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Abstract. The phase transformations in alloyed iron-carbon alloys is largely related to diffusion of components, fore-
most to the carbon. For the analysis of diffusive processes in alloy steels, it is possible to use the mathematical methods of
non-equilibrium thermodynamics. The equation for the diffusive fluxes of the system contains unknown in general case of
coefficients activity of elements and vacancies, and their derivatives for to the concentrations, that extraordinarily makes it
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Hncemumym uepnoii memannypeuu umenu 3. U. Hexkpacosa Hayuonanvhoti akademuu nayk Ykpaunsl, /[nenp, Yxpauna

HEPABHOBECHASI TEPMOJUHAMUYECKAS MOJAEJIb VIS PACYHETA TU®®Y3UOHHbIX IIOTOKOB
IMPU ®A3OBBIX ITPEBPAIIEHUAX B JETMPOBAHHBIX CTAJISX

AnHoTanus. da3oBble IpEeBpaLICHUs B JIETUPOBAHHBIX CILIaBaX jkeje3a C YIVIEPOAOM B 3HAUUTEIbHOI CTENEHH CBs3a-
HBI ¢ 1uddy3ueii KOMIIOHEHTOB, B IEPBYI0 0uepenb ¢ yriiepogom. Jst ananu3za nuddy3HoHHBIX IPOIECCOB B JISTHPOBAaHHBIX
CTaJISIX MOXKHO HCIIONB30BAaTh MaTeMaTHYEeCKUEe METOAbI HEPABHOBECHOHW TEPMOANHAMUKH. YPaBHEHHS U TU((y3HOHHBIX
NIOTOKOB CUCTEMBI COIEPIKUT HEM3BECTHBIC B 00IIeM ciydae Kod(GHUIIMEHTH aKTHBHOCTH 3JIEMEHTOB U BaKaHCUH M UX MPO-
H3BOJHBIC 10 KOHIEHTPALMIM, YTO YPE3BBIYAIHO 3aTPyIHSCT ONpeJelIeHHe 3HAaYEeHHH MEepeKpecTHBIX K0d()(HUIIMEHTOB.
B crarpe pa3paboTaHa HepaBHOBECHAs TEPMOAMHAMHUYECKas METOAMKA pacueTa JUP(PYy3MOHHBIX ITOTOKOB IIPH HAJINIHH
IBYX (a3 B JerupoBaHHBIX cTasiX. OHa MO3BOJISIET paCCYUTATh B ypaBHeHHUAX OH3arepa Kax NpsiMble, TaK U IIEPEKPECTHEIC
k03¢ ¢unmeHTs. [IpuBeneHEl GOPMYITBI pacdeTa TEPMOJUHAMUYIECKHAX CHJI JUIS JISTHPOBAHHOI CTallM — Xeje3a, JIeTupyIo-
IIEero 2JIEMEHTa 3aMeIeHHs — XPOMa, 3JeMEeHTa BBEICHUS — yriaepoaa u BakaHcuil. [Ipenaoskensl o0mue BIpaKeHUS AJIs
pacueTa mepeKpecTHHIX KOd(P(UIIMEHTOB, ABMKYIINX CHJI M IOTOKOB B ypaBHeHHsX OH3arepa sl MHOTOKOMIOHEHTHOIT

© Boosips C.B., 2021



Becui HauplsinanbHail akagsmii HaByk benapyci. Cepbls isika-1oxHiuHbIX HaByk. 2021. T. 66, Ne 1. C. 28-36 29

