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In the paper we obtained the expression of cementite free energy and determined the solubility of manganese and silicon in FesC
cementite depending on the temperature. Investigation was carried out for alloys with carbon content of 0.55-0.60 % (wt.), silicon
content of 0.95-1.0 % (wt.), manganese content of 0.8-0.9% (wt.), the rest was iron. The smelting of Fe-Mn-Si-C system alloys was
carried out in the alundum crucible furnace in argon atmosphere. The cooling rate of alloys after casting was 10 K/s. Microstructure
analysis along with X-ray diffraction analysis was used to determine the structural state of the alloys. In addition, the physical
characteristics of the alloys studied in this paper were determined, such as alloy chemical dependence of ultimate strength, 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 0.97 % (wt.) and manganese of 0.85 % (wt.)) had the superior microstructure and
physical properties. The microstructure of alloys studied in the paper is represented by pearlite, which makes up to 95 % of the
volume. In the alloys we revealed the highly dispersed inclusions of Fe27Mno3C, Feo2sMn1.4Cos and FeoSiCos carbides, whose
volume ratio was up to 1.5 %, the rest was ferrite. As it is known, the structural constituent of pearlite is cementite. The cementite has
a significant effect on the physical properties of alloys. Application of quasi-chemical method enables to calculate the free energy of
silicon and manganese doped with cementite and to determine the temperature dependence of silicon and manganese content in
cementite. It is ascertained that there is a slight increase of carbon content in cementite (up to 28.79 % (atoms). Manganese can
replace up to 12 % of iron atoms, and silicon can replace up to 4.5 % of iron atoms, depending on temperature. The calculated data
obtained in this paper are in good agreement with those found experimentally by other authors.
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The up-to-date working conditions of railway wheels require the development of new steels, whose chemical
composition, along with the heat treatment, provide increased strength and hardness of metal for wheels with a view to
increase their operational properties (wear resistance, resistance to the formation of shelled tread, maximum load on the
axle). At the formation of the complex of mechanical properties of railway wheels an important role is played by the
morphology and chemical composition of Fe;C cementite, which is formed in steel during crystallization and thermal
treatment of these products. The formation of Fe;C cementite is known to occur in iron steels and alloys with carbon
content of more than 0.01% (wt.) [1]. Cementite has a complex crystal lattice and contains 6.67% (wt.) of carbon.
Doping of Fe;C cementite by metal atoms affects the physical properties of steels and alloys. In the process of doping
steels by manganese (regardless of its amount), by chromium (up to 2%), or by stronger carbide-forming elements
(tungsten, molybdenum), they dissolve in cementite, partially replacing the atoms of iron in its crystalline lattice. Here,
some doped cementite, for example (Fe, Cr);C or (Fe, Mn);C, is formed, which differs as to its physical properties from
the ordinary non-doped cementite Fe;C. Nickel and silicon are referred to graphite-forming elements that affect
decomposition of Fes;C carbide resulting in the release of free-state carbon, i.e. graphite [1].

The most promising for the railway wheels is doping of steel with such inexpensive basic chemical elements as
manganese and silicon. At doping of this kind, the formation of phases (Fe1Si1)Cs and (Fe;1Mn)Ca, Fe; 7Mng3C [2-4], as
well as of cementite Fe;C doped with manganese and silicon is possible.

The object of this work was to determine the phase composition of the iron-based alloys doped with manganese
and silicon, as well as solubility of these elements in cementites depending on the temperature.

