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A diffusion-vacancy mechanism has been developed that describes the process of graphitization of cast iron,
and does not use the pressure of graphite on the matrix to explain the diffusion of iron. The values of thermodynamic
forces and kinetic coefficients were calculated for the case of graphitization of a binary alloy of the Fe—C system
with 2.5% C at 1100°C. It was established that under the conditions of a stationary flow of vacancies during the
graphitization of cast iron in the solid phase, the concentration of vacancies at the y-phase — graphite boundary is
approximately 0.97723 times less than the concentration of vacancies in the y-phase. An assessment was made of
the influence of alloying elements, using the example of chromium and silicon, on the graphitization of cast iron
with 2.5% C. A thermodynamic parameter of graphitization was proposed that takes into account the influence of
all alloying elements and characterizes the degree of stability of graphite under these conditions.
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Introduction

As is known, under certain temperature-time
parameters, the process of formation of graphite is
observed in iron-carbon alloys - some steels and cast irons,
i.e. graphitization of such alloys occurs [1,2]. Despite the
apparent simplicity of this process, its theoretical
description is a complex task.

In Fig. 1 double phase diagram of Fe — C [2], giving a
general idea of the graphitization process. Graphite can be
released directly from a liquid below the C'D' line in
temperature, by eutectic (combined with austenite)
crystallization below the E'C'F' line, from austenite upon
subsequent cooling to the S'K' line, or due to
decomposition preformed cementite below line S'E'.
Below the SE and ECF lines, the graphitization process
competes with the process of cementite formation.

From the point of view of thermodynamics, the
graphitization process is explained by an increase in the
activity of carbon with a decrease in the temperature of
cast iron [3-5].

To theoretically describe the flows of the
graphitization process in the solid phase, one can use the

concepts of thermodynamics of nonequilibrium

thermodynamics [8-11].
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Fig. 1. Double iron-carbon phase diagram.

In the general case, the thermodynamic equations of
motion have the form [5, 9]:
Ji =281 LuXe(i=1,..,N), (1)
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where J; are flows; X; = Vyx — thermodynamic forces;
Lix = Ly, are the Onsager kinetic coefficients [5]; i,k are the
numbers of charges (transfer substrates).

The main driving forces of phase transformations in
nonequilibrium thermodynamics are the gradients of the
chemical potentials of their components Vyi [5]. When
considering discontinuous systems, another technique is
used, in which thermodynamic forces are finite drops in
chemical potentials (Apre, Apc) during the transition from
a metastable state to a stable one [3, 5, 9-11]. If two
quantities are used as charges for the graphitization
process - the concentrations of carbon and iron, then,
according to (1), the equations of motion take the form:

J1 = —L11Appe — LipApe 2.1

J2 = =L Apge — LopApc (2.2)
where J; is the carbon flow characterizing the rate of the
graphitization process; J> — iron flow.

As shown in [10, 11], in a complex process with two
flows, an increase in the potential of one of the charges is
observed, i.e. one process is the “leading” and the other is
the “slave”. The “slave” process itself, i.e. in isolation
from the “leading”, is impossible, since it is
thermodynamically unfavorable. In the system of
equations (2), the thermodynamic force (— Apre) is
negative and inhibits the process as a whole, the diffusion
of iron is a forced process, and the leading one is the
diffusion of carbon.

Consequently, the process of graphitization in the
solid phase must be accompanied by a very intense
transfer of a solid solution (mainly iron), which allows the
growth of a low-density phase, graphite, in it. The authors
of [6, 7] believe that the factor causing the flow of iron
from the graphite inclusion to the matrix is the pressure
that arises in the austenite matrix under the influence of
graphite inclusions pushing it apart. However in [11],
considering the mechanism of graphitization of cast irons
during thermal cycling, K.P. Bunin with A.A. Baranov
came to the conclusion that the absolute value of contact
pressures is an order of magnitude less than that required
for the mechanism of dislocation creep under the influence
of contact pressure. Since graphite films in pores cannot
have super-strong properties, the evacuation of matrix
atoms is apparently carried out by a different mechanism
[11]. Similar phenomena also occur in the diffusion
processes of graphite grinding during heat treatment [12].

