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The study was performed on alloys with a carbon content of 0.37-0.57% (wt.), silicon 0.23-0.29% (wt.), manganese
0.7-0.86% (wt.), the rest — iron. To determine the phase composition of alloys used microstructural, microanalysis and X-ray
analysis. In addition, the physical characteristics of the alloys studied in this paper were determined, such as alloy chemical
dependence of extension and contraction ratio, impact toughness and hardness. The results obtained in this paper showed that the
iron-based alloy with the content of carbon of 0.57 % (wt.), silicon of 0.28 % (wt.) and manganese of 0.86 % (wt.)) had the
superior microstructure and physical properties. It was determined that after a number of crystallization and phase transformation
the alloy phase structure includes two phases: a-iron and cement magnesium dopingFe27Mno3C. For the first time using the
method quasi-chemistry received an expression of the free energy of a solid solution a-iron alloyed with silicon and magnesium,
and determined the solubility limit of carbon, manganese and silicon. In §-iron may dissolve to 0.09% (wt.) carbon, manganese
up to 3.5% (wt.), silicon — 0.25% (wt.). The maximum content in o-iron can reach: carbon — 0.017% (wt.),
manganese - 21% (wt.), silicon — 1.3% (wt.).
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As is known, there is currently a special interest in steels that have high strength and ductility. To increase the
complex of mechanical properties in an economical way using alloying of alloys based on iron with manganese and
silicon [1].

In the al loys of the Fe-Mn-Si-C system during the crystallization of the melt, the primary phase may be 3 - iron
with a carbon content of up to 0.2% (wt.), manganese up to 2% (wt.) and silicon up to 1% (wt.). During the
crystallization of alloys of the Fe-Mn-Si-C system, successive transformations of peritectic were observed:
L—L+3—6+y—y [2-5]. It is known that doping alloys based on iron with manganese and silicon has almost no effect
on the temperature of point A; and shifts point S (eutectoid point on the equilibrium phase diagram of the Fe-C system)
to a low carbon content, which leads to an increase in the volume fraction of perlite in the microstructure [6].

According to the results presented in [7-10], the solubility of carbon in ferrite is in the alloys of the
Fe-C system - 0.095% (at.), Mn-C - 6% (at.), silicon Fe-Si - 10-18.5% (at.), Mn-Si — 18.5-10% (at.) in dependence from
temperature. In the ternary system Fe-Mn-C are the solubility of carbon and manganese in a-iron at temperatures
505-971 K [4]. In this paper it is noted that at a temperature of 505 K the content of carbon in a-iron was 4-10°% (wt.),
and manganese - 0.5% (wt.). The authors of [7] note that in the alloys of the Fe-Mn-Si-C system is the consistent
formation of solid solutions, the carbon content of which is more than 0.08% (wt.). Thermodynamic databases
(ThermoCalc, FactSage, MTDat, PANDAT, JMatPro, IDS and CALPHAD) are currently widely used in steel and alloy
research, development of new materials and production technologies in the metallurgical industry, but the reliability of
forecasts made with these programs is limited by the accuracy of thermodynamic data. Some experimental data, which
are important for multicomponent systems, are quite old and insufficiently tested by modern experimental methods [11].
As is known, to predict the phase composition of alloys and phase transformations plays an important role solubility
limit of the alloying elements in alloys.

The aim of this work was to determine the solubility limits of carbon, silicon and manganese in a-iron alloys of the
Fe-Mn-Si-C system.

