sometimes the data
which we need to use in practical work are un-
measured for some points of liquidus in the
known phase diagrams, so, some linear regres-
sion equations were used to express the known
data in general. The method can estimate the
data of the unmeasured points, but meanw hile it
produces large error as it substitutes an approxi
mate linear equation for a real nonlinear bound-

ary equation. Because artificial neural network
(ANN) s an information processing technique
which can express nonlinear problems'" ! so,
ANN can be used to express the knowledge of
the liquidus. We can predict or retrieve the tem-
peratures of any points of the unmeasured or
measured liquidus using ANN method.

In this paper, the estimation of the temper-
atures of the liquidus lines or surfaces of some br
nary or ternary systems were reported by ANN
with the chemical bond parameters of ions and
the melting points, the compositions of con-
stituents as the inputs. An expert system which

@ Project 59434040 suppoted by the National Natural Science Foundation of China and Project 863— 715- 22— 01- 01 supported by

the National Advanced M aterials Committee of China

Received Sep. 28, 1997; accepted Nov. 8, 1997



* 506 °

Trans. Nonferrous Met. Soc. China

Sep. 1998

we had built up based on the series work was al
so reproted, including its principle, structure,
functions and flowsheet.

2 ESTIMATION OF TEMPERATURES OF
LIQUIDUS LINES OF BINARY SYSTEMS
Thirty type phase dia

grams[ 35l , including  CuCkSnCl,, UCIs

MgCly, TaClsHgCl,, KF-NaF, KF-LiF, Lik-

two eutectic

PuFs, AglNal, NalF-CdF,, Nal-LiF, LiCk
UCls, AgBrKBr, LiBrKBr, CdBrrNabBr,
NaBrBaBr,, NaBrMgBr,, LiCFRbCI, LiCk
TiCl, LiCFBaCl,, LiCFPuCls, LiCFPbhCl,,

LiBrBaBr,, Nal-Tely, NaCFRbCI, NaCFTiCl,
NaCFPbCL,, PbClrBeCl,, CdCl>-SnCl,, CaCly
PhCl,, NaCFSrCl,, KCFAgCl, PhClr-AgCl,

AgCEBeCl,, were used as training set, the T
T(z)( T denotes the melting points of two consti

tutents, definite T¢ > T(z)), | AZ/ r | (absolute
difference of the ionic charge-radius ratio of A, B
metallic ion), | AXI| (absolute difference of the
electronegativity of two metallic ons), r_,
(Z/r)a, X4, x1 (composition of the first con-
stituent, mole fraction) were used as the inputs
of ANN, the temperatures of liquidus lines were
used as the output. About twenty points taken
from each liquidus of phase diagram were used as
the learning samples, the learning set was 631
samples, hidden nodes were eight. After train-
ing, the liquidus temperatures of NaCkCsCl sys-
tem were predicted by the trained ANN. The
cross point of two liquidus lines is the eutectic
point. Computational results of the system are
plotted in Fig. 1. It can be seen that the predict-
ed results are in agreement with experimental
The predicted cross point ( 66. 5%,
487 C) of two liquidus lines is also close to ex-
perimental eutectic point(64. 6% , 490 C).

ones.

3 ESTIMATION OF TEMPERATURES OF
LIQUIDUS SURFACES OF TERNARY
SYSTEMS

3.1 Prediction of temperature of unmeasured

points on liquidus surface

Table 1 lists the predicted and the experr-

mental results of the “unmeasured” points of the
liquidus surface in Li, Na, K| F system'’!. We
used x Lir, %N (the compositions of LiF, NakF)
as the inputs of ANN, the temperatures of liq
uidus surface as the output. The hidden layer
had ten nodes. Forty eight samples taken from
the liquidus surface of Li, Na, KIF system were
used as the training set. Then the trained ANN
was used to predict the seven points which were
not included in training set. The average pre-
dicted error is 16 C, the average relative error is
2.5% . The predicted results are in good agree
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Fig. 1 Computerized prediction of
liquidus temperatures in the
NaCFCsCl system
(+ —Experimental value'*!;
® —Predicted value)

Table 1 Computerized estimation of
temperatures of liquidus surface
in the L.i. Na, KIF system
¥ LiF Y NaF Fexp Fpre. Error Relative