MATERIALS AND RESEARCH TECHNIQUES

The research was carried out on the samples of steels with content of carbon of 0.55-0.60% (wt.), silicon
0,95-1,0% (wt.), manganese 0,8-0,9% (wt.), the rest was iron. Melting of the experimental steels and manufacture of the
railway wheels from them was carried out under industrial conditions at the enterprises of “INTERPIPE-Ukraine”
Company. Fe-Mn-Si-C alloys were molten in the alundum crucible furnace in the argon atmosphere. The rate of cooling
of castings was 10 K/s. The samples after moulding had a cylindrical shape and the following dimensions: diameter —
15 mm and height - 30 mm. To determine the chemical composition of the alloy the chemical and spectral analysis was
used [5]. The phase composition of the alloys was determined using an optical microscope “Neofot-21”. The main
results of the X-ray micro-spectral analysis were obtained using an electron microscope JSM-6490 with scanner ASID-
4D and a programmable energy-dispersive X-ray microanalyser “LinkSystems 860”. The research of mechanical
characteristics was performed on the device of SMC-2 model. The wear resistance tests were performed at the load of
© Natalia Filonenko, Alexander Babachenko, Ganna Kononenko, 2019
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700 N, the slip factor made 10% under conditions of dry friction. The rate of the lower spindle rotation was 300 turns
per minute. The X-ray diffraction analysis was performed on the DRON-3 diffractometer in monochromatic Fe-K,
radiation. The theoretical calculation of the phases diffraction patterns was performed utilizing the program “CaRIne
v. 3.1

RESULTS AND DISCUSSION

The microstructure of the alloy containing carbon (0.57% (wt.)), silicon (0.97% (wt.)) and manganese
(0.85% (wt.)) in the molten state is represented by ferrite and grains of pearlite (Fig. 1a,b).

Pearlite in the alloy had dispersion morphology (Fig. 1¢). High-dispersion inclusions with a bulk fraction of up to
1.5% were found in the alloy structure. As it is known, at doping the iron alloys with manganese and silicon, any pure
carbides of manganese and silicon do not exist, but there are complex carbides [6]. In this alloy the carbides
Fe,7Mng3C, FegasMn; 4Cos and FeoSiCo4 were found (Fig. 1b). The results of the micro-spectral analysis showed that
the manganese content in the pearlite of the alloy made 0.75% (wt.) and that of silicon - 0.65% (wt.) (Fig. 1d).
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Fig. 1. Iron-based alloy containing carbon (0.57% (wt.)), silicon ( 0.97% (wt.)) and manganese (0.85% (wt.)) in the molten state: a)
alloy microstructure, b) alloy diffractogram c) pearlite microstructure, d) spectrogram

In the alloy containing carbon (0.58% (wt.)), silicon (0.40% (wt.)) and manganese (0.70% (wt.)) the
microstructure was heterogeneous, that is, pearlite had both dispersed and highly dispersed structure (Fig. 2a). With
content of carbon of 0.65% (wt.), silicon of 0.6% (wt.) and manganese of 0.75% (wt), the microstructure of the alloy is
represented by pearlite having a non-uniform morphology, while manganese and silicon segregation was observed in
the alloy microstructure along the boundaries of pearlite grains (Fig. 2b).

The alloys under study have practical application in the railway transport, so special attention in this work is paid
to their physical properties.

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 — 0.97% (wt.) and manganese — 0.95% (wt.), plasticity and fracture toughness
are higher as compared to those for the other alloys that are used in the manufacture of railway wheels.
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Fig. 2. The microstructure of the alloy containing: a) carbon — 0.58% (wt.), silicon — 0.40% (wt.) and manganese — 0.70% (wt.);
b) carbon — 0.65% (wt.) , silicon — 0.6% (wt.) and manganese — 0.75% (wt.), x 500

Table 1.
Dependence of the strength limit, extension and contraction ratio, impact toughness and hardness on the chemical
composition
Content of chemical elements in Thelisrt;ingth Relative Relative Impact toughness, Hargﬁess,
alloys, % (wt.) >, extension n, 8, % contraction_y,% KCUobed, J/cm?
oy, N/mm

C=0.57;Si=0.97; Mn=0.85 1160 12.5 31 27 326
C=0.65; Si=0.6; Mn=0.75 >1020 9 16 18 >320
C=0.58; Si=0.40; Mn=0.7 960 8 14 20 >255

The microstructure of alloys studied in this paper was represented by pearlite, whose bulk fraction was up to 95%.
Cementite is the structural component of pearlite, which affects the alloys mechanical properties.

Cementite has a complex structure [4]. The authors of the work gave a definition of the cementite structure and
pointed to the peculiarity of the structure of cementite, which consists in the fact that the atoms of iron and carbon form
Z-shape chains [7].

