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[ Abstract] Decision tree method and atomic parameters were used to find the regularities of the formation of ternary in-

termetallic compounds in alloy systems. The criteria of formation can be expressed by a group of inequalities with two

kinds of atomic parameters Z;( number of valence electrons in the atom of constituent element) and R;/ R;(ratio of the

atomic radius of constituent element ¢ and j) as independent variables. The data of 2238 known ternary alloy systems

were used to extract the empirical rules governing the formation of ternary intermetallic compounds, and the facts of

ternary compound formation of other 1334 alloy systems were used as samples to test the reliability of the empirical criteria

found. The rate of correctness of prediction was found to be nearly 95% . An expert system for ternary intermetallic com-

pound formation was built and some prediction results of the expert system were confirmed.
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1 INTRODUCTION

Ternary intermetallic compounds are common al-
loy phases in many alloys of nonferrous metals. Some
ternary intermetallic compounds such as BFejs Nd,
have been found to be very useful functional materi-
als!"?!. Hence the prediction and exploration of new
ternary intermetallic compounds are concerned by
metallurgists and materials scientists. Although the
method of estimation of the chemical affinity between
two metallic elements have been proposed by Miede
ma and one of the present authors, and these methods
are rather useful for binary intermetallic compound

[3:41." these criteria cannot be simply ex-

prediction
tended to predict the formation of ternary intermetal-
lic compounds since the formation of ternary inter
metallic compound depends not only on the chemical
affinity between its constituent elements, but also on
whether the ternary intermetallic compound or the
corresponding binary intermetallic compounds are
more stable.

In our previous works, an extended Miedema’ s
model using four kinds of atomic parameters ( Miede-
ma’ s electronegativity X, electronic density in Wagn-

/3 ; ;
, atomic radius R, and the num-

erSeitz cell ( ns)
ber of valence electrons in the atom of constituent ele-
ment Z) has been found to be an appropriate semr
empirical model for description of the regularity of

(56 " Qince

ternary intermetallic compound formation
there are three elements involved in ternary inter
metallic compound formation, 12 independent vari-
ables must be used to build the mathematical model.

In this work, however, it has been found that only 5
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independent variables related to two kinds of atomic
parameters ( atomic radius and number of valence
electrons) and their functions are already enough to
describe the regularities of ternary intermetallic com-
pounds, by using decision tree method.

2 METHOD OF COMPUTATION

Decision tree method is one of the most popular
methods of data processing dealing with complicated,

1. In this method a logic

multtvariant problems! "
tree is built to classify or predict samples belonging to
two or more classes. In our work, the ternary-com-
poundforming alloy systems are defined to be the
samples of class 1, while that without ternary com-
pound formation are defined as the samples of class 2.
The whole sample is tested by some criteria through
several steps. So that a sample is classified by tracing
a path from the “root” to the “leaf” of the logic tree.
For example, the systems consisting of two transition
elements and one nontransition element can be classi-
fied by the logic tree illustrated in Fig. 1.

In the computation of decision tree, the logic
tree should be optimized to make it to be the simplest
one. Gini Index!"! is used as the criterion of “ good-
ness” of the criteria of classification. When a training
set is split into two subsets T and Ty, we define

Goodness= ﬁ | 7, | x GiniL +

Ty | x GiniM)/ n

k
il = L/lT.l)?

i=1

!
GiniM= (M| Tyl)?

i=1
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Fig.1 Typical decision tree

where | 7.1 (l Ty |) is the number of samples on
the left (right) of a split at a tree node T', n is the
number of samples at node T'; and L;( M;) is the
number of samples in class i on the left (right) of the
split; £ is the number of classes.

In this work, linear equations with following in-
dependent variables are used as criteria for ternary in-
termetallic compound formation:

Z1 is number of valence electrons of first ele-
ment; Z,is number of valence electrons of second ele-
ment; Z3 is number of valence electrons of third ele
ment; R,/ R is atomic radius ratio between the sec
ond and first element; R3/ R is atomic radius ratio
between the third and first element.

The definition of Z for nontransition elements is
self-evident. The definition of Z for transition ele-
ments in this work is the same as in our previous
works'>® i e., d electrons in the unfilled next out-
ermost shell are also considered as valence electrons
because these d electrons also take part in metallic
bond formation through spd hybridization. The val-
ues of atomic radii are given by Teatum'” .