/ % / C i/ 'C  error/ %
15.0 5.0 750 725 - 25 3.3
35.3 7.0 650 671 + 21 3.2
20.6  22.7 600 614 + 14 2.3
19.2  30.2 550 569 + 19 3.4
24.6  61.1 700 701 + 1 0.0
24.6 35.9 600 580 - 20 3.3
42.0 30.0 725 711 - 14 1.9
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ment with experimental ones.
3. 2 Prediction of temperatures of liquidus
surface of unknown system
The ANN can be used for the prediction of
the temperatures of any points on liquidus sur-
faces of the unknown phase diagrams by learning
from the temperatures on the liquidus surfaces of
the known same type phase diagrams. For ex-
ample, we used the temperatures on the liquidus
surfaces of the Cs, K, Nal I, Cs, K, TIl I, Na,
K, TII'I, Rh, Cs, TII'I, Cs, Na, KI Br, Na,
K, RbICl, Rh, Na, TlI I, Li, Na, KIF phase

3 - -
[ ], whose types are eutectic mixture,

diagrams
as training set. About seventy points were taken
from each surface, the sum of samples was 547.
The inputs of ANN were Ty, To, T3(T de
notes the melting point of a constituent, sub-
script 1, 2, 3 represent constituents, definite T
> Tyr> T3); ra, re, rc¢, (r denotes the ra
dius of three metallic ions, subscript A, B, C
denote metallic ions) ; Xy, Xp, X¢ (electronega
tivities of three metallic ions), r_, and x1,
x2( x denotes composition of a constitutent, sub-

script 1, 2 represents the first and the second

constituent) . The temperatures of liquidus sur-
faces were used as the output, the mumber of
hidden nodes was twenty. The trained ANN was
used to predict the sixty two temperatures of the
liquidus surface of the “unknown” Na, Cs, Tl I
system( its type of phase diagram is also continu-
ous solid solution). The predicted results are
listed in Table 2. The results of prediction are
good in general. The average relative error is
5.0%, but the errors of the predicted tempera
tures near the eutectic point are larger than those
of the other points, the maximum relative error
s 16. 7% .

Moreover, the trained ANN can be used to
predict the liquidus temperatures of any vertical
section in ternary Na, Cs, Tl I system, such as
the liquidus line for passing Nal and x ¢/ x 111 =
1, and the liquidus line for paralleling CsFTII
and x ng= 60% 0.

In conclusion, the ANN-chemical bond pa
rameters method is a useful tool for the estima
tion temperatures of liquidus. The knowledge of
ANN acquired from liquidus can not only retrieve
and calculate the temperatures of any points of
the known liquidus lines or surfaces, but also

Table 2 Computerized estimation of temperatures of liquidus

surface of the Na, Cs, Tl I system

21/ % xol Yoty Clyud Cxi/%

22l o Loyl Clopd Cx1/% %2/ %oty Clypd Cax1/% x2/ % Ly Clyd C

100.0 0.0 660 647 0.

)

83.0 600 598

0.0 100.0 640 625 0.0 67.8 550 559
0.0 0.0 442 467 0.0 52.0 500 488
10.0 90.0 600 579 0.0 38.8 450 427
27.2 72.8 550 534 0.0 25.3 406 408
37.4 62.3 500 534 91.5 4.4 650 628
60.0 40.0 500 531 76.2 17.4 600 577
68.6 31.4 550 542 72.3 11.0 600 602
79.2 20.8 600 564 68.6 4.2 600 620
93.2 6.8 650 613 64.4 26.6 550 553
89.0 0.0 650 655 59.0 19.2 550 567
68.0 0.0 600 626 54.7 12.0 550 569
48.0 0.0 550 528 49.6 5.2 550 545
33.0 0.0 500 470 54.9 35.1 500 537
19.2 0.0 450 453 51.6 29.8 500 543
14.6 0.0 426 453 48.3 26.7 500 542

42.2 18.5 500 527 25.2 45.7 450 517
39.8 12.5 500 509 32.0 28.2 450 524
35.6 6.4 500 481 37.7 50.3 450 525
31.1 22.1 450 487 41.8 52.0 450 524
27.4 16.7 450 462 4.9 51.7 500 498
23.9 10.1 450 447 11.0 53.1 500 514
209 4.2 450 447 16.6 53.9 500 523
20.9 22.3 400 447 27.4 57.9 500 529
15.7 20.2 400 429 33.0 60.5 500 527
18.3 31.2 400 460 9.7 68.3 550 552
14.3 28.4 400 438 16.1 69.8 550 546
11.5 24.4 400 423 22.2 71.4 550 539
13.0 22.5 400 425 5.6 82.2 600 581
5.0 39.3 450 442 10.3 81.1 600 571
11.1 41.1 450 470