In accordance with the results of [11, 14], the iron
flow can be directed in the direction opposite to the
thermodynamic force (—Apre) due to the cross coefficient
L;; and the large value of the thermodynamic force (—Apc)
in equations (3). However, the mechanism of carbon
diffusion against the concentration gradient (drop) from
Nc in the alloy to a concentration of ~1.0 in the graphite
inclusion remains open. The thermodynamic description
of this fact through the activity coefficient of carbon in the
alloy is formal and does not explain the diffusion
mechanism.

Of significant interest is also the theoretical
assessment of the values of forces and flows during the
graphitization of cast iron in the y-phase.

Consequently, the question remains open about the
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mechanism of the graphitization process of cast iron in the
solid phase and about the values of flows and forces for
this process.

The purpose of this work is to analyze the
graphitization process in high-carbon iron-carbon alloys -
cast irons to determine the possibilities of controlling this
process.

I. Research results

1.1. Description of the graphitization process in the
v-phase of iron

As an example, let us first take a binary alloy of the
Fe—C system with 2.5% C, in which graphitization occurs
at 1100°C.

When hypoeutectic cast iron is cooled from a liquid
state below temperature AC', a significant amount of
austenite is formed, and the composition of the liquid
changes to the concentration of point C'. With a
subsequent temperature change below Tevt (1153°C),
eutectic crystallization of cast iron begins: Fe (C) —
Fe(C) + Gr, where Fer(C) is a liquid solution of carbon in
iron. Holding cast iron at a temperature slightly below the
evectic temperature, or slow cooling in the temperature
range Tevt — Tmevt (1147°C), where Tmevt is the
temperature at which the metastable cementite eutectic
begins to form, leads to the formation of a stable Fe(C)-Gr
eutectic in an amount of approximately 16 % and reducing
the carbon concentration in austenite to a value
approximately equal to the value at point E'.

The formation of eutectics occurs due to the diffusion
of carbon and iron in the liquid phase and proceeds at a
high speed, forming eutectic colonies of large size.

With a subsequent decrease in the temperature of cast
iron to 1100°C, the process of graphitization occurs in the
v-phase Fe. Bunin and his colleagues believe that
secondary graphite, released during cooling, layers on the
eutectic, promoting its growth [12]. However, in this case
there should be a flow of carbon from austenite towards
graphite (concentration C is close to 1.0) and a flow of iron
from the graphite inclusion to the matrix, in the direction
of increasing its concentration.

To theoretically describe graphitization in the solid
phase, we apply the concepts of nonequilibrium
thermodynamics [9-11], also evaluating various possible
mechanisms of this process.

It is well known that diffusion processes of metals in
alloys occur by the vacancy mechanism, and of carbon by
interstices [9, 13]. Therefore, we will use three quantities
as charges - the concentrations of carbon, iron and
vacancies. In this system there are two phases: a y-solid
solution of carbon in iron Fe and graphite Gr, as well as
vacancies and their possible accumulations in the form of
pores P and other structural defects of the alloy with a
certain low concentration Nyo(y) (Fig. 2).

Taking into account the accumulation of vacancies
and pores leads to the fact that in their presence there is a
gradient (difference) in the carbon concentration from N¢
in the alloy to 0 in the pore. Therefore, carbon, which also
has greater activity in the y-phase, will diffuse towards the
pore (shown in Fig. 2). The vacancies will have a reverse
concentration difference from the pore to the metal, and
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the flow of vacancies at this moment will be directed from
the pore to the matrix (not shown in the figure). Despite
the acceleration of the process of iron self-diffusion
(vacancy flow) at this stage due to the cross coefficient,
carbon diffusion occurs much faster than iron and carbon
completely fills the pore, forming a graphite inclusion.
This stage of the general process of graphitization in the
solid phase is characterized by significant nonequilibrium
and rapidity and the formation of compact graphite
inclusions.

Fe Gr
Jr.
‘—
Je
—{]°
Jy
e

Fig. 2. Scheme of the graphitization process in the Fe(C)
— Gr -V system.

After the pore is completely filled with carbon, the
number of vacancies at the metal-graphite interface
decreases to a value below the equilibrium value in the
Ny(y) alloy. The iron content in a graphite inclusion
changes to a very low value of its solubility in graphite at
a given temperature Nr.(Gr), and the concentration of iron
vacancies changes to an even lower concentration Ny{Gr).
Therefore, in the system there is a difference in the
concentration of vacancies from the alloy towards the
graphite inclusions, a nonequilibrium distribution of
vacancies from the bulk of the alloy to the graphite surface
and a flow of vacancies in this direction (shown in Fig. 2).