Each elementary cell contains 12 iron atoms, 4 of which are located in the Fel (4c) position and 8 — in the Fell (8d)
position. In the crystal lattice of carbide Fe;C the carbon atoms are located in the middle of the prisms.

By the results presented in the paper the crystallographic program “CaRlIne v.3.1° was utilized to form the carbide
crystal structure.

According to the results of the crystal lattice
formation the distance between the iron and carbon
atoms in the trigonal prism is 1.906 A, 2.041 A,
2.064 A and 2.11 A, what corresponds to the results
given in [3]. The distance between the nearest one
to another carbon atoms is 3.12 A.

To obtain the calculation results of the limit of
carbon atoms solubility in the carbide lattice a
quasi-chemical method was used [8]. The carbon
atoms in the carbide can be conventionally located
in two sublattices. The first sublattice (location)
consists of carbon atoms containing six nearest iron
atoms, two of which belong to the position of iron
atoms Fell, and are located at the distance of
2.11 A, and four — to the position Fel, two of them
are located at the distance of 2.04 A, and two — at
the distance of 1.91 A. The other sublattice consists
of two closest carbon atoms, interacting with each
other, which are located at the distance of 3.12 A
(Fig. 3).

The interaction of the Fe-C, M-C, and C-C
atoms can be considered as follows: the interaction
energy of the pairs of atoms: for the first sublattice

Fig. 3. The structure of Fe;C carbide

for the iron atoms position Fell — v ;~, V¢ » for
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the position Fel — v Mi,c > VEerc» and for two atoms of iron and manganese located at the distance of 1, 91 A from the

carbon atoms — v, ., Vp,; - For two carbon atoms, located at the distance of 3.12 A~V . For the numerical values
of the energy of interaction of the pairs of atoms the results given in [9] were used.

The free energy of carbide can be determined by the formula: F' = E — kT InW , where E is the internal
energy of Fe;C phase, W is the thermodynamic probability of the atoms location in the sites of the carbide crystal

lattice, £ =1.38-107, J/K is Boltzmann constant, 7 is absolute temperature.
Thus, the free energy of carbide is determined as follows:

2 2
F= _Z (NN Ve + NoiN ciVase ) — z (N FeIliN ciVraic T N MIliN cYumic ) -

2 =l ) i=l
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where N, =N, +N,, +N e, T N v, T N Fel, +N 1, > N is the number of carbon atoms, N is the total

number of sites in the lattice, respectively.
To calculate the solubility of carbon in cementite the solution of the system of equations should be found:
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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 (2) in the form of Taylor
series (this is acceptable in case of its convergence):

—Z N Veoe = (M.,.i (_l)n(NFeII)nH _i(—l)n_l(NFeH—l)" —0

aFeH n 1 (N )’Hl(” +1) o n
oF (=D" l(N )" D" (V)™ S D (N =)
or _ N.v — kT M Ml _ Mil -0
9y ; e ( ; N ;:111 (n+1) ; n )
2 _1 n—1 N n 1 N n+l oo 1 n—1 N
oF _ _z NCiVFe[lC —kT(( )" Fe1,) Z (-1) (nHFe]l) z ) ( Fel, -1 )=0
aNFe]l i=1 n n=1 (NM[] ) ( + 1 =1
2 1 n—1 oo 1 n N n+l o _1 n—1 N _ 1 n
aF — _Z NCiVMI .- kT(( ) ( M[l Z )n+(1 MI, 1) _ ( ) ( MI, ) ) :0 (3)
oN M, i=1 l =1 Fe[ (n+1) n=1 n
2 _1 n—1 N n 1 n N n+l o 1 n-1 N
aF — —Z NC]VFCIZ _ kT(( ) ( Fel, ) z ( ) (nHFe] ) Z ) ( Fel, ) ) =O
a]\]Frzl2 n n=1 (NMI ) ( +1 =1
or 2 (_l)n_l(NM[ )n ( 1) N'Hl - (_l)n_l(NMl _1)
=— N_. —kT 2 - 2 =0
3 N ; ciVmi,c ( " z N;:’,l (n+1) ; " )
aF 2 2
N = _Z (N roiVrerc ¥ NoymiVame ) — Z (N FetiVreic T NagiVanc )
C i=1 i=1

=1

; = (=1)" (1 N.)'
_Z(NFeIZivFeIZC MIIVMIC) 22 [ZLJ 0
P



50
Investigation of Silicon and Manganese Solubility in Cementite of [ron-Based Alloys EEJP 22019

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

The results of the equations solution are shown in Fig. 3. With the growth of the temperature, the content of
manganese and silicon in carbide Fe;C increases (Fig. 3).

