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OPTIMIZATION OF THE CHEMICAL COMPOSITION OF STEEL
FOR ENGINEERING STRUCTURES BY THE CRITERION
OF STABILIZATION OF MECHANICAL PROPERTIES

Summary. The aim of the study is to create a mathematical model for the operational control of the strength
characteristics of the expected metal structure in the conditions of serial steelmaking. Traditional approaches based
on test results of prototypes obtained in laboratory conditions are not suitable for this purpose. This is because, in
mass production steelmaking, the strength characteristics of products are affected by the metal structure and many
other melting conditions, in addition to their chemical composition. This justifies the need to take into account the
parameters of interatomic interaction as optimization criteria.

The main idea of the study is to take into account the concept of directional chemical bonding of metal, which
links their composition, structure and metal properties.

This concept is supplemented by elements of optimization of the chemical composition of steel, by the criterion of
stabilization of mechanical properties, and by methods of planning experiments. This allowed us to obtain variation
intervals for the main optimization criteria.

To ensure the physical essence of the models for predicting the mechanical properties of steels of railway
equipment bearing systems, it is proposed to use integral physical and chemical criteria: the structural parameter d
(nm 10-1) and the physical and chemical equivalent Zy(e).

The influence of alloying elements (chromium, molybdenum, vanadium) on the formation of mechanical
properties of steel is studied on the basis of mathematical and physicochemical modelling. The intervals of alloying
elements content that ensure compliance with the required standards are determined. Dependencies of changes in the
mechanical properties of alloyed rolled products on the structural state index d were constructed.

The intersection of the functions of properties of medium-carbon steels in the eutectic region corresponds to
the provisions of N.S Kurnakova aw, and makes it possible to predict the level and combination of properties and
characteristics of alloys.

Keywords: mathematical functions, tensile strength, freight transportation, carbon, relative elongation,
mathematical models, factor analysis, chemical composition of steel, reliability, mechanics, computer modelling,
automation.
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Problem statement. Modern mechanical engineering imposes increasingly high requirements to
the operational properties of materials [1]. By applying various technological schemes of heat treat-
ment of alloyed rolled products, it is possible to change the strength properties by influencing the pro-
cesses of structure formation. Mechanical and operational properties of metal are determined by the
structure of metal, which depends on the chemical composition, deformation conditions, temperature
and cooling mode. It is known that the content of chemical elements in the steel composition has a
decisive influence on structure formation during heat treatment. Attempts to experimentally investi-
gate the dependences of mechanical properties of steels on their chemical composition and the con-
struction of mathematical models based on the results of experiments have been going on for decades.

Analyses of the latest research and publications. Ohkubo N. et al. back in 1994 published an arti-
cle [2] reporting on a series of experiments with prototype samples of austenitic stainless steel with
different chemical compositions including carbon, silicon, manganese, phosphorus, sulfur, nickel,
chromium, molybdenum, copper, nitrogen. As a result of these experiments, the authors obtained
experimental curves of hardness, yield strength and tensile strength as a function of grain size and
percentage of the above chemical elements. The experimental curves were then approximated by lin-
ear regression equations, which were then used to analyze the results obtained.

Han et al. [3], using the example of hot-rolled ribbed bar production, obtained linear regression
equations expressing the dependence of strength, yield strength and relative elongation on the con-
tent of carbon, manganese, chromium, nickel, vanadium. With the help of mathematical model they
obtained an acceptable range of chromium content, which does not reduce the quality of manufac-
tured products, which provides, in their opinion, the most favorable in operational terms mechanical
properties of prototypes.

Sheyko et al. [4] performed the following series of laboratory experiments. Laboratory castings
with different content of alloying elements were produced in an induction furnace and then forged
into 10x80x120 mm billets, whose mechanical characteristics were determined: tensile strength, yield
strength, relative elongation, and impact toughness. Having processed the experimental results, the
authors [4] obtained regression equations reflecting the dependence of mechanical properties of the
tested low-carbon steel on the content of alloying elements: chromium, titanium and vanadium. With
the help of these dependencies, they selected the optimal combinations of alloying elements, provid-
ing, in their opinion, the most favorable in operational terms mechanical properties of test specimens.