18.8 43.6 450 501
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predict temperatures of any points of the un-
known liquidus lines or surfaces reliably and plot
the liquidus lines of various vertical sections
rapidly. This calculated method can compensate
the finiteness of the known experimental data
and the lack of unknown experimental data and
the lack of the unknown phase diagrams data.
This method may be also useful for the estima
tion of the liquidus temperatures of the quater
nary and high order systems.

4 EXPERT SYSTEM

4.1 Principle

Based on above discussions, including our
previous two series papers' " *1 and Ref. [ 9], the
success of the prediction or estimation of the br
nary and ternary molten salt phase diagrams
shows that the ANN-chemical bond parameters
method can become a new tool for phase diagram
calculation. The chemial bond parameters of ions
and the melting points, the compositions of con-
stituents are used as the inputs of ANN, the
properties of phase diagrams as the output. ANN
consists of three layers, the nodes of hidden lay-
er are veried for different learning sets. Back
propagation algorithm and transfer function
tanhx are used. The trained ANN by the exper-
imental data of the known phase diagrams is used
for the prediction of the unknown phase dia
grams. All data of phase diagrams used are quot-
ed from the Refs. [ 3— 5, 10] and journal of in-
organic chemistry (in Russian) after 1980, the
chemical bond parameters from Ref. [ 11].

4.2 Structure

A prototype of the expert system of molten
salt phase diagrams has been constructed. It is
designed by modules, and is menudriven. The
expert system consists of two parts, one is the
database which is produced by the experimental
data of the various known phase diagrams and
chemical bond parameters for the retrieval of the
properties of the existing phase diagrams, the
other is the knowledge hase which is produced by
the trained ANN for the prediction or estimation
of some features of the unknown phase dia
grams.

4.3  Function

The expert system of molten salt phase dia
grams includes common anion binary systems
MeX-Meé X, ( Me, Me  denote metallic ele
ments, X halogen, n = 1, 2, 3, 4), additive
ternary systems Me, Me/, Me | X(Me, Me/,
Me denote metallic elements, X halogen or its
radical) and some reciprocal ternary systems. It
has the functions of retrieval and prediction. It
can answer the questions as follows: (1) the for
mation of the intermediate compound of binary
and ternary systems; (2) the stoichiometry of
binary intermediate compound; (3) the melting
type of binary intermediate compound( congruent
or incongruent); (4) the melting point or de
composition temperature of binary intermediate
compound; (5) the formation of the continuous
solid solution or the eutectic mixture of some bhr-
nary and ternary systems; (6) the composition
and the temperature of the minima corresponding
to the minimum point in minimum solid solution
system( only for MeX-Me X system); (7) the
composition and the temperature of eutectic
point in the binary and ternary eutectic system;
(8) the estimation of the temperatures of the liq
uidus of some binary and ternary systems( for no
intermediate compound formation) .

4.4  Flowsheet

The flowsheet of expert system is shown in
Fig. 2. It works according to the following pro-
cess: starting the system, selecting the molten
salt type and inputting the name of elements ex-
isted in the molten salt phase diagram. Then,
the system checks the database, if the phase dia
gram exists, the expert system gives some fea
tures of phase diagram; if not, the expert system
produces automatically the suitable chemical
bond parameters of ions and other data and in-
puts these parameters and data to the trained
ANN to predict some unknown phase diagram
features.

The expert system is written in Turbo C
language. It has friendly interface and its opera
tion is convenient. The performance of expert
system 1is stable and rapid, and the database and
the knowledge bhase are reliable. The expert sys
tem can be applied to the experimental measure



Vol.8 No3 Estimation of liquidus temperature . 509

Selecting molten salt type

Inputting the element symbols

Formability Yes

of intermediate compound

Prediction of
stoichiometry

Prediction of
melting type

Prediction of m. p. Prediction of m.p.
& composition at & composition at
eutectic point of E minimum point of S§

Estimation of melting point
& decomposition temperature
of intermediate compound

Estimation of liquidus temperature

Sketch of phase diagram

Fig. 2 The flowsheet of expert system
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