At the alloy-graphite interface we have a sink of
vacancies, since a vacancy in the metal, reaching the
Fe(C)-Gr interface, is filled with carbon, i.e. its
annihilation occurs. Therefore, the concentration of
vacancies decreases both at the alloy-graphite interface
and in the bulk of the metal.

In the alloy, the vacancy concentration is replenished
to equilibrium due to vacancy sources at other interfaces.
Consequently, a distribution of vacancies arises from the
bulk of the alloy to the graphite surface and a stationary
flow of vacancies in this direction. The diffusion flow of
carbon at this stage of graphitization is consistent with the
flow of vacancies, i.e. enough carbon is supplied to fill the
vacancies at the iron-graphite interface. The flow of iron
in this stationary graphitization process has the opposite
sign, towards an increase in the concentration of iron in
the matrix. Note that at this stage carbon diffusion in the
y-phase can be expressed at the micro-level due to the
gradient of its concentration from the y-phase to the
concentration at the iron-graphite interface.
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Let us further evaluate the thermodynamic forces and
flows arising in the model system.

1.2. Calculation of thermodynamic forces and
kinetic coefficients in the Fe(C) — Gr system

According to (1) data in Fig. 2, the graphitization
equations for our cast iron can be written as:

Jre = —L11DUpe — L1pApuc—Ly3Ap, 3.1
Joc = —La1Apipe — LoaApuc—LazApy, (3.2)
Jv = —L31Appe — La Apu.—LasAp, (3.3)

where Jr., Jo, J, are the fluxes of iron, carbon and
vacancies, respectively.

The flows in equations (3.1-3.3) are not independent:
in the absence of a change in the volume of the system
(which is quite accurately carried out in a stationary
process), the sum of the flows of iron and vacancies is
equal to zero:

]Fe +]y =0 (4)

This leads to the following relationships for kinetic
coefficients [9, 13]:

Lll + L31 =0 (5.1)
L12 + L32 =0 (52)
L13 + L33 = 0 (5.3)

Taking into account relations (5), we obtain the
following equations of motion with three independent
coefficients Li1, L2 1 L:

(6.1)

(6.2)

Jre = —L11Bppe — LizAue,
Jo = —Lp1Apipe — Lo Ape,

where Apre = Apire — Aty — reduced thermodynamic force.

The relationship between the kinetic coefficients,
sufficient for our calculations near equilibrium, was
established in [9, 14]:

Lyy = L1z = —y/L11 X Ly,

and the sign in front of the root was chosen based on the
fact that the observed iron flow in relation to the carbon
flow has a negative sign.

Let us find the values of thermodynamic forces and
kinetic coefficients for the case of a binary alloy of the
Fe—C system with 2.5% C at 1100°C. Taking into account
the results of work [7], we obtain:

(7

0914 _

- Cre — _ _
Apg, = RTlnC = —11415In 5908 =

Fe

757, (8

where Cr, is the concentration of iron in the y-phase at
point E* (~1-0.092) (Fig. 2);

C're is the iron concentration at stable equilibrium
(~1-0.086);
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R is universal gas constant; T is alloy temperature.

Corresponding thermodynamic force of
graphitization:
ag 1.0
Auc = —RTIn— = —11415in— = 1587 -], )
ac 1.15

where a’c=1.15 is the value of the thermodynamic activity
of carbon in the y-phase with a concentration E’ and a
temperature of 1100 °C, when choosing graphite as the
standard state of carbon, a®c =1.00 (Fig. 3).
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Fig. 3. Part of the double state diagram of Fe — C with
carbon isoactivity lines plotted (according to the data of

[11]).

]Fe

Jo = —2.74 X 1073 (App, — Ap,) + 342 x 10 22Ap,,

From equations (13) it follows that the iron flow,
which has the opposite sign, is significant due to the cross
coefficient L;» and the significant value of the
thermodynamic force Apc. The carbon flux, which has a
positive sign, increases slightly due to the cross coefficient
L.

Let at the initial moment of time:

Apy, = —Apipe = 264 -] (14)

As direct calculations show, even in this limiting case,
the flow of iron depends primarily on the magnitude of the
thermodynamic force of graphitization AuC and the cross
coefficient L;»: Jp, = —0.83 X 107°, J. = 1.05 x 1078,
m?/s.