However, V.A. Lutsenko et al. [5] criticized such approaches. They noted that ‘existing approaches
to the optimization of the chemical composition of steel, providing the necessary mechanical prop-
erties of steel products, are usually based on statistical models of composition — property roller and
do not reflect the physical and chemical aspects of the behavior of multi-component melt at the final
stages of the technology of obtaining finished products. In this regard, the authors [5] advise to use
the following approach. Since phase transformations are a consequence of interatomic interactions in
a multicomponent melt, it is suggested to use the dance pattern of the chemical composition through
the structural state parameter d. In physical terms, the parameter d represents the average inter-nu-
clear distance between interacting atoms of the investigated steel. Using this approach, the authors
[5] studied the influence of alloying elements (chromium, molybdvanadium) on the formation of
mechanical properties of steel. They plotted the dependences of tensile strength and relative elonga-
tion on the physicochemical criterion — structural modelling parameter d. As a result, it is shown that
the increase in chromium content increases the tensile strength, and alloying with molybdenum and
vanadium increases ductility.

In metallurgy there is a fundamental law linking the properties of alloys with their composition and
structural state — the law of N.S. Kurnakov [6]. One of the basic provisions of this law is the absence
of function discontinuity within one phase region of the state diagram. Thus, the development of
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new and optimization of existing compositions of structural steels by reducing the carbon content by
compensating it as a hardener by elements of matrix micro alloying systems (C, Si, Mn,) is an urgent
task [7-9].

Formulation of the objectives of the article. Improvement of mechanical, exploitation character-
istics, and physical and chemical properties of steels of machine-building structures due to optimiza-
tion of the chemical composition of steel for the criterion of stabilization of mechanical properties.

Teaching the core material. Steels, as structural materials, have great opportunities to increase
their quality and improve all service properties by improving their production technology, reducing
harmful impurities, alloying and microalloying, taking into account the physical and chemical nature
and physical structure of the materials. Structural steels are usually subject to the following require-
ments: a combination of high structural strength and sufficient toughness.

In automobile, shipbuilding, railway engineering are widely used critical parts that must have wear
resistance and strength under conditions of high pressures, loads and temperatures (nozzles, sleeves,
plunger pairs, wheel pairs, bearing elements, etc.) Increasing the load capacity to the axial load of
freight cars can be achieved by increasing the axial load up to 25 tonnes, the use of new design solu-
tions, as well as through the use of new structural materials with increased strength.

One of the brightest representatives of such steels is 09G2S steel. The advantage of this steel is that
it is not prone to tempering brittleness, which in turn allows for a wide range of tempering temper-
atures. To date, the most widely used for the load-bearing structures of cars is low-alloy steel grade
09G2S according to DSTU 8541:2015 Rolled steel of increased strength. Technical conditions [10].

The greatest application has rolled steel of strength class 325 (kingpin beam, individual elements
of the car with a thickness of 10 mm and more) and 345 (individual elements of the car with a thick-
ness of less than 10 mm). At the same time, steels with higher mechanical properties are widely used
in other branches of heavy machine building. For example, high-strength steels with yield strength of
400 MPa and more are used for manufacturing and repair of mining equipment, quarry machinery and
attachments, power structures of lifting mechanisms and cargo vehicles [11]. There are known cases
of application of steels with yield strength of 550 MPa and more in wagon building [1].

In order to assess the influence of the chemical composition of steel on its mechanical properties
and temperatures of phase transformations, the concept of directed chemical bonding in the descrip-
tion of interatomic interaction in the melt developed in the Institute of Chemistry of NASU [12,13
] was used. The principle of this concept is to describe the chemical composition of the melt by a
complex of integral model parameters of interatomic interaction. It allows to reduce the parametricity
of models in which the element-by-element composition of multicomponent steels T is expressed in
integral parameters of interatomic interaction.

Preliminary, the factor analysis by the method of head components has been carried out. The
measure of informativity of the factors is the ratio of dispersions of head components and input data
[14]. On the basis of which the structuring of the chemistry of steel into various subsystems was per-
formed, the most significant of which were:

a) matrix m (C, Si, Mn)

b) light subsystem ml includes (Cr, Ni, Gu)

¢) domic acid subsystem includes domic acid (S), phosphorus (P)

