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Abstract: The paper presents  a numerical procedure  in order to determine the optimal composition of the steel using a small-size 
database  containing  information about composites and their properties in one and the same process. The procedure uses a multicriteria 
decision for  specific properties of the  investigated  materials,  necessary  for the design  formulated via a generalized parameter of the 
chemical composition of the alloy. The study  is carried out  with various linear combinations of generalized parameters of the chemical 
composition and consequently determining the optimal  quantities  of the individual components of the composition  
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1. Introduction 

In the optimization of the composition and properties of 
traditionally used or new alloy compositions in most cases there is 
limited preliminary information about the research grade material 
under appropriate thermal and mechanical treatment.  Therefore it is 
necessary to create methods and approaches, giving a rational result 
for a limited number of data, determined by the composition and 
characteristic important design properties. 

Approaches developed by us [1-3], characterized by the use of 
large amounts of information  via modeling of neural networks and 
regression analysis, can be used to verify the decision in the case 
when the explored class is added to a large base of materials. 

The purpose of this exposure is to propose a numerical 
procedure in order to determine the optimal composition of the 
alloy using a small volume database for  composites and their 
properties in the same process. The procedure is based on 
determining a multicriteria decision for characteristic of the studied 
material properties, expressed by generalized parameters of 
chemical composition. 

2. Nature of the Procedure 

The advantage of the procedure is the use of a  small-size 
database which can be determined on the basis of preliminary tests. 
Reducing the number of observations in the sample is due to the 
reduction of the problem to a generalizing parameter of the 
chemical composition. Such a sample size of the observations in 
conventional tests with more than five elements is  not sufficient  
for the tools of the method of approximation with a neural network 
and with regression analysis. This is directly related to the accuracy 
of the solution. 

The solution of the problem  is reduced to determining the 
single-objective models, fixing the influence of the studied 
properties of the generalized parameters of the chemical 
composition of the alloy by standard approximations. The choice of 
fixed approximation is determined based on the highest coefficient 
of multiple correlation R. Formulated models are verified using  F - 
Fisher criterion. Algorithm of the procedure is represented in Fig. 1. 

Determine the composition, processing
parameters and properties of representatives

of the class of materials for optimization

Form a matrix of linearly independent equations to 
determine the generalized indicator  of the chemical 

composition and output dependencies of the explored 
property depending on the generalized indicator

Define a multicriteria problem and determine the value 
of the generalized indicator of the chemical composition 

for any combination of systems of linear equations

Solve the system of linear equations and
determine the optimal composition of the alloy

 
Fig.1. Algorithm of the procedure 

Problems of materials science, as problems for optimization of 
the composition and properties, are problems for multicriteria 
optimization. A multicriteria problem for materials science include 
at least two criteria – criteria of contradictory nature, e.g. strength 
and ductility. In such problems, it is possible to determine the 
optimum alloy composition, corresponding to the preset 
requirements. On the basis of  formulated  models, after the 
approximation the multicriteria problem is defined with all 
requirements defined in it. Identical values of the tested criteria 
should apply to all linearly independent equations in the system of 
generalizing parameters of the chemical composition. The 
peculiarity  of the problem is that  it is reduced to determining the 
values of the generalized parameters of the chemical composition 
under these [ fixed  conditions. This condition ensures the solution 
of the problem of  optimal composition after fulfilling the 
requirements’ criteria. 

3. Testing the Procedure. 

The procedure was chosen to test a specific Ukrainian database 
for steel in Energomash listed in Table 1. At the defined task, the 
goal is an optimal composition of steel with yield strength Re > 500 
MPa and resistance to brittle fracture. Resistance to brittle fracture 
is achieved by using materials with relatively high values of 
elongation.  In the practice for the considered class of steels, the 
optimal combination of the yield strength (Re) and the  elongation 
(A) is respectively Re > 500 MPa and A > 11%. This requirement is 
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defined as the minimum threshold of the multicriteria optimization 
problem. 