TePMOAMHAMUYECKON cucTeMbl. [IpuBeaeH mpuMep HCIOIb30BaHUS Pa3pabOTAHHON MOJENH ISl TIOMCKAa M3MEHEHHH KOH-
HeHTpanui u quddy3HoHHBIX TOTOKOB BO BpeMeHH. J{JIs1 HCIONb3yeMOl MOJICJIBEHOI CUCTEMBI YCTAHOBJICHO, YTO Ha CTAIUH
MPEeUMyIIeCTBEHHOH Mnddy3nn yrieposaa B IETHPOBAHHON CTaJIM BKIIOUYEHHS IIEMEHTHTA pa3MepoM okojo 18 HM obOpasy-
I0TCsI TOBOJIBHO ObIcTpO (B Teuenue ~ 200 c). PazpaboranHast B cTaTbe METOMKA ITO3BOJISIET IPOBOAUTE pacueTsl Audpdy3u-
OHHON KMHETHKH B MHOTOKOMIOHEHTHBIX TEPMOJUHAMUYECKUX CHCTEMaX, KOTOPBIMH TaKKe SIBIISIFOTCS CIUIABBI JKENe30-y-
TJIEPOA, M KOHTPOJIHUPOBATH pa3Mep oOpasyromuxcs Gpa3, HapuMep HaHOYACTHI] KapOUI0B.

KuioueBble cJji0Ba: HEpaBHOBECHAs TEPMOJMHAMHKA, (a3oBble MpeBparieHus, 1u((dy3HOHHBIE TTOTOKHU, IBIDKYIIHE
CHUIBI, TIEPEKPECTHBIE KO (PUIIMEHTEI, IETHPOBAHHbIE CTAIIN, HAHOYACTHUI[BI

Jas uutupoBanus: bo6sips C. B. HepaBHOBecHas TepMOgMHAMUYECKast MOAEITH AJIsl pacueTa TU(Qy3HOHHBIX IIOTOKOB
npu (a3oBbIX HpeBpalleHusX B jJeruposanHbix ctansx / C.B. boosips / Bec. Hai. akan. naByk bemapyci. Cep. ¢i3.-TaxH.
HaByK. — 2021. — T. 66, Ne 1. — C. 28-36. https://doi.org/10.29235/1561-8358-2021-66-1-28-36

Introduction. The phase transformations in the alloyed iron-carbon alloys is largely related to dif-
fusion of components, foremost to the carbon [1, 2]. For the analysis of diffusive processes in alloy
steels [3—5] it is possible to use the mathematical methods of non-equilibrium thermodynamics. In gen-
eral case, thermodynamics equations of motion look like [3]:

N
Ji=> L, X, (i=1,.,N), )

k=1
where J; are fluxes; X} is thermodynamics forces; L;; = Ly; is kinetic Onsager’s coefficients [5]; i, k are
numbers of charges (substrate of transfer). Basic motive forces of the phase transformations in non-
equilibrium thermodynamics are gradients of chemical potentials p; for components of the system [3-5]:

Xi= V. @

The theory of diffusion in metallic alloys with the vacancy mechanism of migration of atoms was
developed by Darken [6]. Basic limitations of this theory are related to the necessity of diagonal matrix
of Onsager and condition of equilibrium of concentration of vacancies [7]. In work [8] the considered
kinetics of diffusion is in the bimetallic system, taking into account the non-diagonal coefficients of
Onsager’s matrix. Thermodynamics potentials in this work are presented in a kind:

W, =p) = RTIn(y,c,), 3)

where ¢; — concentration of element i; y; — coefficient of activity of element i, what is considered as
dependency upon one concentration of ¢;.

Equation for the diffusive fluxes of the system contains coefficients of activity of elements and
vacancies, unknown in general case, and their derivatives for the concentrations, that extraordinarily
makes it a difficult being of values of lines and cross coefficients. In work [8] expressions of cross coef-
ficients are found for an ideal solid solution.

Using this method for calculation of fluxes at presence of formation of phases in the system is a very
difficult task. Therefore, at consideration of the interrupted systems, I mean systems, that contain a few
phases, the fluxes of elements and vacancies pass between that as thermodynamics forces, it is possible
to use the eventual finite differences of chemical potentials (—Aw,) [9, 10]. If, for example, we use two
sizes — concentrations of carbon and iron, as degrees of process of graphitization, concordantly (1),
equations of motion look like:

Ji =Ly X+ L Xy, @.1)

where J; is a flux of carbon that characterizes speed of process of graphitization; .J, is a flux of iron;
X1 = ((Auge), Xo = (<Auc) are thermodynamics forces of iron and carbon. The finite difference of
potential between two phases has a sign “+” at its increase, and the flux is directed towards the reduction
of potential, so the expression for the forces has a sign “-",

In works [10, 11] it is shown that in the complex process with two fluxes of charges, an increase of
one potential takes place, which means one process “conducts”, and the other is a “derivative”. The “de-
rivative” process itself, which is separated from the “leading”, is impossible, since thermodynamically it
is not expedient.
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In the system of equations (2) thermodynamics force (—Apge) is negative and it slows down the pro-
cess overall. The diffusion of iron is induced in a process, and diffusion of carbon is leading.