(Fig. 1) shows the results of structuration of the chemical composition of structural steel O9G2S
behind the load on the main integral factors. On the basis of factor analysis, integral parameters for
matrix and impurity subsystems were calculated. (Fig.1) shows the dependences between mechanical
properties and parameters of interatomic interaction of impurity subsystems. From the given depend-
ences, it follows that, a significant contribution to the formation of the relative elongation is made by
the impurity subsystem (Cr, Ni, Gu), and for the strength limit — by the matrix subsystem (C, Si, Mn).
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Fig. 1. Significant loadings on integral factors

Solution of the problem of dimensionality reduction of prediction problems based on the theory of
directed chemical bonding [15]. Since phase transformations are a consequence of interatomic interac-
tion in a multicomponent melt, at the first stage the chemical composition is ‘reconciled’ through the
integral parameters of charge Z¥(e) and structural d (nm 10') state, which are calculated as a result of
pairwise interaction of all its m components by solving the system of nonlinear m*>-m+1 equations:[12].

a—f(Aejj) =0,
a—f(Aej) =0, i=12,..m-1j=i+1..m, (1)
4-7%(a,Ae )+ ZY (d,Ae’ ) =0,

where A'e;; — the number of electrons that are localized by the interaction in the direction of bond
1-] at distance a (on the diagonal of the OCC or HCC lattices);

A’e;; — at a distance d=0.866*a- along the face:

" n AL il-i"AeI:l_l’m )} (2)
Ae =(Aepp,Aeyy, Acj., Ay | m)

Ae = (Aeiz,Ae'B,.Ae

As a result of solving the above nonlinear system of equations, the following are determined:

a, Aelj,Aeij,izl,...,m—l,j=i+1,...,m. 3)

The parameter Z" is determined by averaging the effective charges of all i —j bond types with bond
length d:

lgRuf —lg(d /2 m_l m "
1gay; k=1l=k+1

mn
zr =y
k=1

where n, — mole fraction, Ru’ — is the radius of the unpolarised atom,

tgoy, — parameter, which characterises the change of electron density at ionisation of the atom of
the k-th component.

tga — gradient of change of the ion radius at change of its charge

In the above formulation, the purpose of optimising the chemical composition of the study of steels
in engineering structures by optimising the chemical composition of steel according to the criterion
of stabilising mechanical properties can be considered as a multidimensional optimisation problem
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with constraints [17] is to determine the corresponding vector of controlled parameters in the domain
D X (x,x;,..x;), the values of which ensure the achievement of an extreme value of the objective

function y,,, = F ()_(*) and satisfy all the given functional constraints that define the domain /[y.
Then the mathematical formulation of the optimisation problem can be represented as follows:

Ve =F ()_(*) = extremum 5)

X e U, e/[d.
In this case, the domain of possible solutions, determined by the intervals of variation of the vari-
able parameters x,,x,,...,X,

x; - <x;<x; sig[lin] } (6)

Tmin T 7T max

a={x
The domain of acceptable solutions, taking into account factor constraints y, <a, ..., y; =b
a.-{%

The analysis of numerous scientific studies in the direction of analysing the influence of the chem-
ical composition of steel on the mechanical properties of steel [2—8; 11-16] made it possible to iden-
tify the following groups of requirements (structural components of the Y vector) that should be taken
into account when optimising the chemical composition.

Group 1. Physicochemical Criterion. Interatomic interaction d. and integral parameters of charge
7Y, as a “convolution” of chemical composition as well as structural parameter d (nm 10") d. compo-
nent gradient of change of ion radius with change of its charge,tga, cooling rate V,;

Group 2. Criterion factorisation matrix m (C, Si, Mn);

Group 3. Criterion of mechanical properties: such as tensile strength (ov), yield strength (or),
elongation (9);

In (Fig. 2-3) as an application is presented additional graphs to the identification of optimal param-
eters of steel for the criterion of stabilisation.

(7

y<a,., yj=b;x,-min Sx,-Sx,-maX sie[ k] }

Y
Z "1210 ~. \ f00-0088079 N =,

N
Voxn=5
“\-

1235

1230 >

\\‘ Voxn=t™\ L

1225 o T
tga=-0088071

1220

.~

Voxn=7

1.215

1210

1.205

1200
11976

1,195 N P
N
1190 ~n.

277876 277896 27916 27936 27956 277976 27996 280%2.8091 28036 2.8095 d

.
N,

Fig. 2. Structure-charge diagram optimisations for physico-chemical criteria
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Fig. 3. Dependence of the ZY parameter the charge state of the system

(Tables 1 and 2) summarise the optimal steel parameters obtained for the criterion of mechanical
property stabilisation and their comparison with DSTU and commercial samples.

