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THE ROLE OF TAKING INTO ACCOUNT THE INTERATOMIC
INTERACTION IN PREDICTING THE COMPLEX OF STRUCTURALLY-
SENSITIVE PROPERTIES OF STEELS AND ALLOYS FOR SPECIAL
PURPOSE
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The aim of the work is to identify the influence of the chemical composition of
steels and special-purpose alloys on the formation of their physicochemical and
structural-sensitive properties. This problem is solved by mathematical modeling of the
inseparable chain «composition - structure — property» taking into account the
parameters of interatomic interaction in the melt based on the concept of a directed
chemical bond. A steel melt is considered as a chemically homogeneous system, and the
state of the melts is expressed through a set of integral parameters, the main of which
are: Zy - system charge state parameter (e); r - statistically average internuclear distance
(10-1nm); tga is a constant for each element, which characterizes the change in the
radius of the ion as its charge changes. On the basis of experimental information on
properties and using the parameters of interatomic interaction, computational models are
proposed for predicting the properties of steels and alloys. The forecast models took into
account the parameters of micro-inhomogeneity of steel, which ensured a high accuracy
of the operational forecast. A comparative analysis of the results of steel melting with
the corresponding calculations based on the JMatPro software package confirmed the
effectiveness of using the interatomic interaction parameters as models. The proposed
models for determining the melting of chromium-nickel steels are recommended for use
with the content of basic elements Cr, Ni from 0 to 30%. The research results are
recommended for use in industrial environments through the integration of the
developed models in the process control system of steelmaking, which will contribute to
the directed formation of the composition and properties of smelting products, as well as
reducing energy costs.

Keywords: special steels, interatomic interaction parameters, physicochemical
properties, micro-inhomogeneity, predictive models

The state of the problem. In recent years, the tendency to increase the
demand for high-quality metal products has become more pronounced. The
depletion and deterioration of the quality of mineral resources, both in the
world market and within our country, puts on the agenda a search for new
approaches and the improvement of the adopted technological solutions aimed
at improving the quality of special-purpose steels and alloys, which is
associated with physical and chemical modelling of metal melts and their
interactions in the «metal-slag» system. This will provide a theoretical basis for
a scientifically-based choice of rational modes of melting special-purpose
steels, as well as the efficient use of raw materials and energy resources.

Prediction of a complex of physicochemical (melting and crystallization
temperature, density, micro-inhomogeneity, viscosity, surface tension,
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electrical conductivity and other properties) of the mechanical and operational
properties of steels and alloys of special value, will allow you to quickly
manage the process of refining the steel in the ladle, as well as the processes
during casting and crystallization, and improve the technical and economic
indicators of smelting.

Despite the growing amount of research on these issues, there are still
difficulties in predicting the structure-sensitive properties of metallic
multicomponent melts, which is largely due to the lack of the formulated
fundamental positions of the liquid state of metallic systems that would serve as
the basis for the formation of the generally accepted structure.

Currently, the most actively developed and used to explain the
physicochemical and structural features of liquid metal systems are ideas about
their microheterogeneous structure, which are partially reflected in the works
[1-5]. Segregation of clusters in steel violates the homogeneous state of the
melt, as the most important indicator of quality [6], viscosity increases and may
cause the formation of non-metallic inclusions and, as a result, defects in the
finished metal product, thereby reducing the performance and service life of the
product.

Differences in the forces of interatomic interaction, describing the
physicochemical relationship between the individual components of the melt
manifest themselves in their clustering ability (Fig.1).
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The most stable clusters are formed with the strongest inter-atomic bonds
between the components of the melt. From the data in Figure 1 to such should
be attributed Re, Ta, W, while the most easily destroyed are K, Na, Li.

Proper consideration of the temperature of the existence of clusters and
their destruction is one of the effective technological methods, which will
ensure the uniformity of the structure of the metal melt and optimize the
temperature of melting.
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Purpose of the work - identifying the influence of the chemical
composition of target steels on the formation of their structurally sensitive
properties based on the interatomic interaction parameters in their melts in
order to simulate processes in the metal-slag system when solving problems of
a scientifically-based choice of effective alloying additives.

