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Abstract. The probability of the existence of microheterogeneous states in Fe—Mn—C melts has been analyzed in accordance with the concepts of
chemical thermodynamics. The microheterogeneous state of a chemically heterogeneous Fe—Mn—C melt was understood as the presence of dispersed
Fe—C particles in it. These are suspended in the Mn—C medium and separated from it by an interface. The microheterogeneous state in Fe—Mn—C
melts is destroyed as a result of heating to a temperature specific for each composition. The hypothesis of the microheterogeneous state of Fe—Mn—C
melts is supported by a wide range of numerous experimental data on their thermodynamic and physical properties. The identification of anomalies in
temperature dependences of physical properties of Fe—Mn—C melts has allowed for temperature values above which the melt superheating treatment
(MST) causes destruction of microheterogeneity to be determined, i.e., liquid — liquid structure transition (LLT) in the melt. LLT is understood by the
authors as a structural transition “microheterogeneous melt — homogeneous solution”. This is expressed as the destruction of the microheterogeneous
state when the Fe—Mn—C melt is heated to a temperature specific for each composition (MST). The authors have previously analyzed the effect of
LLT in Fe—Mn—C melts on the microstructure, crystal structure and mechanical properties of solid metal in submicrovolumes. This paper describes a
method of theoretical determination of the temperature range where the microheterogeneous state of the Fe—Mn—C melt is thermodynamically stable.
The thermodynamic stability of dispersed Fe—C particles in the Mn—C medium has been estimated according to the equations proposed by G. Kaptay
for a regular solution. It was assumed that the interface between the dispersed particle (Fe—C) and the dispersion medium (Mn—C) is enriched with
carbon. The paper demonstrates the possibility of existence in the Fe—Mn—C melt of dispersed Fe—C particles with sizes from 2 to 34 nm, distributed
in the Mn—C dispersion medium and separated from it by an interface with increased carbon content. The estimated result is consistent with the data
on the size of structural units of a viscous flow, obtained earlier within the framework of the theory of absolute reaction rates.