MATERIALS AND METHODS

Research carried out on alloys containing carbon 0.37-0.57% (wt.), silicon 0.23-0.29% (wt.), manganese
0.7-0.86% (wt.), the rest — iron. The smelting of alloys of the Fe-Mn-Si-C system was performed in a furnace in
alundum crucibles in an argon atmosphere. The cooling rate of the alloys after casting was 10 K/s. Metallographic
sections of Fe-Mn-Si-C alloys were made according to standard methods using diamond pastes. Chemical and spectral
analysis were used to determine the chemical composition of the alloy [11]. The phase composition of the alloys was
determined using an optical microscope "Neofot-21". The main results of micro-X-ray spectral analysis were obtained
using an electron microscope JSM-6490 with a scanning attachment ASID-4D and energy-dispersive X-ray
microanalyzer "LinkSystems 860" with software. X-ray diffraction analysis was performed on a DRON-3
diffractometer in monochromatized Fe-Ka radiation.
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RESULTS AND DISCUSSION

The microstructure of the alloy with the carbon content of 0.37% (wt.), silicon 0.23% (wt.), manganese
0.86% (wt.) in the cast, state is represented by ferrite and perlite (Fig. 1a).
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Figure 1. Alloy based on iron with a carbon content of 0.45% (wt.), silicon 0.23% (wt.), manganese 0.86% (wt.) in the cast state:

a) microstructure, X800, b) diffraction pattern (1 - a-iron of Fe-Mn-Si-C alloy, 2 - a-iron in Fe-C alloy), ¢) micro-X-ray spectral
analysis curve

The results of X-ray analysis in this alloy were discovered only two phases — ferrite and carbide (Fig. 1b). Carbide,
as a structural component of perlite, was presented in these alloys of the Fe-Mn-Si-C phase Fe;7Mng3C. It should be
noted that perlite has two colors after surface etching of the samples with sodium pirate — light and dark. In perlite light
r color content of manganese — 0.37% (wt.), silicon — 0,38% (wt.). In perlite dark color high content of alloying
elements: manganese — 0.79% (wt.), silicon — 0.41% (wt.). Thus, the results make it possible to assert that in alloys
formed a reason region richest manganese and silicon.

On the diffraction pattern, the a-iron lines were shifted toward larger angles compared to pure a-iron. The obtained
result can be explained by the fact that the ferrite is doped with manganese and silicon and the ferrite lattice parameter
changes. According to the results of micro-X-ray spectral analysis in ferrite, the manganese content was 1.27% (wt.),
silicon — 0.27% (wt.).

As Table shows, the characteristics of strength and hardness for all the alloys are high, and for the alloy containing
carbon — 0.57% (wt.), silicon — 0.28% (wt.) and manganese — 0.86 % (wt.), plasticity and fracture toughness are higher
as compared to those for the other alloys that are used in the manufacture of railway wheels.

Table.
Dependence of the extension andcontraction ratio, impact toughness and hardness on the chemical composition
Content of chemical elements in Relative extension Relative Impact toughness, Hardness,
alloys, % (wt.) n, 8, % contractiony, % KCUobed, J/cm? HB
C=0.37;Si=0.23; Mn=0.75 8 17 34 324
C=0.57; Si=0.28; Mn=0.86 11 25 40 341

A quasi-chemical method was used to determine the solubility of carbon, silicon, and manganese in the 8- and o-
iron of Fe-Mn-Si-C alloys.
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The structure of ferrite has a volume-centered lattice and belongs to the spatial group O, — Im3m with 8 atoms in

the first coordination sphere [12]. Each atom of the BCC lattice has six tetrahedral and three octahedral pores. Of the six
atoms surrounding the octahedral pore, two are closest to the others [14]. The arrangement of carbon atoms in the BCC
lattice can be described as follows: the arrangement of carbon atoms in the octahedral pore, which have four nearest
metal atoms at a distance of 2.02 A, and two at a distance of 1,43 A, each metal atom has 8 neighbors, which are located
on distances of 2,48 A from each other.

To obtain the calculated results of the solubility limit of carbon atoms in the ferrite lattice, a quasi-chemical
method was used, taking in ti account data on the position of carbon in a solid solution of a-iron [13].

The interaction of Fe-Fe, Fe-C, Fe-Si, Fe-Mn and Fe-V atoms, where V is a vacancy can become side red as
follows: the interaction energies of atomic pairs Vrere, VFesi, VFev, VFeC, Viemn and vammc. The results presented in [14-15]
were used for numerical values of the interaction energy of pairs of atoms.