The main research material.

According to many years of experience in predicting the physicochemical
properties of metal and slag melts in Z.1. Nekrasov Iron and Steel Institute of
NAS of Ukraine, this problem is solved by mathematical modelling of an
inseparable «composition — structure — property» chain, taking into account the
interatomic interaction parameters in the melt, based on the concept of a
directed chemical bond developed by Prikhodko E.V. and which considers the
melt as a chemically uniform system [8].

Chemical individuality, reactivity, chemical and structural state of the
investigated melts is expressed through a combination of integral parameters,
the main of which are: Z¥ — system charge state parameter; d — statistically
average internuclear distance, 10"nm; tga — constant for each element
characterizing the change in the radius of an ion when its charge changes.

Additional introduction of the directional charge density parameter (p,
e/nm) allows you to indirectly take into account the microheterogeneity of the
melt (clusters, microcrystallites, sibotaxis, swarms). Entering the listed
parameters reduces the parametricity of the models and increases their
physicality.

The efficiency and effectiveness of this method was confirmed by us in the
development of models for predicting the temperatures of melting and
crystallization of chromium-nickel steels. [9], iron carbon steels
(constructional, instrumental, rail) [10], high-temperature nickel alloys (HTNA)
[11], aluminium and magnesium alloys [12] with high forecast accuracy (Table
1). Thus for heat resisting nickel alloys, refractory elements (Mo, W, Re, Ta)
allocated in a separate subsystem.

Table 1. Accuracy of predicted models of melting temperatures and crystallization of
steels and alloys for special purposes

Metallic melts Model Accuracy
Chromium-Nickel steel T, Ts=f (2, d, tgo) R?>0.93
Iron carbon steels T Ts = (Z, plosw) R?>0.95
High-temperature nickel alloys T, Ts = f (plogu, tea,) R?>0.88
Aluminium alloys T, Ts=f (plogw) R?>0.92
Magnesium alloys T, Ts = f (plogw) R?>0.97

Here: tga, — weighted average parameter of the micro-doping subsystem constants y-
solid solution hardeners (Mo, W, Re, Ta).

The proposed models for determining the fusibility of chromium-nickel
steels are recommended for use with the content of basic elements Cr, Ni from
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0 to 30%. Developed regression models for iron-carbon steels and alloys are
recommended for use when the iron content in the melt matrix (to 97%) and the
total alloying component (to 20%). Aluminium and magnesium alloys have a
similar model structure, which is due to their location in one area in a micro-
inhomogeneous structure (Fig. 1.) and is expressed by the parameter of the
directed charge density (pj, e/am).

All the developed models were additionally tested on independent data that
were not included in the initial samples, which confirmed their adequacy and
the ability to recommend the results obtained for use in the ASNI system and
the process control system.

The developed models were also tested by comparing with the well-known
foreign specialized computer complex JMatPro with the assistance of scientists
from the Paderborn University (Germany) [13], which confirmed their
adequacy for making decisions on controlling the temperature of melting.

Comparative analysis of calculated and experimental data for liquidus and
solidus temperatures of iron-carbon steels, aluminium and magnesium alloys
agree well with each other in both cases (both when using the concept of
directed chemical bonding (DCB) and the JMatPro complex) and are highly
predictable.

It should be noted that for sampling these melting points and crystallization
of high-temperature nickel alloys there is a significant inconsistency in
calculations using the JMatPro program (Fig.2, Table 2).