Thus, process of formation of phase (to the carbide, intermetallic) in the triple system Fe—C—X (al-
loying element), by analogy with the process of graphitization [10, 12], must be accompanied by the in-
tensive enough transfer of solid solution (alloyed iron). That provides the possibility of growing a phase
with a lower density — carbide or intermetallic in it. This condition can be executed as a result of iron
flux growing due to cross kinetic coefficient of L,; [10].

At presence of alloying element in the triple system, for example, chrome, the equation of motion
must contain additional components that characterize diffusion of this element [13].

The non-equilibrium thermodynamic theory of multicomponent systems continues to develop success-
fully, see, for example [14, 15]. However, obtaining direct kinetic equations for the concentrations and flux-
es of system elements is difficult, because of unknown values of cross coefficients. Therefore, the problem
of successive theoretical description of diffusive phase-to-phase fluxes in the alloy steels remains.

The aim of work is development of non-equilibrium thermodynamics methodology of calculation over
time of diffusive fluxes, kinetic coefficients and thermodynamics forces in the multicomponent alloy steels.

Formulation of the problem and basic ratios. Will consider the process of phase formation in the
alloy steel. From the point of view of thermodynamics such a process is a transition from metastable to
the stable state with formation of a new phase K. We take into account that in the system Fe—C—X (alloy-
ing element) there are two phases — alloyed a-phase () and formed phase (K), the fluxes of carbon (J¢),
iron (Jg.), alloying element (Jy) and vacancies (/) (Figure 1). The flux of vacancies in a formed phase
will be considered equal to the flux of vacancies in a ferrite.

Let us consider that the volume of the system can change in general case, which is the reason that the
condition of complete equality of streams to 0 is not executed:

Jre tJyt Ity #0.
F K
JFe

-~

JC

J,
—_—
‘]X
—

Fig. 1. Scheme of the phase formation (K — carbide) in the alloy steel

According to (1), the thermodynamic equations for the fluxes take the form:

Jre = —Li1Alge = LipAbc — LizAuy — LijApy, G.1)
Jo ==Ly Akpe — LypAlic = LyzAly — LysAly (5.2)
Jx ==Ly Abpe — LypAlic — LyzAly — LAy, (-3
Jy ==LyAny = LpAnc — LisAuy — LyyAyy, 54

where Jg., Jo, Jy, Jp — fluxes of iron, carbon, alloying element and vacancies accordingly. O the base of
generals of non-equilibrium thermodynamics, it is possible to find the value of kinetic coefficients, the
same as it was executed in process [13]. In the conditions of complete equilibrium

Apge =0, Auc =0, Auy = 0 and Apy = 0.
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However, for the linear thermodynamics system there is also a possibility of dynamic equilibrium,
at that all fluxes are equal 0, but some thermodynamics forces in the system do not equal to zero (there
are their variations) [4, 13]. For the first time such an opportunity is considered by the author in the
work [12] for the double system, and then for the triple system [13]. Will consider this possibility for the
4-component thermodynamics system. From equations (5) follows, that near-by an equilibrium, at pres-
ence of variations of thermodynamics forces, next terms must be executed:

Jpe = 0= Ly Bpp, + Lindpc + Lizdpc, + LyySpy =0, 6.1

Jo=0= Ly Buge + Lypduc + Lyz0uy + Logduy =0, (6.2)

Sy =0=> L3100g + Lpdlc + Lyzduy + Lyyduy =0, (6.3)

Jy =0=> Ly10Uge + LygSiic + L3Sy + LyySpy =0, (6.4)

where the variations of thermodynamics forces that provide the dynamic equilibrium of the system are
marked by an index dy;.