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AnHomayus. I1pose/ieH aHanu3 BO3MOKHOCTH CYILIECTBOBAHUS MUKPOTETEPOreHHBIX COCTOSIHUMI B paciuiaBax Fe—Mn—C contacHo npeacraBieHusIM
XUMHYECKON TepMOAWHAMUKHU. [lol MHUKPOTeTEepOTeHHBIM COCTOSHHEM XHUMHUYECKA HEOZHOpomHoro paciuaBa Fe—Mn—C moHuMamoch
HaJIM4YKe B HeM aucnepcHbIX yactll Fe—C, koTopele B3BelIEHbI B OKpyxatomieit cpene Mn—C u oT/eseHbl 0T Hee Mexk(pazHOH MOBEPXHOCTBIO.
MuxkporereporeHHoe cocTosiHue B paciutaBax Fe—Mn—C paspyaercs B pe3yisraTe Harpea 70 OIpeIeIeHHOM IS KaKJ0r0 COCTaBa TEMIIEPaTyphl.
B monp3y rumoressl 0 MHKPOreTEpOr€HHOM COCTOSHMM paciuiaBoB Fe—Mn—C CBHIETEIbCTBYIOT MHOTOYHMCICHHBIE SKCIIEPUMEHTAJbHbIC
JIaHHbIe 00 MX TEPMOAMHAMUYECKHX M (DU3MYECKUX CBOMCTBaX. BhusBieHHE aHOMAaNMil TeMIepaTypHbIX 3aBUCHMOCTEHl (M3MUECKUX CBOICTB
pacrutaBoB Fe—Mn—C 1o3BoiiIo OIpe/ienTh 3HAYCHUS TeMIIepaTyp, reperpes paciuiasa (Melt Superheating Treatment, MST) cBblIlIe KOTOPBIX
MPUBOJMT K Pa3pyIICHUI0 MHUKPOTETEPOreHHOCTH, T. €. CTPYKTYPHOMY HMEPEXONy «KHIKOCTb — KUAKOCTbY (Liquid — liquid structure transition,
LLT) B pacrutaBe. Tepmun LLT noHumaercst aBTopaMu Kak CTPYKTYPHBIH I€peXoj «MHKPOI€TepPOTreHHbIH pacIIaB — OAHOPOIHBIH pacTBOpP»
1 BBIPAXKACTCSA B Pa3pyIlICHUN MHUKPOTETEPOTCHHOTO COCTOSHMA NpH Harpese pacmiaBa Fe—Mn—C 1o ompeneneHHOH Ui KaKIOTo cocTaBa
temneparypsl (MST). ABropamu panee nposeneH ananus ausiaust LLT B pacruiaBax Fe—Mn—C Ha MUKPOCTPYKTYPY, KPHCTAIUTMYECKOE CTPOSHUE
U MEXaHHYECKHEe CBOMCTBA TBEPAOTO MeTalia B CyOMUKpooObeMax. B nanHoil paboTe onmucaH METO/ TEOPETHYECKOTO ONPE/IeNICH s JHara3oHa
TeMIIepaTyp, e MUKpOreTeporeHHoe cocrosinue paciiasa Fe—Mn—C repmoauHamudecky ycroitunso. [IpoBeieHa oleHka TepMOIMHaMHUYECKOI
ycroitunBoctH aucnepcHbix yactull Fe—C B cpene Mn—C B popmanuszme ['n66ca no ypaBHeHusm, npeuioxkernsv . Kanraem s perynsipaoro
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pactBopa. CienaHo MpeAroIoKeHne, 4To rpaHnia pasuena aucrepcHas yactuna (Fe—C) u qucnepenonnast cpena (Mn—C) oborarieHa yriiepoaoMm.
[ToxazaHa BO3MOXKHOCTB CymiecTBoBaHHsA B paciiaBe Fe—Mn—C nucnepcHbix gactun Fe—C, mMeromux pa3Mepst oT 2 10 34 HM, pacipeiesIeHHbIX
B qucriepcHoHHON cpene Mn—C u OTHECHHBIX OT Hee MeK(a3HOW I'paHMICH C IOBBILICHHBIM COACP)KaHHMEM yriepona. Pe3ynsraT OLEHKH
COIIIACYETCsI C JAHHBIMH O pa3Mepe CTPYKTYPHBIX €IHHUIL BI3KOTO TEUCHUSI, TOTyYSHHBIMH paHee B paMKax MpeJCTaBICHHI TEOPHH adCOMIOTHBIX