In the computation of this work, the sample is a
system consisting of three elements. In order to make
the computation results self-consistent, the order of
1) for the system

with two transition elements and one nontransition el

these three elements is defined as:
ement, the nontransition element is defined as the
2) for the system with two nontransi-
the transi-

first element;
tion elements and one transition element,
tion element is defined as the first element; 3) the or
der between nontransition elements or transition ele-
ments is arranged by descending numbers of valence
electrons, or by descending values of Miedema elec
tronegativity if the number of valence electrons is the
same.

The program of decision tree method was devel
oped by the Institute of Pattern Recognition of
Shanghai Jiao Tong University. The computation of
this work was performed by a 586 type of microcom-
puter. The data of ternary compound formation, used
as training set, were quoted from Villar P Data Bank

of Ternary alloy systems and our previous papers' " .

3 RESULTS OF COMPUTATION

3.1 Systems consisting of three nontransition ele-
ments
For the systems of nontransition elements, the
criterion of ternary compound formation is as
f(1)=2.154 7+ 2. 155 Z,- 3.334 Z3+
0.356( R2/ R1)— 7.222( R3/ Ry) +
241
.649 71— 0.587 Z»— 0. 183 Z5-
.S513(R2/ Ri)+ 0.518( R3/ R1) -
504
.532105 7+ 10.23 Z»-
.532105Z3+ 9.044( R»/ Ry) -
.086( R3/ R1) - 7.064 x 10°
.0127,- 0.845 Z,— 2.587 Zs+
.347(R2/ R1)+ 2.364( R3/ R1) -
. 027
/(1)< 0, £(2)

belong to class 2, i. e.
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< 0, then the sample should
when no ternary compound
was formed
If /(1)< 0, £(2) 20 and f(3) 20, then the
sample should belong to class 1, i e, it should form
ternary intermetallic comgound
Iff(H< 0, f(2) 20 and f (3
sample should belong to class 2.
If£(1) 20, f(4)< 0, then the sample should
belong to Class Ze
Iff(1) 20, f(4

belong to Class 1.

, then the

4) 20, then the sample should

116 ternary alloy systems not included into the
training set were used as test samples to test the relia-
bility of the above-listed criterion. It was found that
the rate of correctness of prediction is 94. 0% .

3.2 Systems of three transition elements
For the systems of this type, the criterion of
ternary intermetallic compound formation is as
S(1)=1.2907Z,- 0.192 Z>- 2. 771 Z3+
0.560( R2/ R1)+ 0.020( R3/ R1) -
0. 207
If £ (1) 20,

class 1.

then the sample should belong to

Otherwise, it should belong to class 2.

375 ternary alloy systems not included into the
training set were used as test samples to test the relia-
bility of abovelisted criterion. It was found that the
rate of correctness of prediction was 98. 4% .

3.3 Systems of one transition element and two nomr
transition elements
For the systems of these type, the criterion of
ternary intermetallic compound formation is as

F(1)= - 0.067 Z— 0.272 Z>— 0. 198 75+
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0.313(R2/ R1) - 0.342( R3/ R1) +
0.875

f(2)=0.5317,- 0.977 Z>— 0. 636 Z3-
4.448( R2/ R1) - 2. 145( R3/ R1) +
6. 863

f(3)=-0.484Z7,- 0.211Z»+ 0.282 Z3+
3.449( Ro/ R1)— 2.499( R3/ R) +
1.579

Ifr(1) 20, then the sample should belong to
class 2.

fr(1)<0, f(2) 20, then the sample should
belong to class 1.

If (1)< 0, f£(2)< 0 and f(3) 20, then the
sample should belong to class 1.

Iff(1)< 0, f(2)< 0 and f(3)< 0, then the
sample should belong to class 2.

149 ternary alloy systems not included into train-
ing set were used as test samples to test the reliability
of the abovelisted criterion. It was found that the
rate of correctness of prediction was 93.3%.