From the first equalization (6.1) we establish a connection between variations of forces:
Oupe = =(Lip / Ly)S1e = (Lys / LSy — (Lig / Ly)Spy . (7.1)

Substituting (7.1) into equations (6.2)—(6.4), we find:
Jo =Ly = Lyrlyy I Ly)Be + (Loy = Loy gz / Ly)BWey +(Log = LoiLyg / Ly )OKy =0, (7.2)

Jx = (Lay = Ly1Lig / Ly )OWc + (Las = LayLys / Lyy)de, + (Lag — Ly Lig / Ly )Opy =0, (7.3)
Jy =(Lyy = Larlya / Lj)SRe + (Lay = Lyy Lyz / Ly1)SReyr +(Lag = LarLog / Ly )01y =0. (7.4)

At arbitrary variations duc, Opy and duy the linear system of equations (7.2)—(7.4) is commensurate,
if coefficients at S, Spy and duy equal 0, from what it is possible to find the partial decision of the
system of equations (6) and (7). For the diagonal components of the system of equations (7.2)—(7.4) it is
possible to write down:

LyLy =LiLy, i, k=1..4.

Taking into account Onsager’s ratio, we find connection between kinetic coefficients:

Ly =L, =x\L;L, ,i,k=1..4 (8)

The sign in front of the root is selected, based on the sign (direction) of the considered fluxes (see
Figure 1). It is possible to insure a simple substitution, that undiagonal components of system of equa-
tions (7.2)—(7.4) also transform in 0. If we choose the sign of “~” for one of cross kinetic coefficients,
then signs of other cross coefficients must be consistent. We found that a partial solution system of equa-
tions (6) is the same with unknown cross coefficients. Partial solution (8) of the linear 4-component sys-
tem of equations (7) it is possible to generalize the component of linear thermodynamics system on N, so
as a system of equations (7) has the same kind for the number of components of n =2, 3, 4, N. Therefore,
the correlation (8) for cross kinetic coefficients is executed at the number of components of n =2, N.

Such approach allows finding cross coefficients in Onsager’s equations since direct kinetic coeffi-
cients are expected. Thus, the equation (8) is correct for the systems, not too distant from an equilibri-
um, and for the real system, it is approximate.

General expressions for thermodynamics forces that operate in the system. We shall find gener-
al expressions for thermodynamics forces that operate in our system. For an example we will use steel of
the system Fe—C—Cr with 0.15 % C and 5.0 % Cer, that is tempered and annealed at 600 °C with forma-
tion of the alloyed carbide [13]. Consider that first there is a chrome with the concentration C¢, = 0.05,
carbon with the concentration of C = 0.007, concentration of iron egale Cg. = 0.943 in solid a-solution
of this steel. After annealing during two hours concentration of iron in a solid a-solution rises to C'g, =
0.9574, the concentration of chrome goes down to C'c; = 0.0425. In the carbide of cementite there are
chrome with mass part ~ 20 % (by the concentration of Cgr = 0.20) and carbon with the concentration
of C& = 0.25, concentration of iron in the carbide Cjx = 0,55. Concentration of vacancies Cv in a solid
a-solution, is equal to 107,
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Thermodynamics force for a carbon can be written by the formula [16]
oK
~Aue =—RTIh =&, ©)
ac
where R — universal gas constant, 7— a temperature of alloy, ag is a size of thermodynamics activity of
carbon in cementite, ai* is a size of thermodynamics activity of carbon in a-solution.
Variation of thermodynamics activity of carbon in an alloy at melting its component is possible to
find on methodology [16, 17] from equation:

In(ac / ac,) =B;N;. (10)

where a¢ is thermodynamics activity of carbon for an alloy in the standard state, f; is a coefficient of
influence of element on thermodynamics activity of carbon in an alloy, &; is content of element in an
alloy in atomic parts. We will consider that for our steel in the standard state ago = a§0 =ac,, We mean
cementite in steel with 0.15 % C is stable and is in an equilibrium with a solid solution at an endurance
temperature 600 °C [10]. Using this condition and equation (9) and (10), find:

In(ag /ag ) =BENG ~BENE (11)
The value of B; is calculated by the coefficient of the phase distribution of the alloying element K; =
N{(K)/N(o) and the atomic particle of carbon in the N alloy in the general form [16, 17]:
B, =— (K; =)+ (N (K) - K;Nc (o))
(K ~DNe + (N (K) = K Ne (o)
With a small error for low-alloy alloys it is possible to accept Nc(K) = 0.25, content of carbon in
o-phase of steel, taken for the diagram of the state of Fe—C Nc(a) = 0.001. Using the coefficient K¢, of

distribution of chrome between a-phase and the carbide, equal 4, we can find equation for the calcula-
tion of coefficients of influence P¢;:

12)

Ber = —3.246/(3.0N + 0.246), ()

where B, =-12.16; B, = -3.26.
Then from the expressions (9), (10) and (11) we can find values:

In(ag /ag ) =-0.6085 +0.652 = 0.0425 and ~Apc = 30847 J. (14)

The work, executed at diffusion of carbon from a-phase in a carbide, is positive. The difference of
thermodynamics potentials at diffusion of alloying element from solid o~ solution in the carbide can be
estimated after a formula

~Apy =—RTn X, (15)
ax

where ayis a size of thermodynamics activity of alloying element in solid a.- solution before the beginning
of the process, that equals its concentration of C§ approximately; ay is a size of thermodynamics activity
of alloying element in solid a-solution after completion of the process, that equals its concentration of
C'¢ approximately. If an alloying element in our system is a chrome, then ac; = C¢; and ag, = C(,.
The difference of thermodynamics potentials at diffusion of chrome from solid a-solution in a carbide
can be found by the formula:

~Apg, =—RTIn € = _72581n 0.0425
0.05

dcy

=1180 J. (16)

In work [13], the difference of thermodynamics potentials was expected for chromium after its activ-
ity at a carbide. The same value of thermodynamics force was got, as well as it is expected after a formu-
la (16). For diffusion of iron, the difference of thermodynamics potentials can be expected from data of
change to the concentration of iron from the initial concentration of Cg, (0.943) to the final concentration
of Cy, (stable state) [10]. From experimental data and thermodynamics of process it is known that dif-
fusion of carbon conducts, diffusion of chrome accompanies diffusion of carbon, and diffusion of iron
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forces, directed towards an increase in iron concentration in ferrite of steel [10]. A final concentration of
Cr. is concentration of iron in steel on completion of process of formation of phase. Then the difference
of thermodynamics potentials for iron can be found by a formula:

G :
~Apg, =—RTIn—F& =—-7,258In 0.9574
0.943

Fe

=-116.7 J. (17)

And, in the end, for the difference of thermodynamics potentials of vacancies there also a formula,

similar to (17) [18]:
—Apy, = —RTln&, (18)
Cy

where Cj, is an unknown value of concentration of vacancies for completion of process. In process [12]
it values for the process of graphitization are found from additional physical suppositions for the process
of diffusion of vacancies — its stationary or equilibrium thermodynamic forces. The value of thermo-
dynamics force for vacancies in our case will be expected below from additional physical supposition
about invariability of volume of alloy on the initial stage.

General expressions for Kinetic coefficients and fluxes. Taking into account the obtained correla-
tions, one can find the value of kinetic coefficients in Onsager’s equations. As known from [8, 19], direct
kinetic coefficients of L;; are related to the diffusion coefficients D; by correlation:

Li; = CiDy/RT, 19

where Cj is a concentration of iron in an alloy (0.943); C; is a concentration of carbon in an alloy (0.007);
C; is a concentration of chrome in an alloy (0.05).