CKOpOCTEH peaxiuii.

Katoyesvle cnoea: Fe—Mn—C, pacmassl, CTPYKTYPHBIH IEPEXOJT «KHIKOCTb — KHAKOCTBY, 00paboTKa paciuiaBa MeperpeBoM, MHKPOTreTepOreHHOCTb,
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Ansa yumupoeanus: Cunvnns H.1., Ynkoa O.A. TepMonuHamMudeckas yCTOHYNBOCTE MUKPOTETEPOICHHBIX COCTOSHHUIT B paciuiaBax Fe—Mn—C //
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- INTRODUCTION

The Fe—Mn—C melts are used widely in the indus-
try as structural materials with high strength. However,
almost all studies aimed at improving the strength pro-
perties of Fe—Mn—C melts are reduced to the tempera-
ture effect on the crystallized metal. The actual objective
is to study the structural state of Fe—Mn—C melts for
their preparation for casting and crystallization, in order
to ensure a consistently high level of strength properties
of finished products. The key factor for the implementa-
tion of this method of melt preparation is the informa-
tion relating to structure transitions in the superliquid
part (the “liquid” zone) of the Fe—Mn—C system state
diagram [1].

The concepts of physical chemistry relating to the li-
quid-liquid structure transition (LLT) in multicomponent
melts are consistent with the concept of the microhetero-
geneous state, formulated and developed by P.S. Popel.
The microheterogeneous state of a chemically hetero-
geneous Fe—Mn—C melt is understood as the presence
of dispersed particles rich in one of the components in
it, suspended in a medium of another composition and
separated from it by an interface [2]. The microhetero-
geneous state is destroyed as a result of energetic impact
on the melt, such as heating to a temperature specific for
each composition. After the irreversible destruction of
the microheterogeneous state, the melt transforms into
a molecular solution state and its crystallization con-
ditions change. This is reflected in the microstructure,
crystal structure and mechanical properties of the crys-
tallized metal. The concept of the microheterogeneous
state of liquid multicomponent melts has been substanti-
ated experimentally. P.S. Popel, U. Dahlborg and M. Cal-
vo-Dahlborg, using the method of small-angle neutron
scattering in Pb—Sn and Al-Si eutectic melts, detected
regions enriched in one of the elements and separated
from the rest of the liquid melt by a transition layer. Two
families of particles have been identified: small particles
sized 10 — 40 A; and large particles sized up to 90 A. As
the temperature increases, the particles dissolve and re-
combine into smaller ones [3]. The use of LLT as a stra-
tegy for creating materials with predetermined properties
has proven to be practical and effective. LLT appeared
not only to control the nucleation rate of crystals, but
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also to control the structure of crystallites, determin-
ing the mechanical and thermal properties of the mate-
rial [4, 5].

The concept of microheterogeneity of liquid multi-
component melts also agrees with the concepts of Melt
Superheating Treatment (MST) as a method of improv-
ing the mechanical properties of castings. The effect of
MST of the Fe — 12 % wt. Mn — 1 % wt. C melt on the
ingot microstructure has been studied in detail. It was
established that the MST of this melt causes an increase
in austenite grains (solid solution of carbon in iron) and
decrease in the number of precipitating carbides during
subsequent cooling and crystallization. This can be ex-
plained by a decrease in the number of crystallization
centers with increasing temperature [6].

Previously, the authors have found anomalies of tem-
perature dependences of kinematic viscosity and specific
electrical resistivity of Fe — (5.0 — 25.0) % wt. Mn —
(0.4 — 2.2) % wt. C melts, interpreted as an evidence of
irreversible destruction of microheterogeneity. The va-
lues of temperatures 7" at which the microheterogeneous
state of the Fe—Mn—C melt of specific chemical com-
position is destroyed have also been determined [7, 8].

This article discusses the theoretical justification of
the possibility of existence of thermodynamically stable
microheterogeneous states in Fe—Mn—C melts at tem-
peratures close to liquidus in the framework of the che-
mical thermodynamics concepts. The identification of
anomalies in temperature dependences of melts physical
properties allowed for temperature values above which
MST causes destruction of microheterogeneity to be de-
termined, i.e., LLT in the melt. The effect of LLT in the
Fe—Mn—C melt on the microstructure, crystal structure
and mechanical properties of a solid metal in submicro-
volumes has been analyzed. Theoretical determination
of the temperature range where the microheterogeneous
state of the Fe—Mn—C melt is thermodynamically stable
is the purpose of this work.

[ EXPERIMENTAL EVIDENCE OF
MICROHETEROGENEITY OF Fe — Mn — C MELTS

The hypothesis of the possibility of microheteroge-
neous states in Fe—Mn—C melts is supported by the data
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of the diagram of states and the results of measurements
of thermodynamic properties. The diagram of states of the
system, including isothermal and polythermal sections,
has been studied in detail [9 — 11]. According to expe-
rimental data of thermodynamic properties of Fe—Mn,
Fe—C, Mn—C melts on the distribution of Mn and bet-
ween liquid ferrite and austenite, isothermal sections of
the diagram of the Fe—Mn—C state at temperatures of
1760 and 1750 K have been built by calculation [9]. The
polythermal sections of the diagram of the Fe—Mn—-C
system states appeared to have zones with the g-phase:
four-phase eutectic-peritectic y+ L + C + ¢ at 1430 K;
and eutectoid-peritectoid a+vy+ C+¢e at 840 [10].
The possibility of the existence of manganese carbide
Mn.C; in the system has been demonstrated by means
of calculation. The weak dependence of the chemical
composition of carbide phases (cementite and g-phase)
on temperature has been established. Taking this into
account, the cementite contains ~30 % Mn and 25 % C,
and the e-phase contains ~37.5 % Mn and 30 % C. It
has been demonstrated that the manganese distribution
coefficient between the melt and austenite (K, 7 = 1.32)

and between the melt and ferrite (Ki.“=1.36) in the
temperature range of 1470 — 1500 °C depends on tem-
perature weakly [9].