Table 1
Actual and optimised chemical composition of 09G2S steel, wt%
Ri.znpvid Mass fraction of elements % wt.
I;I;‘r?ﬁgﬂgg C Si Mn Cr Ni Cu P S
Promislovies[19] 0,10 0,6 1,5 0,03 0,03 0,3 0,025 0,03
Optimal <0,091 <0,23 <1,71 <0,027 <0,027 <0,201 <0,009 <0,007
DSTU
85412015 <0,12 0,17-0,37 | 1,4-1,8 <0,3 <0,3 <0,3 - -
Table 2

Mechanical power of steel 09G2S, high chemical composition after normalization in industrial minds and
optimization according to the criterion of stabilization of mechanical power

Mechanical power has
become important as a
criterion o?brilliance o.Mlla Q(a) or MlTa Q(om) 6% Q%)
Promislovies ‘EZ? 0,95 32‘6‘; 0,98 21 -
Optimal (75560) 0,95 5675") 0,98 21 -
gait >430 - >345 21 -
In brackets () is the standard deviation
Conclusions.

1. The kink of the functions of properties of medium-carbon steels in the eutectic region corre-
sponds to the provisions of N.S. Kurnakov law and allows predicting the level and combination of

properties and characteristics of alloys.
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2. According to the results of the performed studies, it is shown that the optimisation of the chemical
composition of the studied steels of engineering structures is possible due to the optimisation of the
chemical composition of steel by the criterion of stabilisation of mechanical properties. The most sig-
nificant parameters in the calculation of o,, cTare the integral parameters of interatomic interaction d,
and ZY full matrix subsystem (C, Si, M,), microalloying subsystem (C,, N;, G,), and cooling rate V..

3. The substantiated choice of the main elements of the chemical composition of 09G2S steel
according to the criterion of stabilisation of mechanical properties, the main criterion and functional
constraints, as well as the chosen technology for conducting an optimisation study, made it possible
to search for such values. It was found that after the value of the charge state, when the condition
1.1960 < ZY < 1.2151 is met, the trend lines of hardness values ‘change’ their position. Thus, it has
been established that for low-alloy steels, the chemical composition of which has an optimised value
of ZY=1.1971 or less, additional normalisation after hot plastic deformation is not effective in terms
of increasing hardness. The optimised value of d =2.8091 and the highest mechanical properties ¢, =
750 MPa, o1 = 600 MPa, V.= 7 C/sec.

4. The obtained optimal chemical composition of 09G2S steel according to the criterion of stabili-
sation of mechanical properties does not contradict the information on the chemical compositions of
structural steels obtained by a representative sample of industrial data with a wide variation in com-
position and properties reviewed in [19] and also meets the requirements of [10].

5. An analysis of the regulatory requirements for the content of the main chemical components of
structural steels was carried out It was found that the standardised intervals are quite wide and largely
overlap, which can cause a wide variation in the values of mechanical properties, provided that the
steel meets the chemical composition requirements of the standard and is stable.

The article has reached the editor: 20.03.2025
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O. B. ®omin!, O. B. Bypayubkuii?, I. O. Boponko!, O. M. Bypcyk?, O. I Ko3zauyk!
!lep:xkaBHuii yHiBepcHTET iHPPACTPYKTYPH Ta TEXHOJIOTiii
?YKpaiHCbKUii IepKaBHUH YHIBEPCHTET 3a1i3HHYHOI0 TPAHCHOPTY
SKuiBchbKHil eJleKTpoMexXaHiuHHUIl (paxoBHii KoJIeTK