In turn, the thermodynamic force Ay, is equal to:

“1}; Gr

- NZ_GT
7~ —11415n =0, (15)

Au) = —RTIn

N7 % here is the concentration of vacancies at the y-phase

— graphite boundary;
N is the concentration of vacancies in the y-phase; from

—2.19 X 10" (App, — Apy) + 2.74 X 10713 Ay,
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As is known [9,13], the kinetic coefficients Lii are
related to the diffusion coefficients Di by the relation:

Ly = C;Di/RT, (10)
where C; is the concentration of iron in the y-phase at
point E’ (0.908);

C; is carbon concentration in cast iron at point E’
(0.092).
The dependences of the self-diffusion coefficients of

iron and carbon diffusion in austenite on temperature have
the form [15]:

D}, = 5.4 x 10~*exp [ 222 m?/s, (11)
DY = 39.4 x 10-%exp [%| m?/s, (12)

At a temperature of 1100°C:

D, =D}, ~2.84-10711 m?/s;

D, =D} ~3.32-107% m?/s.

Using expressions (8) — (12), we find the values of the
kinetic coefficients for our system: L;; = 2,19x10°'%
L= 3,42><10'12; L= 2,74><10_13 (mz/(JXs))

Consequently, the system of equations (6) takes the
form:

(13.1)

(13.2)

where,

N/~ =0.97723N/. (16)

Under conditions of a stationary vacancy flow and
equality (14) is satisfied, the concentration of vacancies at
the y-phase—graphite boundary is approximately 0.97723
times less than the concentration of vacancies in the vy-
phase. Thus, the development of the diffusion-vacancy
mechanism of graphitization of cast iron is given, which
does not use elevated pressures to explain the change in
the sign of the iron flow.

1.3. Calculation of the influence of alloying
elements on the graphitization of cast iron

Let's find the values of thermodynamic forces and
kinetic coefficients for steel of the Fe—C—Cr system with
2.5% C and 1% Cr at 1100°C. We will assume that the
solid a-solution contains chromium with a concentration
of Cor = 0.01 and carbon with a concentration of
Cc =0.118, and an iron concentration of Cge = 0.872.

The change in the thermodynamic activity of carbon
in cast iron when alloyed with component i can be found
using the method [14, 15] from the equation:
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In (a®c/aXcy) = BiNi, (17)
where fi is the coefficient of influence of the element on
the thermodynamic activity of carbon in the alloy (relative
to carbide);

Ni is the element content in the alloy in atomic
fractions; a® ¢y is the thermodynamic activity of carbon for
cast iron in the standard state.

We will assume that for our cast iron in the standard
state (without chromium), the activity of carbon in
cementite, taken from the diagram in Fig. 3, a®cp = 1.02.

The value pi is calculated through the coefficient of
interphase  distribution of the alloying element
Ki = Ni(K)/Ni(y) and the atomic fraction of carbon in the
alloy Nc[17, 18]:

(Ki-1)+(Nc(K)—KiNc(y))
(Ki—1)Nc+(Nc(K)-KiNc(y))'

Bi=

(18)

With a small error for low-alloy alloys, we can accept
Ne(K) = 0.25, Ne(y) = 0.087 is the the carbon content in
the unalloyed phases of steel at a given temperature, taken
from the Fe-C phase diagram.

Using the chromium distribution coefficient between
the y-phase and K¢, carbide, equal to 2 [18], we find
equations for calculating the influence coefficients Bc::

Ber = —2.9/(3.0N, — 0.1) = —11.42.

(19)

Then from expression (17) you can find the values: In
(@®cla¥cp) =—0,1142 u a®c=1.02x0.892= 0.91, where

—AuK, =1077-]. (20)

The thermodynamic force of cementation of cast iron
becomes greater than the thermodynamic force of
graphitization of cast iron by 1077 J, therefore, in cast iron
with 1% Cr, the formation of cementite rather than
graphite occurs.

Let now in our cast iron instead of 1% Cr, there will
be 1% Si. Using the silicon distribution coefficient
between the y-phase and carbide Kg;, equal to 0.57 [18],
we find equations for calculating the influence coefficient

Psi:

Bsi = —0.85/(—0.75N, — 0.0218) = 7.7. 21
Then from expression (17) we find: In
(@®cla®cp)=0,077, a¥c=1.02x1.08= 1.1,
where
—Ap¥c =-1088-]. (22)

The thermodynamic force of graphitization of cast
iron becomes greater than the thermodynamic force of
carbide formation of cast iron by 1088 J, and in cast iron
with 1% Si, the formation of graphite rather than cementite
occurs.