The results of analysis of the calculated isothermal [9]
and polythermal [10] sections of the Fe—Mn—C states
diagram allow the structure formation in manganese- and
high-manganese steels to be judged. In the process of
cooling, a specific component from a mixture of auste-
nite and carbides with laminar morphology is formed
in the structure of high-manganese steels. It has been
demonstrated that during very slow cooling dense clus-
ters of carbide plates are formed in some isolated areas,
resembling a pearlitic structure. A transition to thin-plate
pearlite occurs at the edges of these areas bordering the
unconverted austenite [11]. A study of regularities in the
formation of the Fe—Mn—C melts microstructure and
the morphology of austenitic dendrites showed that the
introduction of carbon into the Fe—Mn melt causes an
increase in the lateral dimension of primary branches of
dendrites. It also changes the size of secondary branches
by increasing the interphase energy at the crystallization
front [12]. It can be assumed that destruction of the mi-
croheterogeneous state during subsequent cooling and
crystallization will cause a decrease in the interphase en-
ergy at the crystallization front. This is due to destruc-
tion of tthe dispersed particles in turn being destroyed
and transition of the melt to the molecular solution state.
This will eventually change the microstructure and the
crystal structure of the ingot significantly.

The hypothesis about the possibility of a microhetero-
geneous state of Fe—Mn—C melts is supported by a sig-
nificant deviation of the system from the ideal: enthalpy
of the Fe—Mn—C liquid melt is negative and decreases

with the increasing Mn and C content [13]. Evaluation
of the thermodynamic properties of Fe—C and Fe—Mn
melts showed the presence of strong interparticle inter-
action, causing short-range ordering [14, 15]. Fe—Mn
melts have a negative enthalpy of mixing, confirming
strong interparticle interaction [16]. The Mn—C melts are
also characterized by a negative enthalpy of mixing [15].
In the process of crystallization, the Mn,C compound
precipitates together with cementite Fe,C at the auste-
nite grains boundaries [17]. Carbon dissolves well (up to
~17 % (at.)) in liquid iron [18]. In Fe—Mn —C melts, the
solubility of carbon increases with increasing manganese
content [19]. On the basis of this it can be assumed that
in Fe—Mn—C melts all carbon will be either dissolved in
iron or bound by manganese compounds.

The hypothesis of the possibility of microheteroge-
neous states in Fe—Mn—C melts is supported by ex-
perimental data on their physical properties. Anoma-
lies of temperature dependences of kinematic viscosity
and specific electrical resistance of Fe — (5.0 — 25.0) %
Mn — (0.4 — 2.2) % C melts observed at temperatures 7
specific for each composition have also been interpreted
by the authors as indirect evidence of destruction of the
Fe—Mn—C melts microheterogeneity during heating to
T"[7,8].

