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Abstract 

A systematic approach to the a l l o y designing 
problem, which is one of the t y p i c a l i l l - s t r u c t u r 
ed problems considered to be solvable only by 
i n s p i r a t i o n s of a genius m e t a l l u r g i s t , is discuss
ed w i t h respect to the h e u r i s t i c approach. The 
procedure to design an a l l o y of required proper
t i e s consists of two parts;searching of a s t a r t i n g 
p o i n t ( a r o o t ) and constructing a t r e e in order to 
improve the properties of the m a t e r i a l correspond
ing to the root by applying t a c t i c s . 
A CAD system having a data base f o r metallurgy is 
used in order to e s t a b l i s h a method to perform 
t h i s procedure. 

I n t r o d u c t i o n 

As it has been already pointed out in our 
e a r l i e r p a p e r ( l ) , the a l l o y designing problem 
comprises four sub-problems;(i)data processing of 
metal data,, (ii)rearrangement of a l l o y developing 
s t r a t e g i e s , ( i i i ) s y n t h e t i c decision based on the 
subproblems(i) and ( i i ) , ( v i ) v e r i f i c a t i o n o f sub-
problems ( i i i ) by experiments. These sub-problems 
must be connected closely w i t h one another by 
essential methods, that i s , by the science-orient
ed method and/or by the engineering-oriented 
method. 

The science-oriented method is so fundamental 
that i t has united a l l t a c t i c s ever deduced and/or 
induced from t h e o r e t i c a l or experienced rules i n t o 
some str a t e g i e s based on the science. From the 
point of view of the a l l o y designing, the science-
oriented method may only be successful in designing 
required a l l o y s i f the t a c t i c s o f improvements 
have been already formulated q u a n t i t a t i v e l y . 
However, the q u a n t i t a t i v e formulations have r a r e l y 
been established except f o r ideal cases as a 
singl e c r y s t a l , pure metals etc, under r e s t r i c t e d 
conditions and f o r a few p r o p e r t i e s . Therefore 
the science-oriented method must o f t e n r e l y on 
t h e o r e t i c a l simulations which require a great 
deal of CPU time, and/or q u a n t i t a t i v e estimations 
by the t h e o r e t i c a l speculations f o r sophisticated 
requirements especially when the requirements are 
p o t e n t i a l l y d i r e c t e d towards the use of newer 
metal of l i t t l e information. Furthermore the 
number of combinations of parameters which de
scribe a l l o y s and conditions is enormous,so that 
i t i s impossible t o carry out exhaustive combina
t o r i a l o r l o g i c a l manipulations f o r a l l 
materials i n designing required a l l o y s . 

Therefore i t i s necessary t o reduce the 
number of materials and to r e s t r i c t them t o b e t t e r 
materials w i t h respect to the requirements impos
ed, so as to avoid combinatorial explosions. This 
procedure of s e l e c t i n g b e t t e r materials can be 
c l a s s i f i e d i n t o two parts: 

( i ) s e l e c t i o n of a s t a r t i n g m a t e r i a l by plac
ing thresholds of requirements, 

(ii)improvements of the s t a r t i n g m a t e r i a l by 
making use of t a c t i c s . 

I n order t o perform t h i s procedure, we musu at 

f i r s t prepare a data base f o r materials and man-
machine i n t e r f a c e s w i t h the data base. These 
preparations are described in the l a t e r sections. 

The f u r t h e r research by experiments or by 
simulations follows t h i s procedure, and i t w i l l b e 
reported in another paper. In t h i s paper the 
method of s e l e c t i n g b e t t e r materials is discussed 
as an a p p l i c a t i o n s of AI in metallurgy. 