The analysis of the results allowed determining the solubility of carbon, manganese and silicon in Fe;C carbide,
i.e. it was found that there is a slight increase in carbon content in cementite (up to 28.79% (atoms)). Manganese can
replace up to 12% of iron atoms, and silicon — up to 4.5% of iron atoms, subject to the temperature, what is in a good
agreement with the experimental data.
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Fig. 3. Dependence of the content of manganese and silicon in FesC carbide on the temperature

CONCLUSION

The research was carried out on the alloys containing carbon (0.55-0.60% (wt.), silicon (0.95-1.0% (wt.),
manganese 0.8-0.9% (wt.)), the rest was iron. To determine the structural state of the alloys the microstructure and X-
ray diffraction analyzes were performed. For the first time it was shown experimentally that the alloys of the Fe-Mn-Si-
C system containing carbon (0.57% (wt.), silicon (0.97% (wt.)), manganese (0.85% (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 (0.97 % (wt.)), manganese (0.85% (wt.)) can be used. The microstructure of this
alloy contains up to 95% of the bulk fraction of pearlite, whose constituent is cementite. Therefore, to explain the good
mechanical properties of the alloy the solubility limit of carbon, manganese and silicon in cementite FesC was
determined using the quasi-chemical method. For the first time the expression for free energy of Fe;C cementite doped
with manganese and silicon was obtained, and the limit of solubility of carbon, silicon and manganese in this phase was
determined. It is ascertained that there is a slight increase in carbon content in cementite (up to 28.79% (atoms)), the
manganese can replace up to 12% of iron atoms, and silicon — up to 4.5% of iron atoms, subject to the temperature.

The work was carried out within the framework of the project “Resurs” KC063.18 “Expansion of chemical
composition and technology solutions for manufacture of railway wheels for different application and their
maintainability” NAS in Ukraine.
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JOCJTIKEHHSA PO3YMHHOCTI CUJIIIIIO TA MAHI'AHY B HEMEHTHUTI CIVIABIBHA OCHOBI 3AJII3A
H.IO. ®inonenxo’ 2, O.1. Badauenxo?, I'.A. KoHoHenko?
13 «qninponemposcvia depaicasna meduuna akademis MO3 Vipainuy
49044, Yxpaina, m. Auinpo, éya. Borooumupa Beprnaocvkoeo, 9
2Incmumym uoproi memanypeii im. 3. 1. Hexpacosa HAH Yxpainu (IYM HAHY)
49107, Yrpaina, m. /[uinpo, ni. Axk. Cmapooybosa K.@., 1