Table 2. Estimation of the accuracy of the prediction of the crystallization temperature
of high-temperature nickel alloys

Alloy grade Tsexp. °C Ts by DCB °C Ts by JMatPro °C
CMSX-10 1394 1396.06 1322
KC32 1345 1343 1242
KC6K 1265 1281.76 1256
KCo6VY 1275 1272.63 1206
Rene N5 1336 1343.42 1195
Rene N6 1365 1363.79 1174
CM186LC 1337 1345.52 1160
CM247LC 1313 1299.52 1120
PWA 1480 1350 1318.72 1116
CMSX-4 1339 1343.84 1154
CMSX-11B 1287 1284.88 1136
CMSX-11C 1275 1286.86 1156
Forecast error, % 0.66 10.30

In [13], researchers also noted a significant discrepancy when calculating
the solidus temperature using the JMatPro software for nickel alloys in
particular for CW6MC and N3M alloys is 112 and 177, respectively, which is
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probably due to the fact that the content of of alloys for which software was
developed based on a modified Shile approximation
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As chromium-nickel steels (Table 3), are among the most popular on the
domestic and foreign markets steel-smelting production, in this paper the
emphasis is on the basic technological properties - their density in liquid and
solid state (Figure 3).

Table 3. Fragment of a sample of data on the chemical composition of the investigated

steels

Crams C Mn | Si S P Cr Ni W [Mo | Cu | Ti Fe
9X 09 | 03|04 |0008|0012] 16 | 015] 0 0 0 0 | 9663
9X2 09 | 03|04 |0007|0013] 2 015] 0 0 0 0 | 9623
3I5XHI 035 |065]/042|0016|0017| 069 | 079 | 0 0 0 0 |97.067
35XMII 037 | 0470350019 |0.018| 091 0 0 |033| 0 0 |97333
10X18HOTT | 008 | 1.14] 0.7 | 0016|0012 |1765| &§1&8 | O 0 0 | 03]71922
15X25H19C2T| 014 | 122]274|0015| 0014|2511 1816| O 0 0 0 |32601
X25T 007 | 034]062|0008 |0026(2505| 035 ] 0 0 [014][072(72676
20XH3A 0205(045/027|0025({0025| 075|295 | 0 0 | 03] 0 [95025
20X13 0.19 | 0.22]027(0014|0.012| 125 | 015] 0 0 | 01]003|86.514
12X13 012 | 08 | 08 [0025| 003 | 13 06 0 0 0 0 | 84625
30X13 0275 08 | 08 | 005 | 003 | 13 06 0 0 | 03] 02| 897
12X17 012 | 08 | 08 [0025|0035| 17 0 0 0 0 | 8122
12X18HI10T | 009 | 122] 04 |0007| 003 [1785| 999 | 0.07]0.09 51052) 69483
X25T 007 | 034]062|0008 |0026|2505| 035] 0 0 41072| 72676
40X13 0395 06| 06 |0025] 003 | 13 0.6 0 0 0 [ 8475

Thus, the model for predicting the density of chromium-nickel steels is: py,
ps = f (tga).

According to a similar method for 19 compositions of high-temperature
nickel alloys, their most informative parameters were identified - the average
internuclear distance d,g, and Z’,s,, — charge state of the general system of the
corresponding alloy. Since for high-temperature nickel alloys it is especially
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important to maintain long-term high-temperature operation of products, which
is ensured by alloying with refractory elements, the effect of tga, — of the
weighted average parameter of the micro-doping subsystem constants y — solid
solution hardeners (Mo, W, Re, Ta, Ru). With this approach to density
modeing, it is described by the equation (1):

p = -47,26+18 54d,5,+13,75tga, +1,09Z 5,  R?>0.75 1)
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Figure 3. The dependence of the density of chromium-nickel steels during melting and
crystallization of the weighted average parameter tgo.

The developed model for predicting the density of heat-resistant nickel
melts was additionally examined on independent data. [15, 16, 17], which
confirmed its performance. Along with the above physicochemical properties
of special-purpose steels and alloys, we studied the possibility of predicting an
important structural-sensitive characteristic of alloyed chromium-containing
steels in the temperature range 1600-1750 °C - viscosity (Table 4).