A.A. Wertman and A.M. Samarin were the first to
develop a hypothesis of colloidal microheterogeneity of
Fe—C melts on the basis of sedimentation experiment
data. Experiments by A.A. Wertman, A.M. Samarin
and A.M. Jacobson on the centrifugation of liquid cast
iron show that the radius of carbon atoms groupings is
close to 10 nm [20]. In their papers, A.A. Wertman and
A.M. Samarin linked colloidal microheterogeneity of
the melt with the presence of a nonequilibrium dispersed
phase which gradually dissolves in the dispersion me-
dium [21]. Such dynamic (fluctuational) microheteroge-
neity has an inherited short-range order of solid eutectic
phase structure. Its lifetime is commensurate with the
relaxation time in the atomic arrangement. According to
the ideas of A.A. Wertman and A.M. Samarin, colloidal
microheterogeneity is attained only in the limit case of
solutions with strong covalent interaction of atoms of
one of the components. In other eutectic systems, mi-
croheterogeneity is of a fluctuational nature. The study
of the microheterogeneous (colloidal) state of liquid cast
irons leads A.A. Wertman and A.M. Samarin to consider
the nonequilibrium nature of such a state. This would
explain the branching of temperature dependences of
their physical properties obtained in the modes of heat-
ing and subsequent cooling of the melt [22]. The iron-
carbon melt was also considered as a nonequilibrium
system with a particular temporal colloidal heterogenei-
ty, in which all the carbon is in the form of disperse
graphite particles [23]. Subsequently, the concepts of
the microheterogeneous state of iron—carbon melts were
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developed. They were considered a temporary, nonequi-
librium state gradually passing into the equilibrium state
of a molecular solution. V.M. Zalkin understood eutec-
tic Fe—C melts in a liquid state as a thermodynamically
stable two-phase state (microemulsion) preconditioned
by the delayed dissolution of one of the components and
gradually passing to a molecular (homogeneous) solu-
tion state. In other words the Fe—C melts were under-
stood as lyophilic two-phase systems [24]. Transition
from the microemulsion state in this case is reversible.
When a homogeneous solution cools, the initial micro-
heterogeneity is restored. The existence of a stable two-
phase region leads to objections by A.A. Wertman due to
the violation of the phase rule in the eutectic point [21].
However, the invalidity of this assertion was pointed out
even by J.I. Fraenkel [25]. If dispersion of one of the
phases to the colloidal scale occurs, an additional de-
gree of freedom, such as pressure inside disperse par-
ticles or their radius appears [26]. With regard to the
structure of the iron—carbon system melt, V.M. Zalkin
assumes a limited solubility of carbon in liquid iron, not
exceeding 6.5 — 8.5 % (at.) [24]. At higher concentra-
tions of carbon in the melt, the spontaneous formation of
carbon-enriched ordered groupings of dissimilar atoms,
similar in structure to cementite and separate phases,
occurs. The formation of disperse cementite particles
in liquid alloys at this temperature range occurs dur-
ing melting of alloys with both cementite and graphite
in the initial structure, as well as during dissolution of
graphite in liquid iron. An increase in the carbon content
in the melt to more than 12.4 — 14.2 % (at.) results in
the appearance of submicrogroups of carbon atoms or-
dered by the graphite type [23]. P.S. Popel formulated
the hypothesis of metastability of the melts microhetero-
geneous state in systems with eutectics and monotectics.
The issue of metastability of the microheterogencous
state caused a heated dispute between V.M. Zalkin, who
rejected the idea of metastability of microheterogeneous
states, and P.S. Popel on the pages of scientific jour-
nals [27 — 30]. In order to substantiate this hypothesis,
P.S. Popel analyzed the stability of a disperse particle in
the surrounding melt in the framework of the gradient
approximation of the thermodynamics of heterogeneous
systems thermodynamics [31]. This paper presents the
result of evaluation of the thermodynamic stability for
microheterogeneous states in Fe—Mn—C melts, i.e., the
fundamental probability of such states in these melts was
evaluated and the corresponding temperature and com-
position range was determined. The authors performed
calculations for the different models of the Fe—Mn—-C
microheterogeneous melt: Mn—C particles in the Fe—C
medium and Fe—C particles in the Mn—C medium. In
both cases it was assumed that the “particle — medium”
interface is represented by a saturated solution of car-
bon in iron. As a result of the calculation, the possibility
of thermodynamically stable microheterogeneous states
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in Fe—Mn—C melts was demonstrated only for the case
when disperse particles (Fe—C) were in the dispersion
medium (Mn—C) and the “particle — medium” interface
was represented by a saturated solution of carbon in iron.

