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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 doping Fe2.7Mno,3C.

For the first time using the method quasichemistry received an expression of the free energy of a y-iron
alloyed with silicon and magnesium, and determined the solubility limit of carbon, manganese and silicon. The
maximum content in y-iron can reach: carbon 6.8 % (at.), manganese — 67.5 % (at.), silicon — 2.3 % (at.).
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Introduction

Currently, there is a particular interest in steels that
have high strength and ductility. For the formation of
these steels, there are three approaches - the two-phase
steel (DP), steel with martensitic transformation
conditioned plasticity (TRIP) and high manganese
austenitic steel with double industrial plasticity
(TWIP).All these types of steel are based on an iron-
carbon-manganese system with the addition of ferrite
formers such as flint and aluminum, whose content is
much higher than other steels. For example, type TWIP
steel with the composition of Fe-C-Si-Al-Mn often or
without aluminum or with a high content of manganese
up to 25 % (wt.) [1-3].Fe-Mn-Si-C alloys containing up
to 0.6 % (wt) of carbon are used as structural steels for
the manufacture of wvarious parts, mechanisms and
structures in mechanical engineering and construction.

In alloys of the Fe-Mn-Si-C system during
crystallization by primary phase melting, there can be 8-
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iron , when carbon is contented up to 0.2 % (wt.);in the
presence of carbonate up to 0.5 % (wt.), manganese up to
2% (wt.) and force action up to 1% (wt.), during the
crystallization, a cascade of transformation of the
pretektics was observed: L > L+8 —>d+y — v [4-7].

It is known that the solubility of silicon system Mn-
Si 3 % (at.), for the system Fe-Si — 3 % (wt.). In the alloy
of the Mn-C system, the carbon solubility is 2 - 3 % (at.),
and in the Fe-C system — 2.14 % (wt.) in y-Fe [8-9].

The aim of this work was to determine the solubility
limit of carbon, manganese, and silicon in austenite in
Fe-Mn-Si-C alloys.

I. Materials and research methodology

The studies were carried out on samples of steels
with the carbon content of 0.37 —0.57 % (wt.), silicon
0,23-0,29% (wt.), manganese 0.7 — 0.86 % (wt.), the rest
- iron. The alloys of the Fe-Mn-Si-C system were
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smelted in an alundum crucibles in the furnace in an
argon atmosphere. The average cooling rate of the alloys
after casting was 10 K/s. Chemical and spectral analysis
was used to determine the chemical composition of the
alloy [10].The phase composition of the alloys was
determined using a Neophot-21 optical microscope. The
main results of micro-X-ray spectral analysis were
obtained by JSM-6490 electron microscope with a
scanner ASID-4D and the energy-dispersive X-ray
microanalyzer "Link Systems 860" with software. The X-
ray diffraction analysis was performed on a DRON-3
diffractometer in monochromatized Fe-Ka radiation. The
energy of interaction between atoms was calculated in
Gaussian 09W.

I1. 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).

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
Fe27MngsC. It should be noted that perlite has two colors
after ching the surface of the samples with sodium
picrate — light and dark. In perlite light r color content of
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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,
there sults make it possible ti assert that in alloys for med
areas enriched manganese and silicon.

As Table 1 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 — 0.8 6% (wt.), plasticity and fracture
toughness are higher as compared to those for the other
alloys that are used in the manufacture of railway wheels.

The microstructure of alloys studied in this paper
was represented by pearlite, whose bulk fraction was up
to 95%. To clarify the structural components in this study
was determined the solubility of carbon, manganese and
silicon alloys in austenite Fe-C-Mn-Si.