Procedure of selections 

The procedure of s e l e c t i n g b e t t e r materials 
can be described as: 

( i ) s e l e c t a s t a r t i n g m a t e r i a l , 
SI.inputs of requirements by designating 

the ranges of required p r o p e r t i e s , 
S 2 . r e t r i e v a l of information of materials 

which s a t i s f y the requirements, 
S3.evaluation of selected materials, 
S4.selection of a s t a r t i n g material by 

the evaluated r e s u l t s , 
( i i ) i m p r o v e the s t a r t i n g m a t e r i a l s , 

S5.application of the t a c t i c s created in 
the data base so as to improve the 
s t a r t i n g material w i t h respect to the 
required p r o p e r t i e s , 

S6.evaluation of the improved m a t e r i a l s . 
This procedure is i l l u s t r a t e d in F i g . l , and the 
steps S1-S6 are described i n more d e t a i l i n the 
l a t e r section. 
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Information storage and r e t r i e v a l 

It is worth while to describe the data base 
f o r metals b r i e f l y i n order t o make the problem of 
selecting b e t t e r materials c l e a r . 

Metal data 

The metal datu are c l a s s i f i e d i n t o two types, 
i . e . , s t r u c t u r e - s e n s i t i v e and s t r u c t u r e -
i n s e n s i t i v e . The data of the l a t t e r type can be 
e a s i l y described w i t h f i x e d number of parameters, 
so that the optimum a l l o y f o r the requirements 
with respect to the properties of t h i s type can be 
e a s i l y decided by seeking a peak in a m u l t i 
dimensional metric space. On the contrary the 
data of s t r u c t u r e - s e n s i t i v e properties are 
unable to be described by a f i x e d representation 
because of the l i m i t a t i o n s to observations of the 
r e l a t e d parameters. The l i m i t a t i o n s also 
r e s t r i c t the applications of established theories 
concerning t h i s type data. This s i t u a t i o n , 
however, is the main reason f o r the h e u r i s t i c 
approach to the a l l o y designing problem. 

The i n s u f f i c i e n c y of a l l o y data, p a r t i c u l a r l y 
in s t r u c t u r e - s e n s i t i v e p r o p e r t i e s , must be taken 
f o r granted owing to the l i m i t a t i o n s of physical 
and chemical observations, so that we are obliged 
to r e f e r another kind of information in order to 
estimate the regions of i n s u f f i c i e n t data. Such 
information become t a c t i c s , which can be 
c l a s s i f i e d i n t o ' a l l o y i n g ' and' heat-treatment and 
working', and phase diagrams by which elementary 
patterns as shown in Fig.7 can be recognized. 
Both of these information are represented by 
networks except f o r the e f f e c t s of 'heat-treatment 
and working*. These e f f e c t s are caused by the 
f a c t that the e f f e c t s are the f u n c t i o n of both the 
t a c t i c s and r e c i p r o c a l reactions of them. 
Therefore the t a c t i c s w i t h respect to heat-
treatment and working are dealt with q u a l i t a t i v e l y 
by man a f t e r the procedure described in the 
f o l l o w i n g section has been f i n i s h e d . 

Data s t r u c t u r e 

In our system named CAAD-I(Computer-Aided-
Alloy-Designing-I), the information of materials 
are c l a s s i f i e d i n t o f i v e types;(i)fundamental 
properties as atomic weight, atomic radius etc, ( i i ) 
phase d i a g r a m s , ( i i i ) a l l o y data, ( i v ) s t r a t e g i e s f o r 
developing a l l o y s and t a c t i c s and (v)photographs. 

(i)Fundamental properties are represented by 
arrays, the element of which corresponds to the 
value of a property of an element having the 
atomic number equivalent to the index of the array. 

( i i ) B i n a r y phase diagrams are represented by 
l i n e f i g u r e s in squares. Then in order to repre
sent them e f f e c t i v e l y w i t h respect t o memory si z e , 
a f i g u r e is divided i n t o l i n e elements and i n t e r 
secting points. F.ach l i n e element is approximated 
by selected p o i n t s . The number of the selected 
points i s r e s t r i c t e d from 2 ( f o r s t r a i g h t l i n e s ) t o 
7. The terminal points are always selected. 
Then f o r each l i n e element are stored such 
information as the number of selected points and 
the temperatures and compositions of selected 
p o i n t s . Each i n t e r s e c t i n g point is represented 
by such data as the degree of node(point), the 

names of incident branches(line elements), and i t s 
temperature and i t s composition. 
According to the c r i t e r i o n s described below, the 
p a t t e r n of each i n t e r s e c t i n g point is recognized 
and the information of the pattern is added to 
each node. 
The l i n e element i s encoded as LU,LH,LD,VD,RD,RH, 
RU and VU) according to the d i r e c t i o n s as shown in 
Fig.2. 