Dependencies of coefficients of diffusion of chrome and carbon in the ferrit, alloyed by a chrome,
from a temperature look like [19]:

D =2.910""exp [M} cm? /s, (20.1)
RT
" -88,230 »
D =0.177exp| ———— |cm~ /s, 20.2
c p[ RT } (20.2)
DE. =3.05exp {%} cm?/s. (20.3)

At a temperature of 600 °C:
D, =D ~3.03-10" ¢cm?/s; D, = D¢ ~1.02-10° cm?/s; Dy = D& ~1.38-107%" cm?/s,

The value of direct kinetic coefficient for vacancies with the sufficient degree of accuracy can be
found based on the next considerations. We’ll consider fluxes in a-phase in ideal case — to formation of
additional phase and their cooperation. The volume of the system here is unchanging, which is why for
fluxes in a-phase the equation is correct:

JFe+JCr+‘]V: 0. (21)

So as equation (21) is correct at the arbitrary values of thermodynamics forces of iron and chrome,
then the ratio can be obtained by direct coefficients:

Lys = —Lusign(-Apre) — Ls38ign(-Apicy), (22)

where sign of (—Apg.) and sign of (—Ap,) are signs of corresponding thermodynamic forces.
Using correlation (8), (19) and (22), we can find the expressions of cross kinetic coefficients for

our system:
\' CiDi ° Cka
Ly =1Ly = T (23)

where the concentrations of the elements C; and the Onsager coefficients change in time.
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Using correlation (19), (22) and (23), the calculated valus of kinetic coefficients for our system at the
initial moment of time are:

Li;=0.394-1022% Ly, =0.984-1073; L;, =-1,97-107", L33 =0.95-1072%; L;3 =—0.611- 10724,
Ly;=0.306-107"% L4y =0.393- 10722, L14=—0.3935-107%; Ly, = 1.97-107"7; L3, = 0.611 - 10724,

Equation (21) allows us to find the value of thermodynamics force for vacancies, if thermodynamics
forces of iron (17) and alloying element are known (16). The simple substitution of values of thermody-
namics forces and kinetic coefficients:

,AMV = (7L”(7Al,l,l:e) - L33(7AHCr))/L44 =116.71 J. (24)

The value of thermodynamics force for vacancies almost equals the value of thermodynamics force
of iron with the sign of “—”, because contribution of chrome is a few orders below, than compatible diffu-
sion of iron. Thus, the system of equations (5) can be obtained:

Jpe =0.394-107 (=App, ) —1.97-10"7 (=Ap) = 0.611-10 2% (=Apg, ) —0.3935-10 22 (<A, ), (25.1)
Jo==1.97-10"7 (=Apg, ) +0.984-1073 (~Auc) +0.306-10 7 (~Ap, ) +1.97-10 7 (-Apy,),  (25.2)
Jop ==0.611-107* (=Apg, ) +0.306-1077 (~Auc) +0.95-1072° (~Apg, ) +0.611-10 24 (=Ap, ),  (25.3)

Jy ==0.3935-10" (=App, ) +1.97-107 (=Ap) +0.611- 102 (~Ap, ) +0.393-1022 (<A, ). (25.4)

In equations (25) well-known values of all thermodynamics forces that operate in the system are
presented. From the system of equations (25) follows, that the values of fluxes of iron, chrome and va-
cancies substantially grow through the large values of cross coefficients of L,, L3, L4, and considerable
size of thermodynamics force (—Apic). Size of carbon flux, that has a positive sign, determined, mainly,
by the own coefficient of L,,. Direct calculations allow us to find the value of diffusive fluxes on the ini-
tial stage of formation of additional phase at the initial moment of time:

Jre =—6.08-107"° cm?/s; Jo = 3.04- 107! em?/s; Jor = 0.94- 1071 em?/s; Jy = 6.07- 107" cm?/s.

As possible to see, in the case of cooperation of fluxes, equation (21) is also true. So as a flux of
chrome has a considerably less value, than flux of iron, then the flux of vacancies has the same value as
flux of iron practically, with the sign of “—".