Crystal cell fcc austenite is octahedral and
tetrahedral pores (Fig. 2).The coordinate number for the
fcc of the lattice is 12. The elemental cell of the fcc
lattice has 4 atoms. In octahedral pores can be inscribed
sphere with a radius 0,41 r. The carbon atom located in
the octahedral pore has the nearest 6 adjacent atoms of
iron, manganese or silicon. The iron atoms are at a
distance a/2 from the carbon atoms. For tetrahedral
pores, there are 4 atoms at a distance a\/§/4, where a is
the lattice parameter of the y-iron. In the tetragonal pore,
the carbon atom has 4 of the nearest metal atoms. In a

tetragonal pore can fit a sphere with a radius of 0.22 r.
Each octa atom has one octahedral and two tetragonal
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Fig. 1. Alloy based on iron with a carbon content of 0.37% (wt.), Silicon 0.23% (wt.), Manganese 0.86% (wt.)
In the cast state: a) pearlite microstructure, b ) diffractogram.

Table 1
Dependence of the extension and contraction ratio, impact toughness and hardness
on the chemical composition
Content of chemical elements in Relative Relative Impact toughness, Hardness,
alloys, % (wt.) extension n, 3, % | contraction y,% KCUoped, Jicm? 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
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pores [11]. A quasi-chemical method was used to
determine the free energy of austenite [12].

Fig. 2. Crystal latticeof y-Fe.

In this work, we consider the case where carbon
atoms penetrate the octahedral pores of the y-iron lattice.
The choice of this approach was due to the fact that the
tetrahedral pores in the y-iron lattice are small in size and
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the number of carbon atoms located in these pores will
be quite small. Denote the number of atoms in the

octahedral pore of iron —Nge, manganese — Nmn,

silicon— Nsj, carbon - Nc, vacancies - Ny. The
interaction of atoms can be considered as follows: for
atoms of the octahedral pore energy of the interaction of
pairs of atoms Fe-C, Mn-C, Si-C, Fe-V, Mn-V, Si-V —
VEec 1 VFev ’VMnC’VMnV, Vsic+ Vsiv -

In this work, the energy of interaction between atoms
in the Gaussian 09W program was calculated using the
method [13]. The results of the calculation showed that
the highest energy of interaction in the y-iron between
the atoms of manganese and iron. The interaction
energies are almost the same between iron and carbon
atoms, manganese atoms and carbon. The interaction
energy between atoms of iron, manganese and silicon
was used from work [14].

The free energy of the phase was determined by the
formula:

ey Vrev + NNy iy + NNy Vsip )=
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To calculate the solubility of carbon, manganese, and silicon in y-iron, we need to find the solution of the equation

with the free energy of y-iron (1):
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The resulting system of equations (2) is transcendental. Usually solutions of such equations can be obtained
graphically or numerically. But as part of this task, it is advisable to consider an asymptotic solution of the equations.
For this present logarithm, part of each system of equations (2) as a Taylor series (this is permissible under the terms of

its convergence):
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To obtain an asymptotic estimate of system (3)
solution it is sufficient to consider the first two terms of
expansion in the logarithm expanding.

According to the calculations performed in this
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work, the maximum carbon content of y-iron can reach

7.3% (at) (1.76 % (wt.)), manganese 64.5% (at.)

(64.3 % (wt.). )) and silicon 2.1 % (at.) (0.93 % (wt.)).
Thus, alloying silicon-manganese iron-based alloys
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reduces the solubility of carbon in Fe-C-Mn-Si alloys.

Conclusions

The analysis of the phase composition in the
investigated Fe-C-Mn-Si alloys with carbon content of
0.37-057% (wt), silicon 0.23-0.29% (wt),
manganese 0.7 - 0.86 % (by mass), the rest - iron. For the
first time it was shown experimentally that the alloys of
the Fe-Mn-Si-C system containing carbon (0.57 % (wt.),
silicon (0.28 % (wt.)), manganese (0.86 % (wt.)) have
better mechanical characteristics, namely, higher
numerical value of strength and hardness, as well as of
plasticity and fracture toughness, as compared to the
alloys with a different content of carbon, manganese and
silicon. Thus, the results obtained in this paper show that
to improve the mechanical properties of the wheels to be
used in the railway transport, the alloys containing
carbon (0.57 % (wt.), silicon (0.28 % (wt.)), manganese
(0.86 % (wt.)) can be used. The microstructure of this
alloy contains up to 95 % of the bulk fraction of pearlite,
whose constituent is cementite.