[ RESULT OF EVALUATION OF THERMODYNAMIC
STABILITY FOR MICROHETEROGENEOUS STATES
IN FE — MN — C MELTS

Considering Fe—Mn—C melt as a microheteroge-
neous system, let us then denote the amounts (mol) of
iron, manganese, and carbon as n;_, n,, , n. and assume
that n,, > n,, > n.. Then considering liquid Fe and Mn
as mutually insoluble phases at fixed temperature T and
fixed standard pressure p_ = 1 bar, let carbon have limited
solubility in both liquid iron and liquid manganese. The
mutual exchange energy (€, J/mol) between dissimilar
iron, carbon, and manganese atoms is positive which is
essential in the regular solution model. Thus supposing
suppose there are disperse Fe—C particles in the Mn—C
melt medium, we can express the volume equilibrium
condition for carbon in such a heterogeneous system as

G:: + RTln(XC(Fe, b)) + Q]:e -C (1 - XC(Fe, b))2 =

=G + Tln(XC(Mn, b)) + Q- c (1 =X v, b))2 , (D

where G (J/mol) is the standard Gibbs energy of pure
carbon; Xe (Fe. by (dimensionless) is the volume mole frac-
tion of carbon in the Fe—C solution; and Xeon, by (di-
mensionless) is the volume mole fraction of carbon in

the Mn—C solution.

In general, equation (1) is solved numerically relative
t0 X (g, 5 @S @ function of x. (Mn, p) AL @ fixed value of T
and taking into account the parameters of the model —
interchange energy of Q.. .and Q,, .. If carbon forms
dilute solutions in both iron and manganese, the solution
of equation (1) can be written approximately as

Xere. n) =KX, b)» 2

where K — is the coefficient of carbon distribution bet-
ween the Mn—C medium and disperse Fe—C particles:

KEeXp(QMnC_QFEC), (3)

RT

Let us assume that liquid iron and manganese are
mutually insoluble. The free surface energy at the melt
interface (op,,,,) Will be much greater than the free sur-
face energy at the interface of carbon and manganese (.,
vn) and pure carbon and iron (o, ). Therefore, the fol-
lowing ratio is met: ¢ >0 Consequently,

C/Fe

Fe/Mn c/Mn> Oc/per
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carbon will be a surface-active component at the inter-
face of a disperse particle (Fe—C) and dispersion medium
(Mn-C). Let us assume that the interface between a dis-
perse particle (Fe—C) and dispersion medium (Mn—C) is
enriched in carbon, then we find the mole fraction of car-

bon in the dispersion medium X, (Mn, b) using formula [32]

3a 24 Vm, Fe
e — ” e O\)O
~ Fe - C
Xcvn, p) = Kn —, )
Mn Fe

where 7, is the number of moles of the I- -th component;
Vm Fe IS the molar volume of i iron; and oy, . is the area
of the molar surface of the ‘particle — medium” transi-

tion layer.

During the dispersion of particles their radius » de-
creases, thus according to equation (4) X ,, -, decreases
as well. However, the mole fraction of XC (Mn, 5 CANNOt
be a negative value. Consequently, the minimum particle
size at which X =0 can be obtained from equa-

C(Mn, b)
tion (4) is

FeVm Fe ] (5)
nCO‘)Fe e

L =324

The Gibbs energy of a dispersed system is calculated
using the following formulas [32]:

X,
B C(Fe, b)
G, = Ny 1+—1 G, pre—c ™t
= XC(Fe, b)
C(Mn, b)

X,
+ My 1+1_

G, pre-c=RT |:XC(Fe, b) ln(XC(Fe, b))+

(1= Xee, ) (1= X, b))] 4

Gppvn-ct 47cr2Nc5; (6a)
C(Mn, b)

+Qp, X Fcb(l Xe Fcb) (6b)
Gy pvn-c = RT|:XC(Mn, b) ln(XC(Mn, b)) +
+ (1= X, )0 (1= Xeom, b))] +
+ Oy - X, v (1 = Xcovm, b)); (6¢)
. RT Qp, _
G =0k ¢ s ln(XC(Fe b)) TeC
Ope _ ¢ Ope — ¢
o RT Oy -
=Of. ¢ s 1n(XC(Mn, b)) n-C, (6d)
Fe - C Fe - C
where G, is the Gibbs energy of a dispersed system;
G, » re_c 18 the contribution to the Gibbs energy of a dis-

persed system of G, disperse particles; G is the

m, b, Mn — C

contribution to the Gibbs energy of a dispersed system of
G, dispersion medium; o is excess free energy of the tran-
sition layer at the disperse particle and medium interface.