The c r i t e r i o n s f o r elementary patterns are as 
follows: 

l . e u t e c t i c and eutectoid systems 
*LH & RH & LU RU 

2 . p e r i t e c t i c and p e r i t e c t o i d systems 
= LH & RH & LD & RD or LH & RH & VD 

3.monotectic and monotectoid systems 
=LH & RH & LU &(RU & RD) $ RD 

or 
=LH & RH & RU & (LU & LD) & LD 

4 . i n t e r m e t a l l i e compounds 
-LD & LD & RD & RD or LD & VD & RD 

5 . s o l u b i l i t y 
=LU & LD & RH or LH & RU & RD. 

The complete s o l i d s o l u t i o n can be recognized by 
the c r i t e r i o n as follows. This pattern is 
represented by the double-valued functions of 
compositions except f o r the boundaries where the 
temperatures are single values. 

Fig.2. Codes of d i r e c t i o n s . R-.to r i g h t , L:to l e f t 
H : h o r i z o n t a l , U:up, D:down,V:vertical. 

( i i i ) T h e a l l o y data can be defined by making 
use of categories which are structured i n t o a t r e e 
l o g i c a l l y as i l l u s t r a t e d in Fig.3. The corre-
spondance between an a l l o y and the value of a 
property is defined by a d i r e c t product of 
element names, t h e i r compositions, the parameters 
and the nodes from the root to the r e l a t e d l e a f . 
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(iv)The strategy to select b e t t e r materials 
can be represented by a d i r e c t e d graph if we 
assume the required properties as nodes and 
t a c t i c s to improve the required p r o p e r t i e s as 
branches. 

(v)Photographs of microstructures of metals 
can be represented by two dimentional arrays of 
the gradations. 

Information r e t r i e v a l 

The information r e t r i e v a l is performed by 
s e l e c t i n g menues displayed on the CRT and by s e t t 
ing the ranges of requirements, or by r e f e r r i n g 
the st r a t e g i e s already created in the f i l e . By 
the s e l e c t i o n of menues the values of a property 
are r e t r i e v e d and by s e t t i n g the ranges a set of 
materials which s a t i s f y the requirements is creat
ed i n a temporary f i l e . Two operations are 
prepared so as to manipulate the created sets; 
the union of the sets and the i n t e r s e c t i o n of the 
sets. 

Data creation 

The data without the s t r a t e g i e s are created 
in the data f i l e s by making use of conventional 
devices as TSS, CRT and card readers. The 
s t r a t e g i e s are created through the operations of 
CAAD-I. 

As the summary of t h i s s e ction, the types of 
metal data are l i s t e d i n Table 1, and the mean 
wai t i n g times between the menu selections and the 
displays of the r e t r i e v e d data are l i s t e d in Table 
2. Owing to the v a r i e t y of resource a l l o c a t i o n s 
by the operating system, the CPU time f o r the 
r e t r i e v a l is not constant. 

Table 1. Types of metal data 

Formulation of the problem 

According to the procedure of selections as 
described before, the problem to be solved is 
formulated in the f o l l o w i n g way f o r the steps S l -
S6. 

Step SI 

The requirements should be defined quanti
t a t i v e l y as the sets of upper and lower l i m i t s f o r 
required p r o p e r t i e s , PU and PL, under a c e r t a i n 
condition C as: 
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Therefore the improvements have been 
depending upon the h e u r i s t i c s of the m e t a l l u r g i s t s 
which consists of inductive inferences by r e f e r -
ing the metals data and experiences of 
m e t a l l u r g i s t s , and deductive inferences by 
t h e o r e t i c a l speculations. The deductive 
inferences could be p a r t l y performed by sympolic 
and algebraic manipulations, but they are unable 
to be performed in our present system. 