The free energy of ferrite can be determined by the formula: F = E — kTInW, where E is the internal energy of
ferrite, W is the thermodynamic probability of the placement of atom is the nodes of the crystal lattice of ferrite,
k=1,38-10"2) /K — Boltzmann constant, T — absolute temperature. Thus, the free energy of ferrite is determined as
follows:

F =—8(N N, VM +N,, N anC +NgN.v

—kT(8(N,, + N, + Ng)(n(N,, +N,, + Ng)—1)—
~8N,. (In NF 1) 8N, (InN,, 1) —8N,(InNy —1)+
+(N.+N,)(In(N, +N,)-1)=N.(InN. -1)= N, (In N, —1)

+NoNyVe, + N, ,N,v

FeV Mn MnVv

+ NSiNVVSiV ) -

SiC

To calculate the solubility of carbon in a-iron, wended it find the solution of the system of equations:
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The resulting system of equations (2) is transcendental. Usually the solution of such equations can be obtained
graphically or numerically. But in the framework of this problem it is expedient to consider an asymptotic solution of
the equations. For this we present the logarithm included in each of the equations of the system (1) in the form of Taylor
series (this is acceptable in case of its convergence):

;vf; = 8N, Vpey —8N Vi —8Ngvg, —8KT [IHN +Z( 1,2 { TG 1)"D:
afj = =8N Vi =8N, vy, —8KT (In(N,,, +N&')+g (_BM { (NMnN ;eNS,.)" e D i .
afjvii = 8N Vg —8N, vy, —8KT (In(N,,, +Npe)+g (_BMI { ( NM"TNFC)” sl D i

To obtain an asymptotic estimate of system (2) solution it is sufficient to consider the first two terms of expansion
in the logarithm expanding.

There sults of solving the system of equations showed that up to 0.09% (wt.) of carbon, manganese up to
3.5% (wt.), silicon — 0.25% (wt.) can be dissolved in §-iron. The obtained result regarding the carbon content in 6-iron
is consistent with the results of [16-17].

The maximum solubility of elements in a-iron is: carbon — 0.017% (wt.), manganese — 15% (wt.),
silicon - 1.3% (wt.), which is consistent with the results presented in [3].

Thus, the maximum solubility of carbon, manganese and silicon in a-iron alloys of the Fe-Mn-Si-C system have
lower numerical values compared it the insolubility in the corresponding binary systems. The obtained results can be
explained by the fact that there placement of iron atoms by manganese and silicon atoms in the a-iron lattice ads it the
deformation of the lattice, which affects the solubility of carbon [14].
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CONCLUSION

The analysis phase composition in the studied alloys Fe-C-Mn-Si containing carbon 0.37-0.57% (wt.), silicon
0.23-29% (wt.), manganese 0.7-0.86 % (wt.), the rest - iron. It is determined that after crystallization and a number of
phase transformations the microstructure of the alloy consists of a-iron and manganese-doped cementite Fe; 7Mng;C. In
the structure of alloys the reason uneven distribution of alloying elements — there are areas of perlite enriched
manganese and silicon. For the first time, depending on the free energy of a solid solution of a- and 4-iron doped with
silicon and manganese, a quasi-chemical method was obtained and the solubility limits of carbon, manganese and
silicon were determined. Up to 0.09% (wt.) of carbon, manganese up to 3.5% (wt.), silicon — 0.25% (wt.) can be
dissolved in 6-iron. The maximum content in a-iron can reach carbon — 0.017% (wt.), manganese — 21% (wt.),
silicon - 1.3% (wt.).

It was found that the maximum solubility of carbon, manganese and silicon in a-iron of Fe-Mn-Si-C alloys have
lower numerical values compared it the insolubility in the corresponding binary systems.