The total number of disperse particles per unit volu-
me N is calculated by the formula

XC(Fe b) . (7)
1- X C(Fe, b)

N =

3n. V.
Fe m3, Fe [1+

4nr

Let us determine the Gibbs energy of a dispersed
system with a particle size of > r_. (calculation by
formula (5)), consisting of three macroscopic phases (a
phase with high manganese content, a phase with high
iron content, and a phase with high carbon content with
a negligibly small interface area between them):

X, n
_ C(Fe, b, eq) C(C — Mn - Fe)
Gn()em_nFe 1+1 X (1_ ] x
T A C(Fe, b, eq) P

Xe
(Mn, b, eq)
%G,y pFe—C eg T Min {HTX
x[l —
where X @) is the mole fraction of substance i in
(J/mol)

C(Mn, b, eq)
the saturated solution in substance j; G, , .. ¢ o
is the molar Gibbs energy of the saturated Fe—C solu-

n
C(C — Mn - Fe)
j:le, b, Mn - C, eq + nC — Mn — FeGm, b» (8)

nMn

tion calculated by substituting X ) into equa-
tion (6b) for Gm, b Fo—C instead of XC(F 5> G b

(J/mol) is the molar Gibbs energy of the Mn —C saturated
solution, calculated by substituting X COMn. b, <q) into equa-
tion (6¢) for G, , \, . instead of XC(Mn 5 G, 1s the
molar Gibbs energy for the carbon-enriched reglon; and
ng, and ny, are the number of iron and manganese moles,

respectively.

In the carbon-enriched regions of the dispersed sys-
tem (the transition layer between a disperse particle and
dispersion medium), we calculated the following quanti-
ties:

— the number of carbon moles

XC(Fe, b, eq) _
1-X

C(Fe, b, eq)

Ac(c - Mn - Fe) = e — Ppe

XC(Mn, b,eq) .
Ty )
A C(Mn, b, eq)

— the total number of moles

Ac M- Fe = Mc(C - Mn - Fe) ¥

X X, ,
« 1 + C(Fe, b, eq) + C(Mn, b, eq) : (10)
1- XC(Fe, b, eq) 1- XC(Mn, b, eq)
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— the mole fractions of carbon, manganese and iron

1
Xee = ’
© 1+ XC(Fe, b, eq) XC(Mn, b, eq)
1_‘XVC(FC, b, eq) 1_‘XVC(Mn, b, eq)
XC(Mn, b, eq)
X _ 1_‘X'C(Mn, b, eq)
Mn(C) —
" 1+ XC(Fe, b, eq) XC(Mn,h, eq) (1)
1- XC(Fe, b, eq) 1- XC(Mn, b, eq)
XC(Fe, b, eq)
X _ 1- XC(Fe, b, eq) .
Fe(C) — X X H
1+ C(Fe, b, eq) C(Mn, b, eq)
1- XC(Fe, b, eq) 1- XC(Mn, b, eq)
— the molar Gibbs energy
G, = RT[XC(C) (X)) + Xy (Xymey) +
+ Xpe(oy In (XFe(C))] + X Xre) e - ¢ +
+ X)Xy v - c-
The values of parameters n,, =9, n, =0.95,

ne=0.04,V, . =7.92:10°V, =5.2-10°7T=1900 K,
Q.. ==90,000 J/mol, Q,, = 65,000 J/mol were de-
termined according to the authors [33]. The dependence
of excess free energy of the transition layer at the inter-
face of a disperse particle and medium on the disperse
particle radius o(r) for the Fe — 10 % Mn — 0.9 % C melt,
calculated by formula (6d) at 7= 1900 K, is presented
in Figure 1. It is worth noting that at » > 7-10~ m the
excess free energy of the transition layer at the interface
of a disperse particle and medium is ¢ < 0, According to
[32] this is a condition of spontaneous dispersion of the
system, i.e. disperse particles with radius » > 7-10° m
are thermodynamically unstable.

