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I ntr oduction

The phase transformations into the alloyed iron-
carbon dloys are largely related to diffusion of
components, foremost to the carbon [1,2]. For the
analysis of diffusive processesin iron-carbon alloys[3-5]
it is possible to use the mathematical methods of non-
equilibrium  thermodynamics. In  genera case
thermodynamics equalizations of motion look like [3]:

N
4= é. Li X, (i=1,..N),

(D
k=1

where J are flows;, Xy is thermodynamics forces; Lix =
Ly is kinetic Onsager’s coefficients [5]; i, k are numbers
of charges (substrate of transfer). Basic motive forces of
the phase transformations into non-equilibrium
thermodynamics are gradients of chemical potentials
components of the system [3-5]:
Xi =Nm 2)
The theory of diffusion in metalic alloys with the
vacancy mechanism of migration of atoms was
developed of Darken [6]. Basic limitations of this theory
arerelated 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 undiagonal coefficients of Onsager’s matrix.
Thermodynamics potential in this work is presented in a
kind:
m =nf =RTIn(g;c), ©)
where is ¢; — the concentration of dement i; vy; -

coefficient of activity of element i, what it is considered
dependency upon one concentration of cij.
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Equation for the diffusive flows 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 difficult
being of values of lines and cross coefficients. In work
[8] expressions of cross coefficients are found for an
ideal solid solution.

Calculation of flows at presence of formation of
phases in the system this method is a very hard problem.
Therefore at consideration of the interrupted systems, id
est systems, that contain a few phases the flows of
elements and vacancies pass between that, as
thermodynamics forces it is possible to use the eventual
find drops of chemica potentials (-Aw) [9,10]. If, for
example, as charges of process of graphitization to use
two sizes - concentrations of carbon and iron, then,
concordantly (1), equations of motion take a |l ook:

Jp =L X Lo X (4.2)

‘J2 = L21X1 + I‘22)(2’ (42)
where J; is a flow of carbon that characterizes speed of
process of graphitization; J, is a flow of iron; X; =
(—Apre), X2 = (—Ape) is thermodynamics forces of iron
and carbon. The fina drop of potential between two
phases has a sign "+" a his increase, and the flow is
directed toward the reduction of potentia, so the
expression for the forceshasasign "-".

In works [10,11] it is shown that in the complex
process with two flows of charges takes place increase of
one potential, id est. one process "conducts', and other -
to the "derivatives'. The "derivative" process itsdf,
which is separated from the «leading», is impossible,
since thermodynamically it is not expedient.

In the system of equalizations (2) thermodynamics
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force (-Apre) IS negative and brakes a process on the
whole, diffusion of iron is a process is induced, and
leading is diffusion of carbon.

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

At presence of in the triple system of alloying
element, for example, chrome, the equalization of motion
must contain additional components that characterize
diffuson of this eement [13]. Theory of phase
transformations that is controlled by diffusion, develops
successfully, see eg. works [12-18], however the
calculation of diffusive flows on principles of non-
equilibrium thermodynamics is not amost examined,
because unknown values of cross coefficients. Therefore
the actual is remained by the problem of successive
theoretical description of diffusive flows phase-to-phase
inthetriple system Fe - C - X (alloying el ement).

The aim of work is development of methodology of
calculation of diffusive flows, kinetic coefficients and
thermodynamics forces in triple alloys asiron - carbon -
alloying eement that is based on principles of non-
equilibrium thermodynamics.

I.  Formulation of the problem and basic
ratios

Will consider the process of phase formation in the
system Fe - C - X (alloying element). From the point of
view of thermodynamics such process is transition from
metastable to the stable state with formation of new
phase K. Will take into account that in the system Fe- C
- X (aloying eement) is two phases - alloyed a- phase
(F) and formed phase (K), the flows of carbon (J¢), iron
(Jre), aAloying element (Jy) and vacancies (J,) (Fig. 1).
The flow of vacancies in a formed phase will consider
equal to the flow of vacanciesin a ferrite.

Will consider that the volume of the system can
change in general case, which is why condition of
complete equality of streams O not executed:

Jret Jx +Jc+Iv#0.

According to (1), the thermodynamic equations for

the flows take the form:

Ire =Ly iPEe- LD - Ly - LDy (51

Jo = LoiDRe - LoD - LoPmy - LoD, (5.2)
Ix =~ La1PMee - LoD - LaaDMy - LgsDy . (53)
Jy = - LgaDy - LoD - LygDmy - LDy, (54)

where Jee , Jc, Ix , Jv — flows of iron, carbon, aloying
eement and vacancies accordingly. Being base on
generals of non-equilibrium thermodynamics, it is
possible to find the value of kinetic coefficients, so as it
was executed in-process [13]. In the conditions of
complete equilibrium Aure = 0, Auc = 0, Aux = 0 and
A,UV: 0.