The work was performed within the specific project “Resurs” KC063.18 “Development of chemical composition
and technological decisions for the manufacture of railway wheels for different application and their maintainability” of
the NAS of Ukraine.
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PO3UHUHHICTD BYI'JIEIIO, MAPT'AHIIIO TA KPEMHIIO VY o -3AJII3I CIIVIABIB CUCTEMM Fe-Mn-Si-C
H.IO. ®inonenko™®, O.1. Badauenko®, I'.A. Kononenxo®, K.I'. JIbomina®
13 «ninponemposcoka depocasna meduuna axaoemia MO3 Vrpainuy
49044, Yxpaina, m. [ninpo, eya. Borooumupa Bepuaocvkoeo, 9
bIuemumym vopnoi memanypeii im. 3.1 Hexpacosa HAH Yipainu (IYM HAHY)
49107, Yrpaina, m. [ninpo, na. Ax. Cmapooybosa K.®., 1
JlocnipkeHHsT TIpoBOMMIM Ha cruiaBax 3 Bmictom Bymremo 0,37-0,57 % (mac.), kpemuio 0,23-0,29 % (mac.), Maprasiio
0,7-0,86 % (mac.), pemra — 3amizo. Jlins Bu3HaueHHs (Ha30BOro CKJIAmy CIUIABIB BHKOPHUCTOBYBAIM MIKPOCTPYKTYpHHIA,
MIKPOPEHTI€HOCIIEKTPaJIbHUM Ta PEHTIeHOCTPYKTYPHUH aHanizu. B po6oti Oynu Bu3HaueHi (i3HM4HI XapaKTEPUCTHKH CIUIABIB, IO
JOCIIDKYBaIK B aHii poOOTi, a came, 3aJIeKHICTh BIIHOCHOTO BHIOBKEHHSI, BIIHOCHOTO 3BYKEHHS, yIapHOI B’SI3KOCTI Ta TBEPAOCTI
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Bif XiMmiyHOro ckjiany cruiaBy. OTpumani B jAaHiii poOOTi pe3ynbTaTH IOKa3aid, IO HaWKpalli MiKpOCTPYKTYpHi Ta (i3uuHi
XapaKTepHCTHKU Ma€ CIUIaB Ha OCHOBI 3aii3a 3 BMictoM Byriewo 0,57 % (mac.), kpemuito 0,28 % (mac.), mapranmzo 0,88 % (mac.).
BusHaveHo, 110 michas Kpucrtamizamii Ta HU3KM (a30BHX MEpeTBOpPeHb (ha30BHM CKIIAM CIUIaBy MpelcTaBieHHid aBoMa (asaMu:
0L-3aJTi30M Ta JICTOBAaHMM MapraHieMm LneMeHTHTOM Fe27Mno3C. KpiM 1jporo, B MiKpOCTPYKTYpi CIIaBY iCHYIOTb IUISHKH (epuTy
30arayeHi MapraHieM Ta KpeMHieM. Brepime 3 3aCTOCYBaHHSAM KBa3iXiMiYHOTO METOAY OTPUMAIM 3aJICKHICTh BIIbHOI €Heprii
TBEPIOr0 PO3YMHY 0-3aJ1i3a, JIETOBAaHOTO KPEMHIEM Ta MapraHieM, Ta BH3HAYMIM MEXY PO3YHMHHOCTI BYIJICLIO, MapraHiio Ta
kpemuio. B §-3amisi moxe pozummsTuce 10 0,09 % (mac.) Byriemo, mapranmio no 3,5 % (mac.), kpemHito — 0,25 % (mac.).
MaxkcuManbHUIA BMICT B 0-3a1i31 Moxe focsirata: Byriero — 0,017 % (mac.), maprauiro — 21 % (Mmac.), kpemHiro — 1,3 % (mac.).
KJIFOYOBI CJIOBA: crinaBu Fe-Mn-Si-C, Mexa po34rMHHOCTI, BYTJIeIb, MapraHellb, KpeMHil, 0-3aJ1i30