Figure 2 shows the dependence of the Gibbs free en-
ergy of a dispersed system on the disperse particle radius
G(r) for the Fe — 10 % Mn — 0.9 % C melt, calculated
at 7= 1900 K with formula (8), with due regard to the
transition layer at the disperse particle and medium inter-
face, and with no regard to it.

The Gibbs free energy of a dispersed system G(r),
calculated with due regard to the transition layer at the
disperse particle and medium interface (saturated solu-
tion of carbon in iron) appeared to be less than the Gibbs
energy of a dispersed system G(r), calculated with no re-
gard to the transition layer, if the disperse particle radius is
(7.1 — 13.6)-10° m (Figure 2).

Thus, the Fe — 10 % Mn — 0.9 % C melt at 7= 1900 K
can be represented as a dispersed system consisting of
disperse particles (Fe—C) (7.1 — 13.6)-10~° m in size and
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dispersion medium (Mn—C), where the “particle — me-
dium” interface is represented by the saturated solution
of carbon in iron. The critical radius of a disperse par-
ticle is 6.7-10~° m.

Previously, when studying the temperature dependen-
ces of kinematic viscosity and specific electrical resis-
tance of Fe — (5.0 — 25.0) % Mn — (0.4 -2.2) % C melts,
indirect evidence of their microheterogeneity at tempera-
tures close to liquidus was found [7, 8]. Analysis of tem-
perature dependences of kinematic viscosity in the frame-
work of the theory of absolute reaction rates gave an

o, Jim’
T

1 | |
0.5-10°° 1.0-10° 1.5:10°

r,m

2.0-10°°

Figure 1. Dependence of excess free energy
of the transition layer at the interface of a disperse particle
and medium on the disperse particle radius o(r)
for the Fe — 10 % Mn — 0.9 % C melt at 7= 1900 K

Puc. 1. 3aBucumMocTb U30bITOUHOI CBOOOHOI SHEPrUM
HEePEeXOAHOTO CI0A Ha TPAHHULC AUCIEPCHOI YaCTHIIBI
U Cpesibl OT pajidyca AUCIEPCHOM YacTHIb! G(7) Ul paciaBa
Fe—10% Mn—0,9 % C npu 7= 1900 K

10-10°

G, Jimol
)

-5-10°

~10-10° ! !
0.5-10° 1.0-10° 1.5-10°°

2.0-10°

r, nm

Figure 2. Dependence of Gibbs free energy in a dispersed
system on the disperse particle radius G(r)
for the Fe — 10 % Mn — 0.9 % C melt, calculated at 7= 1900 K
with due regard to the transition layer at the disperse particle
and medium interface (/) and with no regard
to the transition layer (2)

Puc. 2. 3aBucumocTs cBOOOAHO# HEprin ['160ca
JIMCIIEPCHOM CHCTEMBI OT pajJiyca JUcnepcHoi yactuisl G(r)
quis pacmiaBa Fe — 10 % Mn — 0,9 % C, paccuntannast
rpu 7= 1900 K ¢ yyeToM 1nepexoaHoro ciiost Ha rpaHuLe
JIUCTIEPCHO# YacTHIIbl U cpesibl (/)

n 0e3 ydeTa HaJlm4ust HepexoJHOro cios (2)
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estimate of the size of structural units of the Fe—Mn—C
microheterogeneous melts viscous flow as 34 — 5 nm [7].
This agrees with the estimate of the size of thermody-
namically stable disperse particles in this paper.

- CONCLUSION

The study evaluated thermodynamic stability of mi-
croheterogeneous states in Fe—Mn—C melts at tempera-
tures close to the liquidus. The Fe—Mn—C melt was con-
sidered as a microheterogeneous system. This assumed
the existence of disperse particles (Fe—C) in dispersion
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