As examples of generalized parameters of the chemical 
composition serve used in the literature [4] various dependencies 
for CEV (Carbon Equivalent Value or Equivalent Carbon Content). 
These relationships define the system of independent linear 
equations of the system to determine the value of the percentage of 
the individual ligating elements. The number of equations matches 
the number of components in the chemical composition of the alloy. 
The system  has  the form: 

 
Table. 1: Sample database steels by Energomash [5] on the 
composition and the properties after quenching and high 
temperature tempering. 

 

№  Brand C Si Mn Ni Cr Mo V Re 
[MPa] 

A 
[%] 

1 40CrMnMo7 0,4 0,4 1,5 0,6 1,9 0,2 0 700 12 

2 40CrMnMo58 
-6 0,4 0,4 1,5 0 1,9 0,2 0 830 9 

3 40CrMoV5-1 0,4 1,1 0,4 0 5,2 1,35 1 1300 7 
4 56NiCrMoV-7 0,55 0,25 0,75 1,65 1 0,5 0,9 1280 12 
5 17NiCrMo6-4 0,17 0,3 0,75 1,35 1 0,2 0 910 15 
6 18CrNiMo7-6 0,18 0,35 0,75 1,55 1,65 0,3 0 785 8 
7 20MnMoNi4-5 0,2 0,3 1,25 0,6 0,5 0,5 0 420 17 
8 20NiCrMo2-2 0,2 0,37 0,8 0,55 0,5 0,2 0 193 26 
9 25CrMo4 0,25 0,4 0,75 0 1,05 0,25 0 650 17 

10 27CrNiMoV14 
-5 0,27 0,14 0,3 3,7 1,55 0,35 0,1 800 11 

11 26NiCrMoV11 
-5 0,27 0,15 0,27 2,7 1,5 0,35 0,1 730 11 

12 30Х2Н2МА 0,29 0,37 0,45 2 1 0,4 0 700 12 
13 30CrNiMo8 0,3 0,37 0,45 2 2 0,4 0 658 10 
14 34CrNiMo6 0,34 0,37 0,65 1,5 1,5 0,2 0 600 12 
15 34CrMo4 0,34 0,25 0,55 0,4 1,5 0,48 0 490 15 
16 42CrMo4 0,4 0,41 0,25 0 0,95 0,22 0 300 14 

According to the concrete equations, the corresponding 
generalized indicator of the chemical composition is calculated for 
each composition from the database / Table 1 /. 

The results of these calculations are shown in Table. 2. 

 

 

Table 2. Data summary indicator for the chemical composition of 
the sample database.. 

№ Cekv1 Cekv2 Cekv3 Cekv4 Cekv5 Cekv6 Cekv7 Re A 
1 0,620 1,112 1,012 0,630 1,110 0,607 1,177 700 12 
2 0,610 1,097 0,997 0,600 1,070 0,597 1,137 830 9 
3 0,829 1,961 1,963 0,853 1,977 0,907 2,160 1300 7 
4 0,757 1,116 1,092 0,803 1,265 0,797 1,307 1280 12 
5 0,306 0,591 0,541 0,350 0,625 0,303 0,675 910 15 
6 0,357 0,763 0,713 0,410 0,798 0,358 0,857 785 8 
7 0,338 0,661 0,578 0,358 0,648 0,341 0,698 420 17 
8 0,304 0,513 0,459 0,321 0,510 0,300 0,572 193 26 
9 0,372 0,664 0,614 0,373 0,635 0,370 0,702 650 17 
10 0,449 0,823 0,806 0,577 0,967 0,462 0,990 800 11 
11 0,428 0,783 0,768 0,524 0,885 0,442 0,910 730 11 
12 0,426 0,730 0,700 0,501 0,778 0,435 0,840 700 12 
13 0,486 0,940 0,910 0,561 0,988 0,495 1,050 658 10 
14 0,500 0,851 0,808 0,551 0,888 0,498 0,950 600 12 
15 0,478 0,872 0,835 0,499 0,854 0,490 0,896 490 15 
16 0,485 0,704 0,687 0,492 0,676 0,488 0,744 300 14 