Kinetic equations for calculation of concentration and fluxes in the system. As already shown,
the proposed equations for the calculation of diffusion fluxes depend on the concentrations of alloying
elements, and those, in turn, vary over time. For a complete calculation of the kinetics of a multiphase
thermodynamic system, a system of first-order differential equations should be used, in the form of con-
tinuity equations for each element of the system under consideration [19]:

K
ot
%:JIS,..., (26)
ot
K
a—N=JNS, i=1,...,N.
ot

where K; is the amount of each element in the system (dK; = dCAV).

The system of differential equations (26) allows us to find the change in concentrations and fluxes of
a multicomponent system over time. For the particular case of our system represented by fluxes (25), the
following relations and simplifications can be introduced at the stage of determining carbon diffusion.

At the stage of carbon diffusion, which has a very high diffusion coefficient, the thermodynamic
force for carbon will be decisive.

Its expression can be found from relations (9) and (13):

27)

3.246C
~Auc =—RT (BENE —BENE, )= —RT(—O.652 + m].
C .
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Thermodynamic force (27) is the difference of thermodynamic potentials for carbon in o-phase
and carbide. For calculations using the system of equations (26), we must calculate the flux expressed
through the gradient of the thermodynamic potential:

A
Ve = - Z‘C, (28)

where a is the distance that carbon diffuses. Usually, this distance is assumed to be equal to the interpla-
nar distance between the atoms in the alloy (a ~ 3- 10 cm) [19].
The expressions for the carbon and chromium fluxes at this stage in the first approach are:

J _(_VHC) CeD¢ - Ce,Dgy
L= .

(29.2)

Also, in the expressions for the fluxes, we used element concentrations expressed in atomic or vol-
ume fractions, because of which the dimension of the flux previously had the dimension of diffusion
coefficients cm?/s and in expression (29) it had the dimension cm/s. To recalculate fluxes to commonly
used units (mol/cm? - s) [15], flows should be multiplied by a constant conversion factor:

A =£Ji( mol j (30)

N, cm” -s

where N; is the atomic number of the diffusing element (g-mol™); p is the alloy density (g-cm™).

Numerical simulation of the system allows you to find the change in diffusion fluxes and concen-
trations of elements over time. Calculations were carried out per unit area of 1 cm? and unit volume of
steel 1 cm?®. The obtained dependencies are shown in Figure 2 and Figure 3. The size calculations of the
formed carbides were carried out according to the method described in [13].

The established dependencies and the performed calculations show that at the initial stage the mag-
nitude of the diffusion flux of chromium substantially depends on the thermodynamic force for carbon
(see Figure 2). Carbon is very quickly removed from a solid solution of alloy steel, leading to the forma-
tion of cementite-type nanoparticles with a size of about 18 nm (see Figure 3).
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Figure 2. Estimated time-dependent changes in the fluxes of Cr and C (mol/cm?-s)

0.007 20 |
18 _o—0o—¢
« 0.006 e 16 ‘w 4
5 i S 14
E 0.005 S 19 )
£ 0.004 2 10 /0/
"E' [<5)
D = 8
g 0.003 s g1/
= S /
0.002 41/
2
0.001 . . . | 0 & . . .
0 50 100 150 200 0 50 100 150 200

ts ts
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Conclusions. The non-equilibrium thermodynamics methodology of calculation of diffusive fluxes
is offered at presence of two phases in alloy steels. That allows expecting both line- and cross coeffi-
cients in equations. Formulas for calculation of thermodynamics forces are presented for alloy steel —
for iron, alloying element of substitution — chrome, for element of introduction — carbon and vacan-
cies. Common expressions are suggested for calculation of cross-factors, motive forces and fluxes in the
Onsager’s equations for a multicomponent thermodynamic system.

The examples of using the developed method to find changes in concentrations and diffusion flu-
xes over time are given. For the model system used, it was established that at the stage of predominant
diffusion of carbon in the alloy steel, cementite inclusions with a size of about 18 nm are formed rather
quickly (within ~ 200 s).

The technique developed in the article allows one to perform diffusion kinetics calculations in mul-
ticomponent thermodynamic systems, which are also iron-carbon alloys and to control the size of the
phases formed, for example, carbide nanoparticles.
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