OIITUMIBALISA XIMIUHOI'O CKJIAZY CTAJI MAILIMHOBYJIIBHUX
KOHCTPYKIIN 3A KPUTEPIEM CTABLII3AIIL
MEXAHIYHUX BJIACTUBOCTEM

Anomauis

Mertoto po0OTH € CTBOPEHHSI MareMaTWYHOi MOJENI OIEPaTHBHOIO YNPABIIHHS XapaKTepUCTHKAMH MIIIHOCTI
O4YiKYBAHOI METAJIOKOHCTPYKIIi B yMOBAaX CEPIHHOrO CTAJICIIIABMIBHOTO BUPOOHUIITBA. TpajMIiliHI MiAXO0/IH, M0
IPYHTYIOTBCSI Ha pe3ynbTaTax BHIPOOyBaHb JOCIIHUX 3pa3KiB, OJCPXKYBaHUX Yy J1a0OPaTOPHUX YMOBAX, IS i€l
METH He MiIXoaTh. CKa3aHe MOsSCHIOETHCS THM, M0 OCKIJIbKU B yMOBaX CEPIHHOTO CTAJICILIABUIIBHOTO BUPOOHHUIITBA
Ha XapaKTePUCTUKU MIIIHOCTI BUPOOIB, KPiM IX XIMIYHOTO CKJIAJy, BIUIMBAE CTPYKTYpa MeTaiy i Oe3/i4 iHIINX yMOB
TIIABOK, 1Ie OOTPYHTOBY€E HEOOX1HICTb /IS BpaxyBaHHsI TapaMeTpPiB MXKATOMHOI B3a€MOIIT SIK KpUTEpiiB ONTHMI3aLii.

lonoBHa imest JMOCHIJKEHHS MOJAra€ B TOMY, OO TiJ] Yac TPOTHO3YBAHHS JIO0 yBarM Opajd KOHIICTIIIiI0
CIIPSIMOBAHOTO XiMIYHOTO 3B’SI3Ky METaly, 10 MOB’s3y€ MiXk COOO0I0 iX CKIaJl, CTPYKTYpY 1 BIACTHBOCTI METaIy.

[pencrarneHa KOHIEMINS JIOMIOBHEHA €JIEMEHTAMU ONTUMI3AIll XIMIYHOIO CKJIay CTaji 3a KpUTEpieEM
crabinizamii MEexaHIYHUX BIACTUBOCTEH, METOAMH TUIAHYBAaHHS EKCIIEPUMEHTIB, 3aBISIKH YoMy OyJ0 OTpUMaHO
IHTepBaJIK BapilOBaHHS OCHOBHUX KPUTEPiaNbHUX TTOKA3HUKIB ONTUMI3aIlil.

Jst 3a0e3nedeHHs GizaHOT CyTHOCTI MOJIeNiel POrHO3yBaHHS MEXaHIYHHX BIACTUBOCTEH CTallell HECIBHUX CHCTEM
3aJTI3HWYHOT TEXHIKH 3aIpONIOHOBAaHO BUKOPUCTOBYBATH iHTErpasibHi (hi3UKO-XiMivHI KpUTEpil: CTPYKTYpHHUI mapameTp

d (am 10") i ¢isuko-ximiunuii exBiBaseHt ZY(e).

Ha mincraBi MateMaTnyHOro Ta (i3UKO-XiMi4HOTO MOJCTIOBAHHSI BUBUCHO BIUIHMB JICTYIOUNX EIEMEHTIB (XPOM,
MOJiO/IeH, BaHa 1ill) Ha (POPMYBaHHS MEXaHIYHUX BIACTHBOCTEH cTai. BUu3Ha4YeHO IHTEPBAIU BMICTY JICTYBaJIbHUX
eNIeMEHTIB, 110 3a0e3MevyloTh BHKOHAHHS HEOOXiZHMX HOpM. [l0OymoBaHO 3aieXHOCTI 3MIHM MeXaHidHHX
BIIACTHBOCTEH JIETOBAaHOTO MPOKATY BiJl TOKa3HUKA CTPYKTYPHOTO cTaHy d.

[epetrH QyHKINH BIACTUBOCTEH CEPEHBOBYIICICBUX CTANCH y AUISHIN €BTEKTOMY BIIMOBIIAE TIOJOKCHHIM
3akony H.C. KypHakoBa i a€ 3MOTy IPOTHO3YBATH PiBSHB 1 OEHAHHS BIACTUBOCTEH Ta XapaKTEPUCTHUK CILIABIB.

Knwouosi cnosa: maremarnuna (yHKIsS, Meka MIIHOCTi, BaHTaXHI MEpEeBE3CHHS, BYINElb, BiJHOCHE
MOJIOBKEHHS, MaTeMaTH4Hi MojieNTi, GakTOpHUI aHami3, XIMIYHUH CKIIaJl CTali, HaailHICTh, MEXaHiKa, KOMIT I0TepHE
MOJICITIOBAHHSI.
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