The i n d u c t i v e inferences are performed by 
taking advantage of the t a c t i c s described in non-
numeric formats as explained below. The e f f e c t s 
of a l l o y i n g elements are generally unable to be 
q u a n t i f i e d and the expressions of them are as 
f o l l o w s : 

(base metal, a l l o y i n g element, range of the 
a l l o y i n g element, e f f e c t to a property) 
=(a, b, c, d, e) (15) 

where a=name of a base metal, b=name of an a l l o y 
ing element, c=lower value of the range, d=higher 
value of the range and e=effect to a property. 
For example, the a l l o y i n g t a c t i c s accumulated by 
Mishima(2), can be r e w r i t t e n w i t h t h i s expression 
as f o l l o w s . 

( Cu, Be, 0.5, 4.0, age hardening) 
( Fe, Mo, 0.15, 0.4, higher strength and 

toughness) 
( N i , Mo, 3.0, 10.0, heat resistance) 
Then, l e t T(a, b, c, d, e) be one of the 

t a c t i c s of t h i s type. A strategy which have 
been applied in order to develop an a l l o y can be 
described by the combination of a l l o y i n g t a c t i c s 
i f w e consider a n a l l o y only w i t h respect t o i t s 
components. Then, l e t Mk be r e p r e s e n t e d by 

t h e s e t o f compos i t i o n s o f i t s components 

Step S4 

The materials of the highest value e. is 
selected as a s t a r t i n g m a t e r i a l f o r the require
ments. These steps are represented by a v i s i b l e 
t r e e , and the o p t i m i z a t i o n of the procedure about 
these steps can be established if the order of the 
properties as described in Step S2 is decided by 
making use of the data base. The f o l l o w i n g steps 
however, are unable to be represented by a v i s i b l e 
tree except f o r a few ideal cases f o r which 
t h e o r e t i c a l explanations are given in a quantita-





I n o r d e r t o b r i d g e b e t w e e n t h e i n s u f 
f i c i e n c y o f d a t a and t h e d e v e l o p m e n t o f 
( 1 7 ) . t h e f i r s t and s e c o n d t e r m s o f T a r e 
r e p l a c e d by t h e name o f an a l l o y a n d / o r by 
t h e name o f a m e t a l l i c compound. T h i s 
r e p l a c e m e n t i s g e n e r a l l y p e r f o r m e d w i t h 
r e s p e c t t o t h e f i r s t t e r m , and a l m o s t a l l 
a l l o y s c a n b e d e s c r i b e d b y t h e d e v e l o p m e n t 
o f (17) w i t h r e s p e c t t o t h e a l l o y i n g 
p r o c e d u r e . A l t h o u g h t h i s r e p l a c e m e n t i s 
c o n v e n i e n t t o d e s c r i b e t h e a l r e a d y o b t a i n 
e d a l l o y s , i t i s a m b i g u o u s enough t o 
o b t a i n newer a l l o y s . I n o t h e r w o r d s t h i s 
r e p l a c e m e n t c o n t r i b u t e a h e a v y t r a f f i c o f 
i d e a s i n t o i t s t e r m i n i , b u t i t i s 
d a n g e r o u s t o d e p e n d o n t h i s r e p l a c e m e n t 
i n d e s i g n i n g a l l o y s . T h e r e f o r e w e must 

o b t a i n a c o m p l e t e r e s o l u t i o n o f H(M, ) . 
The i n t e r a c t i o n b e t w e e n T must b e 
c o n s i d e r e d w i t h t h e " h e a t - t r e a t m e n t and 
w o r k i n g " . 

S t e p S6 

The e v a l u a t i o n o f a l l o y s w h i c h a r e 
e s t i m a t e d i n S t e p S S i s p e r f o r m e d b y t h e 
m e t h o d a s d e s c r i b e d i n S t e p S3. The 
p o s s i b i l i t y o f h e a t - t r e a t m e n t and w o r k i n g 
i s now n o t c o n s i d e r e d i n CAAD-I. 