However for the linear thermodynamics system there
is adso possihility of dynamic equilibrium, at that all
streams are equal 0, but some thermodynamics forces in
the system do not equal a 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]. Let’s consider
this possibility for the 4-component thermodynamics
system. From equations (5) follows, that near-by an
equilibrium, at presence of variations of thermodynamics
forces, next terms must be executed:

Jpe =0P Lyqdmeg + Lyodme +

_ , (6.1)

+ Lygdmey +Lygdm, =0
‘]C =0pb L21dee + L22dmc + o
, 6.2

+Logdmy + Lyydm, =0
JX =0pb L31dee + L32dmc + o9
, 6.3

+Lagdmy * Lgadm, =0
JV =0b L41dee + L42dmc + 4
, 6.4

+ L43dmX + L44drr\/ =0
where by an index Ju; mark concerted variations of
thermodynamics forces that provide the dynamic
equilibrium of the system.

From the first equdization (6.1) establish a
connection between variations of forces:

e = - (Lo / Ly Jdy - (Lyg/ Lyg)dmy -
- (g Ly )dny

Subgtituting (7.1) into equations (6.2) - (6.4), we
find:

(7.2)

Jo = (Log - Lyglyp I Lyq)dme +(Log - Lyglyg/ Lyg)dmey +(Log - Loglyg /L9)dm, =0, (7.2)
Ix =(Lgp - Lyglyp/Ly)dny +(Lgg - Laglyg/ Lyg)dmy, +(Lgy - Lyglyg I Lp)dmy =0, (7.3)
Jy =(Lgp - Lyglyp b )dnpe +(Lgg - Lyglig/ Ly)dmey +(Lgy - Laglig /' dny =0 (7.9

At arbitrary variations duc dux and duy the linear

system of equations (7.2) - (7.4) is commensurate, if
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Fig. 1. Scheme of the phase formation (carbide) in
the system Fe-C-X (aloying e ement).

equal O coefficients at duc, dux and duy, from whereit 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:

L.L; =L L, ik=1.4
Taking into account Onsager's ratio, find connection
between kinetic coefficients:

Lk =L =2yLi Lo k=14, (9

and the sign in front of the root is selected, coming from
the sign (to direction) of the considered flows (see fig. 1).
It is possible to make sure a simple subgtitution, that
undiagona components system of equations (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 a partia
resolution systems of equations (6) the same with
unknown cross coefficients. Partia resolution (8) of the
linear 4-component system of equations (7) it is possible
to generalize the component linear thermodynamics
system on N, so as a system of equalizations (7) has the
same kind for the number of components of n=
2,3,4,...N. Therefore and correlation (8) for cross
kinetic coefficients is executed a the number of
components of n =2, N.

Such approach, the same, alows to find cross
coefficients in Onsager’s equations since direct kinetic
coefficients are expected. Thus set connection (8) is
executed for the systems not too distant from an
equilibrium and for thered system is approximate.

I1. Calculation of ther modynamics

forcesthat operatein system

Will find general expressions for thermodynamics
forces that operate in our system. For an example will
use sted of the system Fe-C-Cr from 0.15% C and 5%
Cr, that is tempered and released at 600 °C with
formation of the alloyed carbide [13]. Consider that first
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in hard a-solution of this stedl there is a chrome with the
concentration Cg =005 and carbon with the
concentration of Cc = 0.007, concentration of iron egale
Cre=0943. After vacation during a 2 oclock
concentration iron in a solid a-solution rises to C'ge =
0.9574, the concentration of chrome goes down to C'c;
0.0425. In the carbide of cementite as there are a chrome
with mass part ~ 20 % (by the concentration of C*¢, =
0.2) and carbon with the concentration of C*c = 0.25,
concentration of iron in the carbide C'r. = 0.55.
Concentration of vacancies Cv in a solid a-solution, is
equal to 10,

From experimental data it is known that a carbon
very quickly (approximately after 1 min) retires from o-
solution of alloy stedl at atemperature 550 — 650 °C and,
thus, formation of the carbidic including predefined,
foremost, by diffusion of carbon [19]. Thermodynamics
force for a carbon can be expected after the formula[20]:

K
€)

dac

- Dm. =-RT In

y
a
ac

where a’¢ is a size of thermodynamics activity of carbon
in a-solution, *¢ is a size of thermodynamics activity of
carbon in cementite; R - universal gas constant; 7 is a
temperature of alloy.