VY poboTi oTprMaHO BUpa3 Ul BUIEHOI €HEprii eMEHTHTY Ta BH3Ha4YeHa PO3YMHHICTh MaHTaHy Ta cuiinito B remeHTtuti FesC B
3aJIeXKHOCTI Bif TemnepaTypu. JlocmipKkeHHs POBOIMIM Ha CIUIaBax 3 BMicToM kapOony 0,55-0,60 % (mac.), cuminito 0,95-1,0 %
(mac.), manrany 0,8-0,9% (mac.), pemra — 3ani30. Bumnaeky crutasis cuctemu Fe-Mn-Si-C npoBoauiy B medi B aIyHAOBUX THTIISIX B
atMocdepi aprony. IIBuakicts oxonmomxeHHs BuiuBku cknagana 10 K/c. Jlns Bu3Ha4YeHHS CTPYKTYpHOIO CTaHy CIUIaBiB
BUKOPUCTOBYBAaJIM MiKPOCTPYKTYPHHUII Ta PEHTICHOCTPYKTypHMi aHamizu. OKkpiM Iboro, B poOoTi Oynu BH3HAUCHI MeXaHiuHi
XapaKTePUCTUKH CIUIABIB, 10 JOCII/DKYBadM B JaHid poOOTi, a came, 3aJeXKHICTh TPAHUIN MII[HOCTI, BITHOCHOTO BHJIOBXKCHHS,
BIZITHOCHOTO 3BY)KEHHS, YJapHOI B’S3KOCTI Ta TBEpPAOCTI BiJ XiMiuHOro ckiamy crutaBy. OTpumaHi B maHii poOOTI pe3yibTaTé
TOKa3aJIy, 10 HalKpamli MiKpOCTPYKTYpHI Ta MEXaHIUHI XapaKTepHCTHKU Ma€ CIUIaB HA OCHOBI 3ajli3a 3 BMicToM kap6ony 0,57 %
(mac.), cuminito 0,97 % (mac.), manrany 0,85 % (mac.). OCHOBHOIO CTPYKTYpPHOIO CKJIaJOBOIO BCIiX CIUIABIB, SIKi JOCIIDKyBaIU €
nepiit (1o 95 % 06’emHoi yacTku). Y ciutaBax Oyiu BUsIBIICHI OpiOHOAMCIIEPCHI BKIIOUeHHS Kap0OiniB Fea,7Mno3C ta Feo,2sMni,4Coe
ta FeySiCo4, 00’eMHa yacTka skux cknanma 1o 1,5 %, inme — ¢eput. LleMeHTHT Mae BenWKHMi BIUIMB Ha (Pi3MKO-MEXaHidHi
XapaKTepUCTHKU CIUIaBiB. 3a JOMOMOrOI0 KBa3iXiMiyHOro MeToay Oyjia BU3HAuYeHa BilbHA EHEPrisl LEMEHTHTY, JETOBAHOIO
MaHI'AaHOM Ta CHJIILIEM, a TAKOXK OyJia OTpUMaHa 3aJISKHICTh TPAHUYHOIO BMICTY KPEMHIIO i MapraHillo B IEMEHTHTI B 3QJISKHOCTI
BiJl TeMmmeparypu. BcTaHOBIEHO, 110 Mae Miclle MiJBUIICHHI BMIiCT kapOoHy B HemeHTHTI (10 28,79% (atr.)). Manran moxe
3amimara g0 12% aromiB 3amiza, a cwiinid 1o 4,5% aroMiB 3amiza B 3anexHOCTi Bix Temmeparypu. OTpumani B poOOTi
PO3paxyHKOBI faHi 100pe y3TroKYIOThCS 3 eKCIIePIMEHTAIbHUMH JaHUMH 1HIIINX aBTOPIB.

KJIFOYOBI CJIOBA: cmiaBu cuctemu Fe-Mn-Si-C, neMeHTHT, BilbHa €HEpris HEMEHTUTY, PO3YMHHICTh MaHTaHy Ta CHIILII0 B
LIEMEHTHUTI

HUCCIENOBAHUE PACTBOPUMOCTU KPEMHUA U MAPT'AHIIA B IEMEHTUTE CIIJIABOB HA OCHOBE
KEJE3A
H.IO. ®unonenko’ 2, A.W. Badauenko, A.A. Kononenko?
'T'Y «/[nenponemposckas zocyoapcmeennas meduyunckas akademus MO3 Yrpaurvly
49044, Yxpauna, 2. Juenp, yn. Baaoumupa Bepnaockoeo, 9
2Hucmumym uepnoii memannypeuu um. 3. M. Hexpacoea HAH Yipaunvr (M4IM HAHY)
49107, Yxpauna, 2. [{nenp, yn. Ax. Cmapooybosa K.®., 1