PACTBOPUMOCTD YIVIEPOJA, MAPTAHIIA U KPEMHUA B 0-)KEJIE3E CIIJIABOB CUCTEMBI Fe-Mn-Si-C
H.IO. ®unonenko®’, A.1. badauenxo®, A.A.Kononenxo®, K.I'. /Iomuna®
'V «/{nenponempogckas eocydapcmeennas meouyurckas axaoemus MO3 Ykpaunviy
49044, Yxpauna, e. [{nenp, yn. Braoumupa Bepuaockozo, 9
bUncmumym uepnoii memannypauu um. 3.1. Hexpacoea HAH Vipaunvr (MIM HAHY)
49107, Yxpauna, 2. Juenp, yn. Ax. Cmapodybosa K.®@., 1

HccnenoBanus npoBOJMIIMCH Ha cIIaBax ¢ coaepykanueM yriaepona 0,37-0,57 % (mac.), kpemuus 0,23-0,29 % (mac.), mapranua
0,7-0,86 % (mac.), ocranbHble - xeine3o. Jlins ompexeneHust (a3oBOro cocraBa CIUIABOB HCIIOJB30BAJIM MHUKPOCTPYKTYPHBIH,
MHKPOPEHTI€HOCTIEKTPAIbHBI U PEHTI€HOCTPYKTYPHBIH aHanu3el. B pabore Oblmn ompeneneHsl (GU3HUECKUE XAPAKTEPHCTUKU
CITABOB, KOTOPBIE HCCIIEI0BAN B IaHHON paboTe, @ UMEHHO, 3aBUCHUMOCTb OTHOCUTENILHOTO YTMHEHUSI, OTHOCUTENBHOTO CYXKEHHS,
yIapHOH BSA3KOCTH M TBEPJOCTU OT XHMHUECKOTO cocTaBa cruiaBa. IlomydeHHble B JaHHOW paboTe pe3ynbTaThl MOKa3adH, YTO
JydIIne MHUKPOCTPYKTYPHBIX M (HU3HUECKHE XapaKTEePHCTHKH HMEEeT CIUIaB Ha OCHOBE JKele3a C COIEpXKAaHHEM Yriepona
0,57 % (mac.), xpemuus 0,28 % (mac.), mapraama 0,88 % (mac.). OmpezneneHo, 4TO MOCIe KPUCTAUTH3AMH W piaa (a3oBBIX
IpeBpameHui (a30BBI COCTAaB CIUIaBa MpECTaBICH ABYMS (a3zamMu: o-)KeJIe30M M JICTHPOBAHHBIM MapraHia IeMEHTHTOM
Fe27Mno3C. Kpome 3TOro, B MHKPOCTPYKType CIIaBa CYyIIECTBYIOT YYacTKH (eppura, oOoramieHHbIE MapraHIa M KpPEMHHS.
BriepBble ¢ npUMEHEHNEM KBa3HXMMHYECKOTO METOJa MOTYYMIN 3aBHCUMOCTh CBOOOHOI SHEPIHU TBEPAOrO pacTBOpa O-)Kejesa,
JIETUPOBAHHOTO KPEMHUS M MapraHua, ¥ ONpeJeIHIN IPaHuIly pacTBOPUMOCTH yIJIepoJa, MapraHiua U KpeMHUs B HeM. B 8-kernese
MoxkeT pacTBopsTecs 10 0,09 % (mac.) yriepona, maprania a0 3,5 % (mac.), kpemuust - 0,25 % (mac.). MakcumanbHoe cofepkaHue
B O-KeJie3e MOXeT JA0ocTuraTh: kapoona - 0,017 % (macc.), mapranna — 21 % (macc.), kpemuus - 1,3 % (macc.).
KJIFOYEBBIE CJIOBA: cnassl Fe-Mn-Si-C, npenen pacTBOPUMOCTH, YTIIEPOl, MapraHel, KpeMHHH, 0-KeIe30