Change of thermodynamics activity of carbon in an
aloy at aloying his component and it is possible to find
on methodology [20, 21] from equation:

In (ac/aco) = Bi Ni, (10
where fi is a coefficient of influence of eement on
thermodynamics activity of carbon in an aloy; Ni is
content of element in an alloy in aomic parts; aco is
thermodynamics activity of carbon for an aloy in the
standard state. We will consider that for our stedl in the
standard state @’y = a*co = aco, id est cementitein stedl
with 0,15% of C stable and is in an equilibrium with a
solid solution at an endurance temperature 600 °C [8].
Using this condition and equation (9) and (10), find:

In (@ /a%) = B e N¥cr - B* o N (11)

The value of i is calculated by the coefficient of the
phase distribution of the aloying dement Ki = Ni (K) /
Ni (e) and the atomic particle of carbon in the Nc alloy in
the general form [20, 21]:

(Ki - 1) + (Nc(K) - KiNc(@)) (12)
(Ki - )Nc + (Nc(K) - KiNc(a))

With a small error for low-aloy alloys it is possible
to accept Nc (K) = 0,25, Nc (a) = 0,001 - to content of
carbon in a-phase of stedl, taken for the diagram of the
state of Fe-C. Using the coefficient of distribution of
chrome between a-phase and by the carbide of K¢, equal
4, find equation for the calculation of coefficients of
influence fc;:

bi =-

Per = -3,246/(3,0Nc + 0,246),
where ¢, = - 12.16; % = - 3.26.
Then from the expressions (9), (10) and (11) we can
find vaues:
In (@*c/a") = -0,6085 + 0,652 = - 0.0425
and - Auc == 308,47 . (14)
The work executed at diffusion of carbon from o-
phase in a carbide is positive. At diffusion of alloying
dement from solid o- solution in the carbide the

(13)
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difference of thermodynamics potentids can be
estimated after aformula

- Dm =- RTIna—&
ay
where ay is a size of thermodynamics activity of aloying
element in solid a- solution before the beginning of
process, that equals his concentration of C%
approximately; a'y is a size of thermodynamics activity
of alloying element in solid a- solution after completion
of process, that equals his concentration of C“%
approximately. If an aloying element in our system is a
chrome, then ag, = C' and ' = C'. At diffusion of
chrome from solid a- solution in a carbide find the
difference of thermodynamics potentias after a formula:

0,0425
D B = 72580 (16)
d ac, 0,05

In work [13] for chrome the difference of
thermodynamics potentiadls was expected after his
activity at a carbide. The same value of thermodynamics
force was got, as well as it is expected after a formula
(16). For diffuson of iron the difference of
thermodynamics potentials can be expected from data of
change to the concentration of iron from the initia
concentration of Cre (0.943) to the final concentration of
C're (stable state) [10]. From experimental data and
thermodynamics of process it is known that diffusion of
carbon conducts, diffuson of chrome accompanies
diffusion of carbon, and diffusion of iron forces, directed
towards an increase in iron concentration in ferrite of
stedl [10]. A final concentration of C'r. is concentration
of iron in sted on completion of process of formation of
phase. Then the difference of thermodynamics potentials
for iron find after aformula:

(15)

=-RTIn =1,180 x/Ix.

RTIn=re CFe =. 7258In 0.9574
-bom. = 0.943

And in the end, for the difference of thermodynamics
potentials of vacancies also just formula, similar (17)
[15]:

=16,71x, (17)

-Dm =- RTIn&,
G,

where C'y is an unknown value of concentration of
vacancies for completion of process. In-process [12] it
values for the process of graphitization found from
additional physical suppositions for the process of
diffusion of vacancies - its stationary or equilibrium
thermodynamic forces. The value of thermodynamics
force for vacancies in our case will be expected below
from additiona physical supposition about invariability
of volume of alloy on theinitial stage.

(18)

1. Calculation of kinetic coefficients
and flows

Taking into account the got correlations will find the
value of kinetic coefficients in equations of On3zarepa. As
known [4,10], direct kinetic coefficients of Lii related to
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the diffusion coefficients Di by correlation:
I—ii = CiDi /RT, (19)

where C; isaconcentration of iron in an aloy (0,943); C,
is a concentration of carbon in an adloy (0,007); Cs isa
concentration of chromein an aloy (0,05).