For the first time using the quasichemistry method
received free energy dependence of y-iron with silicon
iron and manganese and determined the solubility limit
of carbon, manganese and silicon. The maximum carbon
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Solubility of Carbon, Manganese and Silicon in y-Iron of Fe-Mn-Si-C alloys

H.IO. ®inonenxo’?, O.1. babauenko?, I'.A. Kononenko?, K.I'. JlbomiHa?

Po34uHHICTHL KApOOHY, MAHTaHY TAa CUJIILIIIO B Y-3aJ1i31 CILUIABIB
cucremu Fe-Mn-Si-C

Y13 «Hninponemposcoika depacasna meduuna akademis MO3 Vipainuy, m. Juinpo, Yipaina, natph2016@gmail.com
2Iucmumym vopno ivemanypeii in. 3. I. Hexpacoea HAH Ypainu (IYM HAHY), m. Juinpo, Yrpaina, A_Babachenko@i.ua.

JocmipkeHHsT TPOBOAWIM Ha CIUIaBax 3 BMictoM kapOory 0,37 - 0,57 % (mac.), cumimiro 0,23 - 0,29 %
(mac.), wmanmranmy 0,7-0,86% (mac.), pemrra — 3ami3o. [lns Bu3HaueHHS (Ha30BOro CKJIamy CIUIABIB
BUKOPHUCTOBYBAIN MIKPOCTPYKTYPHHH, MIKPOPEHTTCHOCHEKTPAIBHAI Ta pPEHTIeHOCTPYKTYpHUH aHami3u. B
po6oti Oynu Bu3Ha4YeHi (i3n4HI XapaKTEePUCTHKH CIUIABIB, IO JOCIIUKYBAIN B aHIH poOOTi, a came, 3aJIeXKHICTh
BIZTHOCHOTO BHIOBXKEHHS, BI/THOCHOTO 3BYXXEHHS, YAapHOI B’SI3KOCTI Ta TBEPIOCTI BiJ XIMiYHOTO CKJIay CILIaBY.
OTtpuMaHi B AaHiii poOOTi pe3ynbTaTH MOKa3allH, [0 HaWKpalli MiKpOCTPYKTYpHI Ta (i3uuHi XapaKTepHCTHKU
Mae CIIJIaB Ha OCHOBI 3ajii3a 3 BMicToM Kapbony 0,57 % (mac.), cuminito 0,28 % (mac.), manrany 0,88 % (mac.).
BusHaueHo, 1o micis KpUCTamizalii Ta HU3KH ()a30BHX MEpETBOpEHb (a30BHil CKIAJ CIUIaBY MPEICTABICHHN
nBoMa (hazamu: oi-3aJTi30M Ta JISTOBAaHUM MaHTaHOM IeMeHTHTOM Fez7MnosC.

Brmepuie 3a 10moMoror MeToxy KBa3iXiMi4HOTO METOAY OTpPHMAlld PIiBHSAHHS BUIBHOI €HEprii TBEpIOro
pO34MHY Y-3ali3a, JIETOBAHOTO CHJIILIEM 1 MaHTaHOM, i BU3HAYWIM MEXY PO3YMHHOCTI KapOOHy, MaHTaHy i
cwinito. MakcuMansHuI BMicT KapOoHY B y-3aii3i Moke nocsratu 6,8 % (art.), manrany 67,5 % (at.) Ta cuinito
2,3 % (ar.).

Kuarouogi ciioBa: criuiasu Fe-Mn-Si-C, mexa po3urHHOCTI KapOoHy, MaHTaHy, CHIIILHIO B y-3aJIi3i.
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