With the specified ain Table 2 data, there are calculated the 
dependencies of the yield strength as a function of the generalized 
indicator (Re = f (Cekv)) and the  elongation as a function of the 
generalized indicator (A = f (Cekv)). For specified models a test is  
carried out  for validity of R with F – Fisher criterion. In Table 3 
and Table 4 are shown derived dependencies for the yield strength 
(Re) and the  elongation (A) with the respective coefficients of 
multiple correlation. In Fig.2 and Fig.3 a graphic interpretation  of 
the models in Table 3 and Table 4 is shown. 

 

Table 3. Models of the yield point according to the generalized 
indicator of the chemical composition 

 

№ Models for the yield strength according to 
the generalized indicator of the chemical 

composition 

Coefficient of 
multiple 

correlation 
1 Re=-202887x4+457383x3-

368535x2+126423x 
-14997 

R²=0,6496 

2 Re=-157,69x3+354,49x2+531,28x+87,944 R²=0,5095 
3 Re= -790,13x3+2496,2x2-1565,1x+736,54 R²=0,5352 
4 Re= 9087,5x3-12685x2+6513,7x-584,03 R²=0,6271 
5 Re=-588,66x3+1908,5x2-1098,1x+572,44 R²=0,6184 
6 Re=-3397,9x3+8292,7x2-4721,7x+1358,8 R²=0,5704 
7 Re=-534,37x3+1847,2x2-1169,1x+599,78 R²=0,6049 

Table 4. Models of elongation depending on the generalized 
indicator of the chemical composition 

 

№ Models for elongation depending on the 
generalized indicator of the chemical 

composition 

Coefficient of 
multiple 

correlation 
1 A=-19324x5+55254x4-61964x3+34048x2-

9170,2x 
+981,37 

R²=0,5816 

2 A=11,437x2-36,248x+34,913 R²=0,5546 
3 A=11,427x2-35,658x+33,646 R²=0,5853 
4 A=59,482x2-87,718x+41,375 R²=0,5415 
5 A=11,11x2-35,582x+35,031 R²=0,6144 
6 A=596,17x4-1751,2x3+1828,6x2-

810,06x+140,97 
R²=0,5228 

7 A=10,135x2-35,018x+36,246 R²=0,6054 
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Fig.2. Graphic interpretation of the approximation of the experimental data for the yield strength. 
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Fig.3. Graphic interpretation of the approximation of the experimental data for elongation. 

 

Table 5. Efficient solutions for the vector of the generalized 
indicator of the chemical composition 

 

Solution # 1 Solution # 2 Solution # 3 

   

As a result of Pareto optimization there have been received 
three effective solutions, which are given in Table 5. They are 

related to systems of linear equations, from the solution of which 
the optimal composition of the alloy is obtained. Table 6 presents 
the obtained Pareto solutions. 

Table 6. Optimal chemical composition of  effective  solutions. 
Chemical 

composition 
Solution # 1 Solution # 2 Solution # 3 

Carbon 

   

Silicon 

Manganese 

Nickel 

Chromium 

Molybdenum 

Vanadium 
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4. Conclusion 

A numerical procedure for determination of the optimal 
composition of a steel  alloy using a  small-size database with 
information for composites and their properties in one and the same 
process. The procedure was tested for class of alloy steels applied in 
energy-engineering industry. An  optimal composition of the steel is 
obtained, which guarantees properties: yield strength Re > 600MPa 
and elongation values of A > 11%.  

Multicriteria decision of the properties  necessary for the design 
are  formulated  by generalized parameter of the chemical 
composition of the alloy. The study was carried out with various 
linear combinations of generalized parameters of the chemical 
composition and it can be successfully applied for metallic 
materials not only on  ferrous  base. 
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