Dependences of coefficients of diffusion of chrome
and carbon in the ferrit alloyed by a chrome from a
temperatureit islooked like:

e~ 2510000

2 =2,910 " ex 8 Hsmz /s [22], (20.1)
D2 =0177exp g 882300 2 /s, (202)
D2 =3,05ex g 3580000 2 /s 122, (20.3)

At atemperature of 600 ° C:

D; = D%~ 3.03-10%sm?s;
D, = D% = 1.02 10%sm?/s;
Ds = D% =~ 1.38 10%sm?/s.

Value direct kinetic coefficient for vacancies with
the sufficient degree of accuracy will find on next
considerations. Will consider flows in a-phase in ideal
case - to formation of additional phase and ther
cooperation. The volume of the system here unchanging,
which iswhy for flows in a-phase equation is executed:

Jet Jor+ I =0. (21)

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

Laa =- L1 SO0 (- Aure) - Lz SION (- Aucr), (22)
where sign (- Aure) and sign (- Aug) is signs of
corresponding thermodynamic forces.

Using correlation (8), (19) and (22), find the val ue of
kinetic coefficients for our system: L;; = 0.394x107%
Ly, = 0.984x10°%; Ly, = -1.97x10Y. Ly = 0.95x107%;
Lyz = -0.611x10%, Ly = 0.306x10™%. L,y = 0.393x107%.
L1a=-0.3935x10%; Ly, = 1.97x10™; Las = 0.611x10.

Equaation (21) allows to us to find the value of
thermodynamics force for vacancies. if thermodynamics
forces of iron (17) and alloying element are known 16).
Find the simple substitution of values of thermodynamics
forces and kinetic coefficients:

-Apv= (- Lua (- Aure) - Las (- Aucr))/Las =116.71 k. (23)

The value of thermodynamics force for vacancies
amost equals the value of thermodynamics force of iron
with the sign of "-" because contribution of chrome to
compatible diffusion on a few orders below than iron.
Thusthe system of equalizations (5) acquires a kind:
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Jpe=0394 10 24- D) - 197 10 (- D) - 0611 10 24(- D) - 0:3935 10 2%(- D).
217 13 219 17

3 =-197 10 M- Dm ) +0984 10 M- D) +0306 10 1% Dy, +197 20 M-y

3¢y =-0611 10 24 D) +0306 10 19 D) +095 10 % D) +0611 10 %4- D).

3y =-03935 10 %4(- D) +197 10 (- D) + 0611 10 2 D) +0:393 107 %4(- Dy )

In eguations (24) wel-known values of al
thermodynamics forces that operate in the system. From
the system of equations (24) follows. that the values of
flows of iron. chrome and vacancies substantially grow
through the large values of cross coefficients of
Li. L. Ly and considerable size of thermodynamics
force (-duc). Size of carbon flow that has a positive sign
determined mainly by the own coefficient of L,,. Direct
calculations allow to us to find the size of diffusive flows
on theinitial stage of formation of additional phase:

Jre = —6.08x10™ sm?/s. Jc =3.04x10 " sm/s.
Jor =0.94x10™" am?s. Jy = 6.07x10™" smP/s.

As it possible to see in case of cooperation of flows
equation (21) is also executed. So as a flow of chrome
has a considerably less size than flow of iron then the
flow of vacancies has the same size as flow of iron
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Po3pobieHa MeTonuka po3paxyHKy AuQy3iHHUX MOTOKIB NpH (a30BUX MEPETBOPCHHAX B CIUIABaxX 3alli3o-
BYIJICLb-JIETYIOUHH €JIEMEHT 3 BUKOPHCTAHHSAM IPHUHIIMIIIB HEPiBHOBA)KHOI TepMoauHaMiku. HaBeneHo Bupasu
JUISL PO3PAXyHKY MEPEeXpPecHUX Koe]illieHTiB. PYyIIIMHUX CHJI Ta MOTOKIB B piBHAHHAX OH3arepa st 1BO(a3HOI
TEPMOJMHAMIYHOI CUCTEMH. BUKJIAI€HO NPHKIIA]l BUKOPUCTaHHS PO3POOIEHOI METOIUKY.

KnrouoBi cioBa: HepiBHOBaxkHa TepMoIMHaMika, (a3oBi neperBopeHHs, Au(Dy3iiiHI MOTOKU. PiBHSIHHA

PyXy, CILIaB.

201


mailto:office.isi@nas.gov.ua