As t h e summary o f t h i s s e c t i o n , t h e 
l e a r n i n g p r o c e d u r e and t h e a l l o y d e s i g n i n g 
p r o c e d u r e a r e i l l u s t r a t e d i n F i g . 5 and 
F i g . 6 . 

C o n e l u s i o n 

The s i t u a t i o n o f CAAD-I i s a t t h e 
p o i n t o f c r e a t i n g t a c t i c s . The t a c t i c s 
a r e c r e a t e d b y s e t t i n g t h e l a s t t h r e e 
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The m a i n r e a s o n o f o u r i n v e s t i g a t i o n 
t o a p p l y t h e m e t h o d s o f h e u r i s t i c 
p r o g r a m m i n g i s t h a t t h e y a r e c o n v e n i e n t 
t o d i v i d e t h e a l l o y d e s i g n i n g p r o b l e m i n t o 
t w o p a r t s , i . e . , m e c h a n i c a l l y i n f e r r e d p a r t 
and m e c h a n i c a l l y n o t i n f e r r e d p a r t . 
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Appendix 

The i n f o r m a t i o n of phase diagrams are 
processed in the f o l l o w i n g way. 

( i ) S e t t h e name o f a phase diagram. 
( i i ) R e t r i e v e the phase diagram. 
( i i i ) S e t the values o f temperature and 

c o m p o s i t i o n . 
( i v ) S e l e c t branches which i n c l u d e t h e above 

c o m p o s i t i o n w i t h i n t h e i r ranges. 
( v ) S e l e c t nodes i n c i d e n t t o the s e l e c t e d 

branches. 
( v i ) R e c o g n i z e p a t t e r n s of the nodes accord

i n g t o t h e a l g o r i t h m d e s c r i b e d i n the 
p r e c e d i n g s e c t i o n . 

( v i i ) S e l e c t t h e p a t t e r n o f the node a s the 
p a t t e r n o f the p o i n t i f the codes o f 
d i r e c t i o n s are e q u i v a l e n t a t b o t h 
p o i n t s b y c o n n e c t i n g the p o i n t s . 

( v i i i ) D e c i d e t h e s u f f i x , i . e . , " - t i c " o r 
" - t o i d " by c o u n t i n g t h e number o f 
branches over the d e s i g n a t e d p o i n t . 
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terms of T w h i c h is q u e s t i o n e d one by one 
a c c o r d i n g t o t h e r e s o l u t i o n o f t h e f o r m u l a 
( 1 7 ) . When a new a l l o y d a t a a r e c r e a t e d 
i n t h e d a t a b a s e , t h e t a c t i c s a r e r e v i e w e d 
and m o d i f i e d w i t h r e s p e c t t o t h e t h i r d and 
t h e f o u r t h terms o f T s o a s t o i n c l u d e t h e 
new case. By t h e c o m b i n a t i o n of t h e s e 
t a c t i c s a r e d e s c r i b e d t h e p r o c e s s o f 
d e v e l o p m e n t s w i t h r e s p e c t t o a p a r t o f 
c o m m e r c i a l a l l o y s . T h e r e f o r e w e can 
d e c i d e t h e s t a r t i n g m a t e r i a l i f t h e ranges 
o f r e q u i r e d p r o p e r t i e s and w e i g h t i n g 
f a c t o r s a r e d e f i n e d . The s e l e c t i o n o f t h e 
optimum m a t e r i a l a r e i m p o s s i b l e , b u t t h e 
s e l e c t i o n o f b e t t e r m a t e r i a l s can b e 
p e r f o r m e d b y t a k i n g a d v a n t a g e o f t h e 
t a c t i c s a l r e a d y c r e a t e d . The f u r t h e r 
r e s e a r c h t o d e s i d e t h e optimum m a t e r i a l i s 
l e f t t o human. 