B pabote noiyueHO ypaBHEHHE CBOOOJHON YHEPTHH LIEMEHTUTA U OIpPEAENICHa PaCTBOPUMOCTh MapraHiia U KPEMHHs B LIEMCHTUTE
FesC B 3aBucumocTtu oT Temnepatypsl. MccnenoBanus NpoBOJWINCH Ha CIUIaBax ¢ cojepxanueM yriepona 0,55-0,60 % (mac.),
kpemuus 0,95-1,0 % (mac.), mapranna 0,8-0,9 % (mac.), ocraiabpHOe — xelne30. Beimuiaky criaBo cuctems! Fe-Mn-Si-C npoBoamin
B IeYd B alyHJOBUX TUINISAX B arMocdepe aproHa. CKOpocTh OXJaXKAeHHS OTIMBKU cocraBimsiia 10 K/c. ns ompeneneHus
CTPYKTYpPHOT'O COCTOSIHHSI CIUIABOB HCIIOJIB30BAIM MHKPOCTPYKTYPHBEIH M PEHTI€HOCTPYKTYPHBIN aHainu3el. Kpome atoro, B pabote
ObUIM OIPEACNICHBl MEXaHHYEeCKHE XapaKTEPUCTHKH CIUIABOB, & MMEHHO, 3aBHCHMOCTb Ipejeia MPOYHOCTH, OTHOCHTEIBHOIO
YIUIMHEHHS, OTHOCHTEIBHOTO CYXXEHHS, YAAPHOW BS3KOCTH M TBEPIJOCTH OT XUMHYECKOrO cOcTaBa. IIOJNy4YEHHBIC PE3YJIbTaThl
[IOKa3aJly, 4TO ONTHUMAJbHYI MHKPOCTPYKTYpY M OoJice BBICOKHE MEXaHMYECKHE CBOICTBAa MMEET CIUIAB Ha OCHOBE JKelesa ¢
cozpepxanueM yriepozaa 0,57 % (mac.), kpemuus 0,97 % (mac.), mapranna 0,85 % (mac.). OcHOBHas! CTPYKTYpHas COCTABIISIONIAs BO
BCEX HCCIJICIOBAHHBIX CIUIaBax — MepiuT (1o 95 % oOowéMHo noim). B crutaBax 6putM 0OHApYKEHBI MEKPOIUCIEPCHBIE BKIIIOYEHHUS
kapoumoB Fe27Mno3C ta Feo2sMni4Cos Ta FeoSiCos, 0OBeMHas 10N KOTOPBIX cocTaBmia 1o 1,5 %, octampHoe — (epput. Kak
H3BECTHO, CTPYKTYPHOH COCTABIIIOIIECH INEpPIIUTA SIBISICTCS IEMCHTHT. LleMEHTHT OKa3blBaeT 3HAUMTEIILHOE BIMSHHE Ha (U3MKO-
MexaHu4eckue cBoiictBa cTaneid. C NOMOLIBIO KBa3HMXHMHYECKOTO METOAa Oblia orpejeieHa cBOOOIHAs SHEPrusl LEMEHTHTa,
JIETHPOBAaHHOTO KPEMHHMEM U MapraHLeM, a Takke OblIa MOoJy4eHa 3aBUCHMOCTb MPEJIEIbHOTO COACPIKaHMs KPEMHHS U MapraHia B
LIEMEHTHUTE B 3aBUCHUMOCTH OT TEMIIEpaTypbl. Y CTAHOBIICHO, YTO MMEET MECTO HOBBILICHHOE COZIEPIKaHUs YIJIeposia B LIEMEHTHTE (J10
28,79 % (at.)). Mapranen Moxet 3amemiatb 10 12 % aTomoB xene3a, a KpeMHuil — 10 4,5 % aToMoB ’kese3a B 3aBUCHMOCTH OT
Temneparypbl. [lomydeHHble B paboTe pacyeTHBIE JAHHBIE XOPOIIO COTJIACYIOTCS C JKCHEPUMEHTAJIbHBIMHM JaHHBIMH JAPYTHX
aBTOPOB.

KJIFOUEBBIE CJIOBA: cmnaBsl cucrembl Fe-Mn-Si-C, mieMeHTHT, CBOOOIHAST YHEPTHUS IIEMEHTHUTA, PACTBOPUMOCTh
MapraHua v KpEMHHMs B IEMEHTUTE