Table 4. The parameters of interatomic interaction of the studied steels

Steel 2V e d, 10'nm tg a pl, e/ nm
X9C2 1.536939 2.7334 0.086388 3.711785
2X13 1.586772 2.7588 0.085499 3.721357
X6C 1.399612 2.7535 0.087248 3.631676
50C2 1.28208 2.7031 0.088718 3.627713
X18H25 1.903133 2.7515 0.088927 3.642391
X18H12 1.826277 2.7919 0.086539 3.66897
X18H9 1.80275 2.7887 0.086025 3.689942
2X18H9 1.776506 2.783 0.085543 3.713191
X17H2 1.692633 2.7863 0.084424 3.744633
P18 1.561596 2.7347 0.086102 3.770002
P9 1.444351 2.7178 0.087228 3.714686
7X3 1.332615 2.6946 0.088322 3.671608
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Knowledge of the viscosity characteristics of metal melts allows us to
scientifically-based approach to the choice of injected alloying additives in
steel, as well as to regulate ion-exchange and heat-mass transfer processes in
the metal-slag-additive system.

Analysis of the relationship between the parameters of interatomic
interaction with the kinematic viscosity of steels made it possible to establish
that taking into account the directional charge density allows linearization of
the dependences, which is due to the influence of micro-inhomogeneous
regions, in particular clusters of refractory elements - tungsten and chromium
(Fig.4.a). On the picture - Fig.4.b is shown a comparative analysis of the
calculated and experimental data of the kinematic viscosity of alloyed steels of
the target value.

Taking into account the temperature factor, the operational predictive
model is (2):

L {(—12,0647 +2.83201 + 34,6921g a)} R2> 0.6 2
T-10
11n1 » g 1.06 *

¥y=09892¢ +0.009
RP=05812

y=16151% - 5.087
075 RP=06211 075

362 364 3.66 368 37 372 374 378 378 06 07 08 09 1 11
ploenm

Figure 4. Dependence of kinematic viscosity on the directional charge density of alloyed
steels at 1600°C; b - comparative analysis of calculated and experimental values of
kinematic viscosity in the temperature range 1600-1750°C [18]

Conclusions.

In this paper, analytical dependencies are proposed for calculating the
melting point, density, and viscosity of metal melts, based on the concept of
directed chemical bonding and physico-chemical modelling of melts as a
chemically unified system at the level of interatomic interaction.

Accounting for the interatomic interaction parameters (Z’; d; tge) and the
microinhomogeneity parameter - p; made it possible to improve the accuracy of
predictive models.

High agreement of the calculated with experimental data, as well as
comparative analysis with calculations for the widely used foreign software
package based on the basics of classical thermodynamics - JMatPro confirmed
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the adequacy of the obtained models, which allows us to recommend them for
use in automated research system and automated process control systems of
technological processes of steelmaking.
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H. P. Cnuzypa, /1. H. Tozoouurasn

Pons ywera MeXKaTOMHOTO B3aHMOAEHCTBHS TPH TNPOTrHO3MPOBAHUH
KOMILIEKCAa  CTPYKTYPHO-UYYBCTBHUTEIBHBIX CBOHCTB cTajlei M CIUIaBOB
CHenHATLHOr0 Ha3HAYEHHUS