3.4 System of one nontransition element and two
transition elements
For the systems of this type the criterion of
ternary intermetallic compound formation is as
f(1)=-=0.670Z+ 0.100 Z,+ 0. 458 Z5-
1.866( R2/ R1)+ 0. 159( R3/ R1) +
0. 969

f(2)=-0.889Z1+ 1.017 Z,+ 1. 843 Zs+
1.073(R2/ R1) + 2.880( R3/ R1) -
13. 08

f(3)=—-0.485Z+ 1.281Z,— 14.40 Z5+
204.3(R2/ Ry)+ 108.7( R3/ R1) -
330.6

f(4)=—-45. 1371+ 177.8Z,— 144.2 Z5—
314.5( Ro/ R1) - 324.9(Rs/ R) +
1359.6

Iff(1)< 0, f(2)< 0, then the sample should
belong to class 2.

If£(1)< 0, £(2) 20 and f(3)< O, then the
sample should belong to class 2.

If£(1)< 0, £(2) 20 and f(3) 20, then the
sample should belong to class 1.

If7(1 0, f(4) 20, then the sample should
belong to class 2.

Iff(1) 0, f(4)< 0, then the sample should
belong to class 1.

493 ternary alloy systems not included into train-
ing set were used as test samples to test the reliability
of the abovelisted criterion. It was found that the
rate of correctness of prediction was 97.2% .

4 EXPERT SYSTEM FOR TERNARY INTER-
METALLIC COMPOUND PREDICTION

As mentioned above, there are still nearly 5%
prediction results are wrong. For example, the pre

diction for CsMo-Pr, CsNb-V, CsNbZr, CsPrV
systems gives wrong results. It is interesting to note
that these samples with wrong prediction results are
located in several small regions in the multrdimen-
sional space spanned by the atomic parameters used in
this work (such as Z; and R;/ R;). If one of these
systems is added into the training set, all other sys
tems will give correct prediction results. So that an
expert system using more known samples as training
set can give higher rate of correctness by “leaving-one
method”. Based on this idea, an expert system called
“Ternary compound predictor” built. It is a module
of a software for alloy phase prediction. Fig. 2 shows
an interface of this software. You can input the
chemical symbols of three metallic elements and click
“predict”, it will give you the answer whether the
ternary intermetallic compound will be formed or not.
For example, this expert system predicts that Ge-Pd
Ho, GeNrHo, GePt-Ho, GeNrLu and Ge IrHo
systems all form ternary intermetallic compounds and
that AFNrRe system does not form ternary inter-
metallic compound. These prediction results have all
been confirmed by very recently published experimen-

tal results! ' 1?1

Fig. 2

Interface of “Alloy phase predictor”
(Example of new alloy phase prediction)

S DISCUSSION

It is generally accepted that three factors are the
dominating factors affecting the formation and stabili-
ty of alloy phases: 1) electrochemical factor: large
difference of electronegativity ( X) leads to charge
transfer and partial ionicity which stabilize the chemi-
cal bond between different kinds of atoms; 2) geo-
metrical factor: certain radius ratio ( R;/ R;) between
different atoms favors some kinds of crystal lattices of
alloy phases; 3) energy band factor: the number of
valence electrons ( Z;) is a factor influencing the band
energy of alloy phases. So it is reasonable to use elec
tronegativity, atomic radius ratio and the number of
valence electrons as the atomic parameters to find the
regularities of ternary intermetallic compound forma-
tion. Actually we have finished research works by
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this way, and the results are rather good '”!. In this
work, however, it has been found that using only the
atomic parameters related to Z; and R;/ R; are already
enough to build the mathematical model for ternary
compound prediction. From the standpoint of compu-
tation methods, to use fewer atomic parameters is of
course an advantage. The fact that Z; and R;/ R; are
more generally accepted atomic parameters than X be-
cause they have clearer physical meaning, which
makes this advantage still stronger.

By nonlinear regression, we have found that X is
actually an approximate function of Z and R. Partial
least square method( PLS) gives the following equa
tion:

X=6.190+ 0.0686 Z- 1. 783 R+

9.965(Z/R)

The correlation coefficient between the Miede

3 and the values calculated by

ma’ s values of (1)
the equation is 0. 926. Therefore some function of Z
and R can be used to describe the influence of electro-
chemical factor without using the atomic parameter
X. By similar regression method, another Miedema’ s
atomic parameter ( n..) ' is also proved to be an ap-
proximate function as

(nys)?= 2.370+ 0.0179 Z- 0. 710 R +

3.681(Z/R?)

The correlation coefficient between the Miede
ma’ s values of (1) 3 and the values calculated by
the equation is 0. 917.
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