We can also see from our calculations that silicon and
chromium are elements that compensate for each other's
influence on the graphitization process.
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When complex alloying of cast iron, it is possible to
introduce a thermodynamic parameter of graphitization
TG, taking into account the influence of all alloying
elements (excluding carbon and iron) [19]:

Te = chv=1 BN,

N is the number of alloying elements taken into account in
cast iron.

At a given graphitization temperature, for the
formation of graphite rather than cementite in the structure
of cast iron, the thermodynamic condition must be met:

(23)

T; = In(a®c/a¥Xc) = aSc—afc.  (24)

At Tg > 0, the thermodynamic parameter of
graphitization characterizes the degree of stability of
graphite and can be related to the morphology and size of
graphite inclusions. The concentration heterogeneity of
cast iron after crystallization determines that the Tg
parameter has changing local values over the cross section
of the dendritic branches of austenite and the
interdendritic ~ spaces. This leads to structural
heterogeneity, i.e. the formation of graphite with varying
degrees of stability, and therefore size and morphology.

If the local value of the T parameter is negative, then
cementite will form in these areas of the cast iron, which
is very often undesirable in gray cast iron.

Conclusions

1. A diffusion-vacancy mechanism is proposed that
describes the process of graphitization of cast iron, and
does not use the pressure of graphite on the matrix to
explain the diffusion of iron.

2. The values of thermodynamic forces and kinetic
coefficients were calculated for the case of graphitization
of a binary alloy of the Fe-C system with 2.5% C at
1100°C.

3. It has been established that under conditions of a
stationary flow of vacancies during the graphitization of
cast iron, the concentration of vacancies at the y-phase —
graphite boundary is approximately 0.97723 times less
than the concentration of vacancies in the y-phase.

4. An assessment was made of the the influence of
alloying elements, using chromium and silicon as an
example, on the graphitization of cast iron with 2.5% C.

5. A thermodynamic parameter of graphitization Tg
has been proposed, taking into account the influence of all
alloying elements and characterizing the degree of
stability of graphite under given conditions.
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C.B. boGups '

HepiBHOBaXKHMIT TepMOAMHAMIYHUH aHAJI3 Mpouecy rpagiTtusanii YaByHiB

Vnncanvcoruil ynisepcumem, Jlabopamopis Anecmpema, m. ¥Ynncana, lllgeyis, serhii,bobyr@kemi.uu.se
2Incmumym uopnoi memanypeii im. 3.1. Hexpacosa HAH Ykpainu, [Jninpo, Yxpaina, svbobyr07@gmail.com

Po3BuneHo mudy3iiHO-BaKaHCIOHHUHA MEXaHi3M, 1[0 ONHCYE Mpoliec rpadiTuzalii 4aByHy, i He BUKOPHUCTOBYE
THCK rpadiTy HAa MaTpUMIO JUIS MOsICHEHHS audys3ii 3amiza. Po3paxoBaHo 3Ha4eHHS TEPMOJMHAMIYHUX CHII Ta
KiHeTHYHHUX Koe(ilieHTiB s Bunaiky rpaditusauii 6iHapHoro cruiaBy cucremu Fe—C 3 2,5 % mpu 1100°C.
BceraHoBieHO, IO B yMOBaX CTalliOHAPHOTO TOTOKY BaKaHCiii mpu rpadituzamnii 4aByHy B TBepHii ¢asi,
KOHIICHTpAIIisl BaKaHCil Ha Mexi Y-haza — rpadit mpudimusno B 0.97723 pa3u MeHIIa BiJl KOHIICHTpAIlii BAKaHCIH y
v-¢a3i. BukoHaHO OIiHKY BIUTMBY JIETYIOUHX €JIEMEHTIB, Ha IPUKJIA/l XpOMY Ta KPEMHII0, Ha rpadiTH3aLiI0 YaByHY
3 2.5% C. 3anponoHOBaHO TEpMOIMHAMIYHUK MapameTp rpadirtu3amii, M0 BPaXxoBY€ BIUIMB yCiX JIETYIOUHX
SJIEMEHTIB Ta XapaKTepHU3ye CTYHiHb cTabiIbHOCTI rpadiTy B JaHUX yMOBaXx.

KurouoBi ciioBa: TepmoanHamMika, rpadiTH3ais, 4aByH, JIETYI0Ui eIeMEHTH, BakaHCi1, Tudy3is.
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