Llenbio paGoOTHI SBISIETCS BBISBICHHE BIMSHUS XUMHYECKOTO COCTaBa CTajed U
CIUIABOB CIICNMANIBHOTO Ha3HAueHHs Ha (opMmupoBaHHE HX (U3UKO-XHMHUYECKUX U
CTPYKTYPHO-UYBCTBUTEJIFHBIX CBOMCTB. JTa 3a/1aua pemaercs IyTeM MaTeMaTHIeCKOro
MOJENHPOBAHMS HEPA3AETUMON IIEMOYKU «COCTaB - CTPYKTypa - CBOHCTBO» C y4ETOM
IapaMeTpoB MEXaTOMHOTO B3aMMOJCHCTBHS B paciulaBe Ha OCHOBE KOHIICIINU
HaINpaBJICHHONW XMMHYECKOH CBs3W. PacmiaB cTaiy paccMaTpuBaeTCsl KaK XHMMHYECKH
OJHOPOJHAsT CHCTEMa, a COCTOSIHHE DAacIUIaBOB BBIPAXKACTCA 4Yepe3 COBOKYHMHOCTb
HHTETPAIBHBIX I1apaMeTPOB, OCHOBHBIMH M3 KOTOPBIX SIBISIIOTCA: Zy - TapameTp
COCTOSIHUSL 3apsijia CHCTEMEI (€); T - CTAaTUCTHYECKU CpelHee MEeXKbBSICPHOE PACCTOSHHUE
(10'HM); tga - TOCTOSHHAS UM KaXJIOTO JIEMEHTA, XapaKTepH3yIolias H3MEHEHHe
pamayca MOHa NP M3MEHEHMH ero 3apsjaa. Ha 6ase skcriepuMenTanbHON nH(pOpMarmm
O CBOWCTBaX M C WCHONB30BAaHUEM IapaMETPOB MEKaTOMHOTO B3aMMOJACHCTBHS
MPeNJIOAKEHbI pacueTHbIE MOAENH JUIsl TPOrHO3UPOBAHUSI CBOMCTB cTajel u crjaBoB. B
MIPOTHO3HUX MOJENSAX YYTEHbl IapaMeTpbl MHKPOHEOJHOPOJHOCTH CTald, 4YTO
00ecneynsio BBICOKYIO TOYHOCTH OINEPAaTUBHOIO MNporHo3a. CpaBHUTENBHBIA aHaIH3
MOJYYEHHBIX PE3yJbTaTOB PACIUIABISIEMOCTH CTAJIH C COOTBETCTBYIOLIMMH pacuyeTaMu
Ha OCHOBE TIporpaMmHoro komiuekca JMatPro moareepaun sddexTrBHOCTH
HCTIONB30BAHMS MApaMEeTPOB MEKAaTOMHOTO B3aUMOJIEHCTBUSI B Ka4eCTBE MOJEIHHUX.
IMpemmaraeMslie MoJen Tl ONMpENENCHHUS PACIIaBIIEMOCTH XPOMOHUKEIEBEIX CTaneit
PEKOMEHIOBaHBI K MIPUMEHEHHIO C COJepKaHNEeM OCHOBHBIX 31eMeHTOB Cr, Ni ot 0 10
30%. Pe3ynpTaTsl HcceJOBaHNH PEKOMEHIYIOTCS K MCIOIB30BAHAIO B ITPOMBIIIIIEHHBIX
YCIOBUSIX ~ INOCPEICTBOM  HMHTerpauuu paspaboraHHelx Mozened B ACYTII
CTaJICTUIABWJIBHOTO ~ NIPOM3BOJICTBA, 4YTO OyAeT CIOCOOCTBOBATh HAIPABICHHOMY
(OpPMHpOBaHUIO COCTaBa M CBOWCTB MPOAYKTOB IUIaBKH, @ TaKKe CHIKCHHUIO
9HEPreTHYECKHX 3aTpar.

KnroueBble cioBa: coenmadbHble CTaJH, MapaMeTpbl MeKaTOMHOTO
B3aUMOJIeiiCTBUSI, (PU3MKO-XMMHMYECKHE  CBOICTBA, MHKPOHEOJHOPOAHOCTD,
MPOrHO3HbIE MOJIETH
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L. P. Cuizypa, /1. M. Tozobuuywka,

Posib BpaxyBaHHs MiKATOMHOI B3a€MOJil IPM NPOrHO3yBaHHI KOMILIEKCY
CTPYKTYPHO-YYTTEBMX  BJIACTMBOCTeH cTajeid Ta cIUaBiB  cneniajabHOro
NPHU3HAYEHHSA

Merotlo po0OTH € BHSBICHHS BIUIMBY XIMI9HOTO CKJIamy cCTaieil i cIuiaBiB
CIeIialbHOTO IpU3HAa4YeHHs Ha (GOpMyBaHHSI iX (I3MKO-XIMIYHHX 1 CTPYKTypHO-
YyTIMBUX BiacTHBocTed. Ile 3aBmaHHS BHPINIYETBCS NUIIXOM MaTEeMaTHYHOTO
MOJICIIOBaHHS HEPO3MITBHOTO JIAHIIOKKA «CKJIaJ - CTPYKTypa - BIACTUBICTBY 3
ypaxyBaHHSIM IapaMeTpiB MDKAaTOMHOI B3a€MOJii B PO3IJIaBi HA OCHOBI KOHIIEMIi
CHPSIMOBAHOI XiIMI4HOTO 3B'A3Ky. Po3mIaB cramm po3risgaeTbes SK XIMIUHO OJHOpPiTHA
CHCTEMa, a CTaH PO3IUIABIB BUPAKAETHCS Yepe3 CYKYIHICTh 1HTErpajJbHUX MapaMeTpiB,
OCHOBHHMMHM 3 SIKMX €: Zy - IapaMeTp CTaHy 3apsjay cuUcTeMu (€); T' - CTaTHCTHYHO
cepenns Mex'saepHa Bizctans (107HM); tga - moCTifiHA T KOXHOTO €JEMEHTa, IO
XapakTepu3ye 3MiHy pajiyca ioOHa IpH 3MiHi ioro 3apsay. Ha 6a3i excriepiMeHTa IbHOT
iHpopMaril PO BIACTHBOCTI Ta 3 BUKOPHCTAHHSIM ITapaMeTpiB MDXaTOMHOI B3aeMOIil
3aIPOIIOHOBAHO PO3PAaXyHKOBI MOJENTi Ul IIPOTHO3YBAaHHS BIIACTHBOCTEH crajed i
CIUIaBiB. Y NPOTHO3HHX MOJENSIX BPaXxOBaHO MapaMeTpH MiKPOHEOIHOPITHOCTI cTai,
mo 3a0e3nedmio BHCOKY TOYHICTH OINEPAaTHBHOTO MPOTrHO3Y. [lOpiBHSANBHUIA aHai3
OTPUMAHHUX PE3YJIBTATIB PACIUIABISEMOCTI CTalM 3 BiAMOBITHHUMHU PO3paxyHKaMH Ha
OCHOBI IporpamMHoro komiurekcy JMatPro minTBepauB edeKTHBHICTH BHKOPHUCTAHHS
nmapameTpiB MDKAaTOMHOI B3a€MOJil B SKOCTI MoaenbHUX. [IpomoHOBaHI Momemi s
BU3HAYEHHS  pacCIUIaBIIEMOCTI  XPOMOHIKENIEBHX  CTaleil  PEKOMEHIOBaHO 10
3acTocyBaHHS 3 BMicToM ocHOBHHUX eneMeHTiB Cr, Ni Bigx 0 mo 30%. Pesymbratu
JOCII/UKEHh PEKOMEHIYIOTHCSl JI0 BHUKOPHUCTAaHHS B IIPOMHCIOBHX yMOBax 3a
JIOTIOMOTOX0  iHTerparii po3pobnenux wmojaeneii B ACYTII  cranemiaBUiIsHOTO
BUPOOHUIITBA, IO CIPHUATHME CIPSMOBAaHOMY (DOPMYBAaHHIO CKJIAAy i BIIACTHBOCTEH
HPOJYKTIB IJIABKH, & TAKOXK 3HIKCHHS CHEPreTHYHUX BUTPAT.

Knwwuoei cnoea: cneuyianvni cmanu, napamempu MidcamomHol 63aEmodil,
Qizuxo-ximiuni enacmusocmi, Mikporneoonopionicms, npozHo3Hi mooeni

The article was submitted to the editorial board of the collection on November
1, 2018; internal and external reviewing took place (Minutes of the meeting of
the editorial board of collection No. 1 of December 26, 2018)

Cmamows nocmynuaa 6 pedaxyuio coopruxa 01.11.2018 2004,

npouinia eHympennee u newnee peyenzuposanue (llpomoxon sacedanus
pedaxyuonnou konecuu cooprnuxa Nel om 26 oexabps 2018 200a)
Peyenzenmol: 0.m.u., npogh. JI.B.Kamxuna, 0.m.n. A.C.Bepeyn
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